1949 INSPECTION OF THE NACA LEWIS LABORATORY
TALKS O TURBINE COOLING
Cascade and Single-Stage Research

Speaker - Richard J. Rogsbach

One of our most important fundamental problems, as just pointed
out by Mr. Arne, is to develop a method of predicting the amount of
heat flowing from the hot gases to all points on cooled turbine blades.
A knowledge of the heat flow is required so that a cooled turbine
blade can be designed to use a minimum coolant weight flow and still
have adequate cooling to prevent blade failure due to overheating.
For instance, it is possible that this (point to models of blade
cross-sections on backdrop) portion of the blade might be hotter than
this portion (point) due to a larger amount of heat flowing from the
hot gases around the blade to this portion (point) than to this
(point). Thus, the coolant flow in this region (point) must be
increased, but it is advantageous to reduce the coolant flow in this
region (point) so as to effect a saving in the attendant losses.

Heat transfer can be predicted with reasonsble accuracy for heat
flow from gases to simple bodies, such as pipes and cylinders. The
generalization of heat-transfer results for flow through pipes is
discussed at another location on your itinerary. In the case of
turbine blades, the heat~transfer problem is quite complex because
of the variable aerodynamic conditions, Dlade shapes, and high
rotational speeds. Consequently, experimental data must be obtained
on turbine blades in order to accurately predict the heat transfer.
In order to obtain these fundamental data, we are using at present

seven cascades and three single-stage turbines.
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Typical heat-transfer results obtained from the simpler cascades
are illustrated on chart 1 (C-24185-B), The amount of heat trensferred to
the blade is plotted against the amount of hot gases flowing over the
blade. The results on this and followingz charts are obtained by
passing a mean line throuch the data points., The results are for one
blade shape and one angle of attack. The blue line represents the
results for this (point) blade arrangement and the yellow line rqpre;
sents the results for this (point) arrensement. These results are
represented by two distinet curves. This ig due to the shape of the
passage between the blades. As you can see, this one (point) necks
down and this one (point) does not. Experimental results have also
gshown that the amount of heat transferred varies with the Dblade shape
itself and the angle of attack. These factors which affect the heat
flow may cause as much as HO-percent variation in the results. We
can conclude, therefore, that if such tests contimue to be required as
a method of obtaining heat-transfer results for turbine blades, it
would be necessary to provide the designer with experimental heat-
transfer date for each new turbine design. This would be a very long-
term and expensive project. As a consequence, we are investigating
the fundamentals which control the heat transfer so that we can pre-
dict the heat transfer at any point.

The NACA is attacking this basic problem of heat transfer
through a study of the very thin layer of gas, called the boundary
layer, which has been retarded by friction along the blade surface.

Chart 2 (C-24185-A) is 2 sketch of the flow around & turbine blade,
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With the heavy line adjacent to the surface representing the extent
of the boundary layer. All the heat transferred to the blade must
pass through this boundary layer, which will therefore control the
amount of heat transferred. Two types of flow mey develop in the
boundary layer. The flow moving in parallel sheets as showmn on the
front part of the blade (point) is called a laminar boundary layer
and the circular, rolling flow shown at the rear of the blede (point)
ig called a turbulent boundary layer. A blade may have either a
laminar boundary layer alone or a combination of both types. The
amount of heat transfer through a laminar boundary layer differs
from that of a turbulent boundary layer. We must kmow the tempera~
tures and pressures in the boundary layer in order to compute the
amount of heat transfer. The NACA is now expanding the abstract theory
with which the temperatures and pressures in the laminar boundary layer
with heat transfer can be computeds Experimental apmratus are avail-
able for verifying the results calculated from boundary-layer theory.
This (point) cascade is one piece of apparatus being used for this
purpose, The very large number of measurements that can be obtained
is apparent from this maze of approximately 100 wires constituting
the instrumentation vhich preovides the required pressure and tempera;
ture data on the blade,

A comparison of some heat-transfer results obtained using the
theory of the laminar boundary layer with those from a cascade is shown
in chart 3 (C-24186-A) to indicate some of the progresg that has ﬁeen

made in the pest year. The amount of heat transferred to the blade is



plotted against the amount of the hot gases flowing over the blade.
The red curve represents the results predicted from the theory for

the laminar boundary layer as expanded to date by the NACA to include

heat transfer. The blue curve represents the results of experiments conduc

ed with a cascade of cooled turbine blades which were of such a ghape
that the boundary layer was probably all laminar around the blade. In
this particular case, the maximum variation between the predicted and
experimental results is 7 percent. This ig considered good agreement.
With refinements in the theory, further comparisons which are to be
made are expected to be better than these results. Such verification
of theory will expedite the obtaining of knowledge concerning cooled
blade design and appreciably reduce the amount of expensive development
required.

Complete similarity of the flow in cascades and rotating turbines
cannot be realized. Therefore, because it is advantageous and some-
times necessary to conduct heat=transfer studies in cascades, means
mist be deviged for epplying these results to the design of cooled
turbines. This is accomplished through the anelysis of cascade and
single-stage results like those shown on the next chart (C-241lg6-B).
Again the amount of heat transferred to the blade is plotted against the
amount of hot gases flowing over the blade. The blue curve represents
the results for the cascade of blades. The red curve represents the
results obtained from a single;stage turbine like this (point) under
actual operating conditions and with approximately the same ghape

blades as in the cascade. The comparison is considered excellent when
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it is realized that certain conditions in turbines cannot be duplicated
in cascades. The maximum variation between these results is 7 percent.
If further comparisons are as good or better than these results, we
probably will be able to expedite the development of a method for apply;
ing cascade results directly to the design of cooled turbines.

In closing, I will briefly swmmarize this and the preceding talks
on compressors and turbineg. We have presented the gcope of our research
and some of the important results that have been obtained in the past
year. We have made significant advances in our theoretical work, both
in compressor and turbine aerodynemics and in turbine cooling. 3By
augmenting our theoretical work with cascade, single-stage, and multi;
stage research, we have been able to improve compressor and turbine
performence, By means of the research program outlined, we will be
able to accomplish our objectives, as originally set forth by Mr. Engligh-
that is, engines with higher power, and lower specific fuel consumption,

and in addition make use of inexpensive nonstrategic materials.
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Gentlemen, this exhibit will show some of our work on turbine
cooling. The purpose of turbine cooling is to increase power, economy,
and reliability of gas-turbine engines and to conserve scarce, or
strategic materials.

The power, and in some cases, the economy of gas-turbine engines
can be improved when the gas temperatures and pressures at the tur-
bine inlet (point to engine) are increased. For instance, calculations
have shown that the power cen be more than doubled when the tempera-
tures are increased from 1500o to 3000° P, At present, however, the
gas temperatures at the inlet are limited to about 1500o P because
of stress limitations of the blade materials at high temperatures,
even though the best high-temperature materials presently available
are used. These heat-registing materials also have a large quantity
of alloying elements in them which are scarce; for instance S-816,
a2 material widely used for turbine blades, has 96 percent of such
alloying elements. Beczuse of this alloy shortage, there is grave
doubt that the quantity of engines required for a war-time air force
could be supplied. Heat-resisting materials are more fully discussed
in the materials presentation.

One possible method of solving the problem of obtaining present-
day performance or better with materials which have as low as 2

percent of strategic alleys is to cool parts of the engine, This



applies especially to the turbine blades which are in direct contact
(point to engine) with the hot gases coming from the combustion
chambers. The blades are highly stressed because of the high rota-
tive speeds of the turbine. By cooling, the materials will operate
at lower temperatures where even the common steels have high strength,
Analytical results have shown the relative effectiveness of
varieus ways of cooling blades. Water is the more effective coolant
but has the disadvantage of requiring a radiator and closed coolant
system. The analysis of air-cooled blades showed the internally
finned, hollow blade (point to model) to have a higher effectiveness
than the plain, hollow blade. During the past year, the NACA has found
methods of fabricating finned blades for research purposes. Finned
blades have been cast and others have been made by pressure-welding
the component parts. Here (hold ué model) is a finned blade made
by pressure-welding and it is similar to the enlarged cross-section
view shown here. Another method of cooling being considered is the
use of porous blade materisls through which coolants can be forced.
The following demonstration will compare the effectiveness of
various blades. The solid, uncooled blade; the plain, hollow, air—
cooled blade; the finned, air-cooled blade; and the water-cooled
blade will be compared. Here is a duplicate set of blades which is
the seme as the one mounted in the duct. (Hold set in duct).
Enlarged cross-section views of the blades in their respective posi-
tions are shown here beside the indicators which will show the tempere~

tures of each of the blades. Hot gas at about 1000° F will be produced
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in a burner and will pass over the blades. The temperature of the hot
gas will be shown here.

When the hot gas flows inte the rig, the blade temperatures will
all be close to the temperature of the hot gas since no coolant will
be used. When cooling air is drawn out of the room through the plain,
hollow blade, you will notice a reduction in the blade temperature
(point) of about 100° below the temperature of the uncooled blade., When
the geme amount of cooling air is passed through the finned blade, the
drop in temperature will be about twice that of the plain, hollow
blade. This will verify the calculated beneficial effeect of internal
fins. When the same weight flow of water is passed through the water-
cooled blade, a rapid drop in blade temperature will be noticed. The
temperature drop will be about four times that of the plain, hollow
blade. This definitely indicates the effectiveness of water as a coolant.

The results of tests of cascades similar to the one just demon-
strated show the relative effectiveness of various cooled blades. The
problem of predicting cooled engine performance involves mich more than
a simple evaluation of the cooling effectiveness of the blades. The
cooling losses, such as the heat lost to the coolant and the power
required to circulate the coolant must be considered. At last year's
inspection, we presented the results of analyses estimating the amount
by which gas-turbine temperatures could be increased using different
types of cooling., We also showed the potential or ideal gains in engine
performance offered by higher turbine gas temperatures, but we were

unable to predict accurately the net performence of an engine includ-
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ing the cooling losses. In the past year we have developed methods that
enable us to predict the appreximate performance, including logses.
Chart 1 (C-24181-C) shows the possible gains in power of a cooled
turbine-propeller engine operating at best pressures at 40,000-foot alti-
tude. Theoreticel increase in power 1s plotted against the weight flow of
the coolant expressed a ratio of coolant flow to the weight flow of
engine air. Present-day operation at 1500° F turbine inlet temperature
is represented by the circle at the lower left~hand corner of the chaxt.
The gain in power of the uncooled engine is indicated along this line;
for instance, for 2000° F it is 75 percent and for 3000° it is 260
percent. As the amount of cooling fluid required to keep the blades
from burning up is increased, the cooling losses cause the gain in
power to decrease as indicated by these lines for the two gas tempera¥
tures shown. For a coolant-gas flow ratio of 0.07, a nominal value
at 2000° F, the loss in power caused by cooling is one-third of the
theoretical gain in power which we would obtain if no cooling would
be required., Tor 3000o F, at a coolant—-gas flow ratio of 0.15, a nomi-
nal value for this temperature, a corresponding loss in power due to
cooling would be about 42 percent. The gain in power, even considering
the losses, is still eppreciable. TFor 2000° F and a coolant;gas flow
ratio of 0.07 the gain in power is 50 percent above present-day opera-
tion. TFor 3000° P and a coolant-gas flow ratio of 0.15, the gain in
power is 150 percent above present-day operation. It is desirable to
minimize the required coolant flow not only to obtain as much net power
as possible but also te achieve more economical operation. This chart

and the next two you will see apply directly to turbine-propeller
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engines, Cooled turbines can also be used to advantage in turbojet
engines, especially to reduce the amount of strategic materials used
and to obtain high power for emergency operation.

The calculated effect on engine performance of using cooled
blades made of alloys with a large percéntage of scarce metals is shown
in chart 2 (0-24181-A). The turbine-propeller is again considered and
theeretical increase in power iz agein plotted against the coolant-air
flow ratio. The water—cooled blade is superior, allowing temperatures
of 3000° F to be reached at fairly low amounts of coolant flow. The
finned, air-cooled blade alse allows 30000 F to De reached, but at a
much higher rate of coolant flow, so that the net power obtained is lower
than for the water-cooled blade. The net power at this peint, however,
even with the cooling losses being considered, is still 175 percent
above that obtained for the uncooled blade at 1500o P, The use of a
plain, hollow blade for air ceoling does net appear justified because
the low cooling effectiveness of the blade, as demonstrated previously
(point to hollow blade), will not allow high temperatures teo be reached.

The reduction in strategic blade material which turbine cooling
makes possible is indicated by the results shown on chart 3 (C-24181-B).
The performance obtained with finned, air-cooled blades installed in a
turbine-propeller engine is analyzed. The orange line is carried over
from chart 2 where the blades considered were made of high-temperature
alloy containing 96 percent strategic materialas. The blue line is for

the same blade configuration, but with a blade material of alloy steel
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containing only two percent of strategic materials. The performance
is below that shown by the orange line hecause the blades must be
held at lower temperatures requiring more cooling, but the calculations
indicate that even with such a material, gas temperatures over 2000° T
are possible. The corresponding power gain would be over 50 percent
above performance st 1500° F, As shown by the third line, the use of
low carbon steel containing no strategic metals in the blede materizal
is not justified for use with air cooling because the amount of
cooling air required is so large that the losses prevent any svbstantial
power gains, With water cooling, low carbon steel may have possibilities.
In summary, we believe the predicted performance of cooled tur-
bine engines, wvhich includes cooling losses, is of such promise and
the design procedures are of sufficient accuracy that the fabrication
of such turbines for prototype engines is feasible. Much work and
research effort is still required to obtain data from which more accurate
designs can be made.
The prediction of the performance of cooled turbines invelves
many factors, one of which is the amount of coolant required to pre-
vent the blades from burning up at a given hot-gas temperature. This
further involves the accurate prediction of the amount of heat that
the hot gas gives up to the blades. The next speaker, Mr. Rossbach,
will discuss some metheds and techniques used in experimental
cooling research to obtain such heat-transfer data and will present

some typical results,
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Gentlemen, this exhibit will show some of our work on turbine
cooling, The purpose of turbine cooling is %o increase pover, esonomy,
and reliability ef gas-turbine emgines snd to conserve scarce, or
strategic materials.

The pover, and in some cases, the econonmy of gas-turbine engines
can be improved vhen the gas temperatures and pressures at the ture
bine inlet (point to engine) are ineressed. For ingtance, caleoulations
have shown that the power can be more than doubled vhen the tamperse
tures are inevensed from 1500° to 3000° ¥, At present, however, the
gae temporatures at the inlet are limited to about 3500° ¥ becmse
of stress linitations of the blade materials at high temperatures,
sven though the best high-temperature materials presently available
are used, Tese hesteresisting materials also have a large guantity
of alloying elements in them which are scarce; for instance S-816,
s material videly used for turbine blades, has 96 percent of such
alloying elements. Decause of this alley shortage, there is grave
doudt that the quantity of engines required for a war-time air force
could be supplied, Heat-resisting materials are more fully discussed
in the materials presentation.

One possidle methed of solving the problem of obtaining present-
day performance or better with materials which have as low as 2
percent of strategic alleys is to cool parts of the engine, This
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applies emspecially %o the turbine blades which are in direct contact
(point to engine) with the hot gases coming from the combustion
chambers. The blades are highly siressed bocause ef the high rota~
tive speeds of the turbine. By cooling, the materials will operate
at lower tamperatures where even the common steels have high strength,
Analytical results have shown the relative effectivenscss of
various ways of cooling blades. Water 1s the more effective coolant
but has the disadvantage of requiring a radiator and closed coslant
system., The analysis of alr-cooled blades showed the intemnally
finned, hollov blade (point to medel) te have s higher effectivencss
than the plain, hollow bdlade. During the past year, the NAMA has found
methods of fabricating finned blades for research purpeses. Finned
blades have been cast and ethers have been made by pressure-welding
the component parts. Here (hold up model) is a fimned blade made
by pressure-yelding and it is sinmilar to the enlarged crose-section
view shown hers, Another methed of cooling being considered is the
use of porous blade materials through which coolants can be foreed.
The following demonstration will compare the effectivencas of
various blades., The solid, uncooled blade; the plain, hollow, air-
cooled blade; the finned, sir-cooled blade; and the water-cooled
blade will be compared. Here is a duplicate set of blades which is
the same as the one mounted in the duct. (Hold set in duet).
Rrlarged cross-section vievs of the blades in thelr respective posi-
tions are shown here beside the indicators vhich will show the tempera~
tures of sach of the blades, Hot gas at about 1000° ¥ will be preduced
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in a burner and will pass ever the blades. The Semperature of the hot
gas will be ghown here. ‘
When the hot gas flows inte the rig, the blade temperatures will
all be close to the temperature of the hot zas since ne ceolant will
be used. ‘hen cooling air is drawn out of the room through the plain,
hollow blade, you will notice a reduction in the blade temperature
(point) of about 100° below the temperaturs of the uncooled blade, When
the same amount of cooling air is passed through the finned dlade, the
drop in temperature will be about twice that of the plain, hollow
blade. This will verify the calculated demeficlal offect of internal
fing., Vhen the same welght flow of water is passed through the water-
eooled blade,; a rapid drop in blade temperature will be noticed. The
temperature drop will be about four times that of the plain, hollow
blade. This definitely indicates the effectiveness of water as a coolant,
The results of tests of cascades similar to the one Just demon-
strated ghow the relative effectivensss of various coeled blades. The
problem of predicting cooled engine performance involves much more than
a simple evaluation of the cooling effectiveness of the blades, The
cooling losses, such as the heat lost to the coolant and the power
required to circulate the coolant must be considered. At last year's
inspection, we presented the results of analyses estimating the amount
by which gas-turbine temperatures could be increased using different
types of cooling, Ve also showed the potential or idesl gaing in engine
performance offered by higher turbine gas temperatures, btut ve were
unable %o predict accurately the net performance of an engine include
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ing the cooling losses. In the past year we have developed methods that
enable us to prodict the spproximate performance, including losseas
Chart 1 (C-24121~0) shows the poesible gains in power of a cooled
turbine-propeller engine operating at best pressures at 40,000-foot alti-
tulle. Theoretical increase in power is plotted against the welght flow of
the coolant axpressed a ratie of coolant flow to the weight flow of
engine alv, Present-day operation at 1500° ¥ turbine inlet tegpcrature
is represented by the eircls at the lower lef%-hand corner of the chart.
The gain in power of the unoooled engine is indicated aleng this lines
for instance, for 2000° ¥ 4% is 75 pevcent and for 3000° 4% is 200
percent, As the auount of eooling fluld required te kegp the blades
from burning wp is inoreased, the cooling losces camse the gain in
pewer to decrease as indicated Ly these lines for the twu gas taspore~
tures shown. For & coolant~gas flow yable of 0.07, a nominel value
at 2000° ¥, the less in power caused Yy cooling is one-thid of the
theoretical gain in power vhich we weuld obtain if m cveling would
be vequiveds For 3000° ¥, at & coclant-gus flow ratioe of 0,15, » nomi~
nal value for this teperature, a corresponding ldes in powar dus %o
oooling would ba about 42 percent. "he gain in power, even conoidering
the lossos, is s$ill spprecisble. Ter 2000° ¥ and a coolantegas flow
ratio of 0,07 the gain in pover is 50 percant above pressnt-day aporas
$ion. Yor 3000° ¥ and a coolant-gas flow ratio of 0.15, the gala in
power is 150 percent above prasent-day operation. It Lo desirable %
minimize the required coolant flow not only to obtain as much nst power
as possible but also %o achieve more cconomisal operation, This chart
and the next two you will ses apply directly to turbine-propeller
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engines. Cooled turbines can also be used to advantaege in turbojet
engines, especially %to reduce the amount of gtrategic materials used
snd to odtain high power for emergency eperation,

The caleulated effect on engine performance of using cooled
blades made of alloys with a large percentage of scarce metals is shown
in chart 2 (0-24181~A), The turbine-propellsr is agaln considered and
theoretical increase in power iz again plotted againgt the coelant-alr
flow ratie, The waterecooled blade is superior, allowing temperatures
of 3000° ¥ to be reached at fairly lew amounts of coolant flow, The
finned, alr-cooled blade alss allows 3000° ¥ to be reached, but at a
mach higher rate of coolant flow, so that the met power ebtained is lower
than for the water~cooled blade, The net power at this peint, however,
oven with the cooling losses deing considered, is still 175 percent
sbove that obtained for the unceoled blade at 1500° F, The use of &
plain, hollew blade for alr ceoling does not sppear justified becamse
the low cosling effectiveness of the dlade, as demonstrated previously
(point to hollew blade), will noet allew high temperatures to be roachel.

The reduction in strategic blade material which turbine cooling
nakes possidble is indicated by the results shown on chart 3 (Ce24181.B),
The perfermance obtained with finned, air-cooled blades installed in a
turbine-propeller engine is snalysed, The orange line is carried over
from chart 2 vhere the blades considered were made of highetemperature
alloy containing 96 percent strategic materiale. The blue line is for
the same blade configuration, but with 2 dlade material of alloy steel
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containing only two percent of strategic materials. The perfermance

is below that shown by the erange line decanse the blades must be

held at lower temperatures requiring more cooling, but tha caloulations
indicate that even with such a materlal, gas Semperstures ever 20000 ¥
are possible. The correspending power gain would be ever 50 percent
abeve perfermance at 1500° ¥, As shown by the third line, the use of
h“MMu-ﬁWMuNMM

is not justified for use with eir cooling because the amount of

cooling air required is se large that the losses prevent any substantial
power gaing, With water ceoling, low carbon steel may have possibilities.

In swmary, ve believe the predicted performance of coolad ture
bine engines, vhich includes cdeling losses, is of such premise and
the design procedures are of sufficient accuracy that the fabrication
of such turbines for protetype engines is feasible. Much worlc and
research offort is still required to edtain data frem which more accurate
designs can Le made.

The prediction of the perfermsnce of ceels: turbines invelves
many factors, ome of which is the amount of coolant required te pre=
vont the blades from burning up at o given hotegas temperature. This
further dnwlves the accurste prediction of the amount of heat that
the hot gas gives up to the blades. The next spesker, Mr. Hossbach,
will digouss some methods and technigues used in experimental :
cooling research to ebtsin such heat-iransfer data and will present
some typical results.
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One of our most important fundamental prodlems, as just pointed
osut by My, Arne, is to develop a method of prediecting the amount of
heat flowing from the hot gases %o all points on cooled turbine dlades.
A kmovledge of the heat flow is required so that a cooled turbine
blade can be designed to use a minimum coolant weight flow and etill
have adequate cooling to prevent blade failure due to overheating.
For instance, it is possidle that this (point to models of blade
erosc-sections on backdrop) portion of the blade might be hotter than
this portion (point) due to a larger amount of heat flowing from the
hot gages around the blade to this portion (point) than to this
(point). Thus, the coolant flow in this region (peint) must be
inereased, but it is advantageous to roduce the coolant flow in this
region (point) so as to effect a saving in the attendant losses.
Heat transfer can be predicted with reasonadble ascuracy for heat
flow from gases to simple bodies, much as pipes and cylinders, The
generalisation of heatetransfer results for flow threugh pipes is
discussed at another lecation on your itinerary. In the case of
turbine blades, the heat-transfer probles is quite complex because
of the variable aerodynamic conditions, blade shapes, and high
rotational speeds. Consequently, experimental data must be obtained
on turbine dlades in order to accurately predict the heat transfer,
In order to obtain these fundamental data, we are using at present
seven cascades and three single-stage turbines.
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Typical heatetransfer results obtained from the u-pau- caseades
are $1lugtrated on chart 1 (0-24185.B), The mmount of heat trensferred to '
the dlade is plotted againat the amount of hot gases flowing over the |
blade. The results on this and following charta are obtzined Yy
passing 2 mean line through the data pointes. The results are for one
blade shepe and one angle of attack. Tho blue line reprosenta the
rosults for this (point) blade arrangement snd the yellow line repro-
sents the regults for this (point) srvengement. These results ave
ropreganted by two distinet curves, This is due to the shape of the
passage bobtween the blades, Ap you can gee, this one (point) necks
down end thie one (point) does not. Nuperimental results heve also
shown that the amount of heat transferred varies with the blade shape
1tself ani the angle of attack. These fuctors which affect the heat
flow may camse as much as SO-percent variation in the resulte, We
ean conclude, therefors, that if such tests contimme to de required as
a method of obtaining hest-transfer results for turbine blades, 1t
would Yo necessary to provifle the designer with experimental heate
transfer data for each new turbine designe This would be o very long-
term and expensive project. As a consequence, we are investigating
the fundamentals which control the heat transfer so that we cen pre=
diet the heat transfor at any point,

The NACA ig attaciking this basic problem of heat transfor
through & study of the very thin layer of gas, ealled the boundayy
layer, which has been retarded by friction along the dlade surface.
Chart 2 (C-24385=A) 18 a sketch of the flow azound a turbine blade,
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with the heavy line adjacent o the surface representing the extent
of the boundary layer. All the heat transferred to the blade must
pass through this boundary layer, which will therefore contrel the
amount of heat transferred. Two types of flow may develop in the
boundary layer. The flow moving in parsllel sheets as shown on the
front part of the blade (point) is called a laminar boundary layer
and the circular, rolling flow shewn at the rear of the blade (peint)
is called a turbulent boundary layer. A blade may have either a
laminar boundary layer alene or a combination of beth types. The
amount of heat transfer through a laminar boundary layer differs
from that of a turbulent boundary layer. We mist know the tempera~
- tures and pressures in the boundary layer in erder to compute the
amount of heat transfer. The NACA is now expanding the abstract theory
with which the temperatures and pressures in the laminar boundary layer
with heat transfer can be computed. Taperimental sppratus are availe
able for verifying the results calculated from boundary-layer theory.
This (point) cascade is one piece of apparatus being used for this
purpose. The very large mumber of measurements that can be obtained
is apparent from this mase of approximately 100 wires constituting
the instrumentation which prevides the required pressure and tempers=
ture data on the blade.

A comparison of some heat~transfer results obtained using the
theory of the laminar boundary layer with those from a cascade is shown
in chart 3 (0-24186-A) to indicate some of the progress that has been
made in the pisgt year. The amount of heat transferred to the blade is
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plotted against the amount of the hot gases flowing over the blade.
The red curve represents the results predicted from the theory for
the laminay boundary lsyer as expanded to date by the HACA to include
heat transfer, The blue curve represants the results of experiments condue!
el with a cascade of cooled turbine biades which were of much a shape
that the boundayy layer was probably all leminar around the blade, In
this particular eage, the maximua variation between the predicted and
mm'lhh'lmh This ie considered good agreement.
#ith refinements in the theory, further comparisons which are %o be
made are expected to be better than these regults. Such verification
of theory will expedite the obtaining of lnowledge concerning cooled
blade design and appreciably reduce the amount of expensive development
required.

Complete similarity of the flow in cascades and retating turbines
cannot be realized., Therefore, because it is advantageous and gome~
tines necessary to conduct heat-transfor studies in ecascades, mesns
mist be devised for applying these results to the design of cooled
turbines. This is accomplished through the analysis of cascale and
single-stage results like those shown on the next chart (C=24186-B),
Again the amount of heat transferred to the dlade is plotted against the
amount of hot gases floving over the bdlade. The blue curve represents
the results for the cascade of blades, The red curve represents the
results obtained from a single-stage turbine like this (point) under
sctual operating conditions and with spproxinately the same shape
blades as in the cascade. The comparison is considered excellent vhen
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it is vealized that certain conditions in Surbines carnot be duplicated
in eascales. The maximum variation between these results is 7 pereemnt.
If further comparisons are as good or better than these results, we
probably will be sble to expedite the development of a method for spply=
ing cascade results direotly %o the design of ceeled turbines,

In closing, I will briefly sumarize this and the preceding talks
on gouprogeors and turbineg, Ve have presanted the gggpg of our research
end sone of the Lmortant resulta that have been ebtained in Hhe past
yoar. Ve have made significant advences in our theorstical work, both
in compressor and turbine asrodynamics and in turbine cooling., By
mgmenting our theoretieal werk with cascade, single-stage, snd milbi=
stage rosearch, we have been able to improve compressor and turbine
performance, By means of the research program outlined, we will be
able to accomplish our objectives, as originally set forth by lr. ¥nglishe
that s, engines with higher power, and lower specific fusl conswmpbien,
and in addition make use of inexpensive nonstrategic materials,
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