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New Molding Method of Three-Dimensional Hollow
Photoelastic Model and Centrifugal Stress
Analysis of Air Cooled Turbine Blade Model*

Toyoaki YOSHIDA, Katsutoshi MATSUSUE,
Kitao TAKAHARA and Ryosaku HASHIMOTO**

ABSTRACT

A new molding method for a three-dimensional hollow photoelastic model was
invented and centrifugal stress analysis has been performed for air cooled turbine blade
models to which the new method was applied.

A distinctive feature of the molding method is the introduction of a copper coated
wax core which forms a three-dimensional hollow shape inside a model. The air cooled
turbine photoelastic model with a coolant passage simulates the first stage rotor blade
in the high temperature turbine full scale model HT-10H used at the NAL. The results
of stress analysis cleared the critical regions and stress magnitude and thus they are of
great aid to the successful development of a full scale turbine model.
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INTRODUCTION ?md making prc?gress with van.ous 1nven.t10ns and
improvements in manufacturing technique of a
As an effective method for stress analysis  10de], There exists a wide variety of technique

of a three-dimensional complicated hollow body,  in accordance with a size and a shape of a subject
a photoelastic test has been widely introduced {5 e analyzed. Among those, it is considered
* Received 18 March 1981 , very effective to adopt silicone rubber as mold
*% Aeroengine Division material. Such attemptions have been presented
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elsewhere 1), 2) and their validity is well accom-
plished.

While it might safely be said that stress
analyses of air cooled turbine blades have been
insufficient due to the complexity of coolant
passage shapes formed inside the blades, although
they are required as closely and accurately as
possible. Thus the present study has been per-
formed as an aspiring one of our researches 3).

As to a molding method, simplified hollow
models such as a cylinder and various candidate
material for a core were chosen and casting con-
ditions were surveyed in the early stage of the
study. Consequently the introduction of a
copper wax core showed the best aspect to meet
our purpose. This, a kind of invention, was
achieved in collaboration with the Photo Cutting
Laboratory Co., Ltd.

Centrifugal stress analysis with a photoelas-
tic model of hollow turbine blade was performed
by the frozen stress method. Detailed descrip-
tion on the molding method and the experimental
results are given in this report.

MOLDING METHOD

At first, any material can be used as a pat-
tern as far as it remains unchanged in its structure
inside a container during the period when liquid
silicone rubber is poured and grows hard at room
temperature. In the present case, an actual air
cooled turbine blade made of superalloy and a
core made of ceramic are applied as the patterns.

Molding procedure with the use of silicone
rubber is already described in Reference (1). A
gating system, open risers and clamping method
were not satisfying until several trials had been
made because an every pattern needs its own
appropriate casting conditions in general. Two
piece mold type was adopted here but it is not a
cope and drag one, see Fig. 2.

Fig. 1 shows a procedure of the present
molding method and some photographs are
shown in Fig. 2 in which notations corresponding
to the procedure are marked. Three kind of pat-
terns were chosen as test models, one is a solid
blade and the others are hollow blades. All the

Al Actual hollow turbine .
blade as pattern Ceramic core as pattern B1
A2 Manufacturing two piece Manufacturing two piece mold B2
mold of silicone rubber of silicone rubber
Setting copper
6 Qlatgd cgr% Pouring wax B3
7 Pouri : Hardening and
ouring epoxy resin removing mold B4
Hardening and ;
8 removing %nold Copper plating BS
9 E i i Water cleaning
xclusion of wax by hot air and drying 11
10 Dissolution of copper plating Photoelastic hollow turbine 12
with corrosive blade model

Fig. 1

Manufacturing procedure of three-dimensional

hollow photoelastic models
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Bl (a) B5 (a) B1 (b) B5 (b)

8 12 (a)

Fig. 2 Photographs at some manufacturing steps
(Notation coincides with it in Fig. 1)
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blades have the same outer shape, see hollow
blades 12 (a) and (b) in Fig. 2. A kind of epoxy
resin, Alardite B + Hardening (HT-901) is used as
photoelastic material. When a core has com-
plicated shape, it can be neither a type of an
assembly, nor a type destroyed after hardening
of a model material. Thus it should be removed
by some kind of liquefied method. In the case of
an actual hollow blade made of superalloy, a
ceramic core is extruded with a hot alkali solvent.
However this method of removal is seriously
harmful to the epoxy resin in the present case.
As a liquefied method, low melting point alloy so
called wood metal was firstly adopted and tried
but it was difficult to maintain a shape of core it-
self due to relatively high temperature while
pouring molten epoxy resin, and exclusion could
not be successful, neither. A preliminary check
to use some water soluble nonorganic matter was
then performed whether it could be core material
or not. This was consequently too soft to form
and maintain a shape of core. Finally the meth-
od shown in Figs. 1 and 2 was successful.

Most important features are to use wax of
which melting point locates about 60°C and is
enough lower than any transition temperature of
epoxy resin, and then to apply copper plating

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-427T

onto a wax core with an order of 20 micron in
thickness. This order of thickness guarantees a
rigidity to maintdin a shape of the core and even
not to deviate seriously from a designed dimen-
sion of the core. Wax is excluded by hot air at
a part of the core protruding from the hardened
epoxy model where copper plating is scratched
in advance, see the bottom part of photographs
BS (a) and (b) in Fig. 2. Copper plating left in
the epoxy model is dissolved with corrosive
FeCl;. While molten epoxy resin is poured, pro-
cess 7 in Fig. 1, wax core swells due to high
temperature of the resin and that results in de-
formation of a shape of coolant passage.

A typical result is shown in Fig. 3, where
an expansion of coolant passage in up-and-down
direction in the figure and a shrinkage in outer
shape are observed. This cross section is of an ex-
tended root in the blade model. This kind of ex-
pansion would be suppressed if copper plating is
more thickened than in the present case and
scratching a part of it is done before pouring
molten resin. In that case, however, the dimen-
sion of a core pattern should be diminished in
size, taking the thickness of copper coating into
account. If more appropriate core material could
exist, it should have at least the following fea-
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Fig. 3 A typical dimension of epoxy model
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tures. That is to have a small thermal expansion
rate and to be soluble with some fluid such as air
and water at relatively low temperature and most
importantly to maintain a designed shape until
an exclusion process is done.

A photoelastic epoxy model that can be
manufactured, depends on the possibility wheth-
er silicone rubber mold is obtainable or not both
for the outer shape of the model and the core.
Furthermore uniform copper plating on the
whole surface of the core material is strongly
required. In this sense, the model (b) shown in
Fig. 2 could not be satisfying because of the ex-
istence of many small rugged passages. A local
deep and small dent is particularly difficult to be
coated thinly with copper. In the present case, a
group of dents of I mm in diameter and 1.3mm
in depth seen in the mid region of the blade
model (b) could be covered with a copper plating
satisfactorily. This dimension of a dent would be
a limit of satisfactory copper plating. As easily

suggested from the description of the above
molding method, a wide variety of applications
of small and even complicated hollow photoelas-
tic models can be expected.

CENTRIFUGAL STRESS ANALYSIS

Description of Epoxy Model and Actual Turbine
Blade

The purposes of centrifugal stress analysis
of turbine blade epoxy models exist in getting an
information of critical location and its stress
magnitude in view of mechanical strength, and
considering the fitness of a coolant passage for-
mation. Analyses performed in the present study
involve photoelastic tests of a solid blade model
and hollow blade [model (a) in Fig. 2], various
considerations such as correction of data to the
actual turbine blade, and comparison between
the present results and the earlier work 4) in
which two-dimensional photoelastic test has been

(=
P

blade

60mm

extended root j

b platform

dovetail

Fig. 4 X-ray photograph of actual turbine blade
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done under the condition of tension to the
model with a similar shape to a selected section
of the present hollow model. Centrifugal stress
analysis by photoelastic test, is basically owing to
the frozen stress method, thus a model is cut into
thin slices which should contain a section ex-
pected very important. In this sense, model (b)
in Fig. 2 is hardly applied to the test because of
the difficulty in getting a thin slice without any
damage.

Fig. 4 indicates an X-ray photograph of the
actual hollow turbine blade model under the de-
velopment. It has some ten small cooling holes
with diameters of 0.5-1.0 mm in the spanwise di-
rection at the blade section. They are connected
to a T shaped coolant passage located inside the
platform and the extended root. In the photo-
elastic model, these small holes are not formed
because of the difficulty in manufacturing
technique and the little influences on the stress
distributions around the coolant chamber in the
platform and the dovetail region in which some
critical regions would be expected to appear.

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-427T

The contribution of these small holes to the
whole blade is of 4% in weight.

The actual turbine blade suffers bending
force through fluid flow, thus it is set to the
turbine .disc with an appropriate offset angle so
that the bending force may be eliminated with
the designed centrifugal force exerted. In the
present photoelastic test, model blades are con-
fined to a container which rotates together with
the models, therefore the blade models hardly
receive fluid pressure. A difficulty in similarity
between the photoelastic model and the actual
turbine blade particularly exists in the difference
of manufacturing accuragy in the dovetail region.
The dovetail of the actual blade has very precise
accuracy, say +0.001 mm, furthermore it shows
stress relaxation when it suffers high loading.
While the photoelastic test remains elastic stress
analysis for the given shaped epoxy models.
Therefore one had better keep in mind that the
photoelastic test would show relatively severe
results than those in the actual blade.

Fig. 5 shows calculated cross-sectional mean
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(a) Blade portion

(b) Dovetail portion

Fig. 5 Cross-sectional mean centrifugal stress in actual turbine blade
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Molding Method of 3-D Hollow Photoelastic Model and Stress Analysis of Turbine Blade 7

stress due to centrifugal force of the actual blade
with 105% of designed rotating speed. The curve
can be a reference for the discussion of appropri-
ateness of the present photoelastic test results.
Material of the actual blade is a Nickel base super-
alloy IN-100. Its tensile strength at room tem-
perature is about 80 Kgf/mm?.

Experimental Apparatus and Procedures

Centrifugal stress in photoelastic models is
frozen while rotating under the condition of an
appropriate temperature control of ambient with
respect to time. The models, thereafter, are
sliced so as to involve scheduled important sec-
tions. Photoelastic analysis is then applied to
each slice.

Inside view of temperature controlled con-
tainer with a rotating shaft driven by a motor
outside is shown in Fig. 6. Epoxy resin models
are attached to a turbine disc model as shown in
Fig. 7. The blade models and the disc are con-
fined to a casing which has no mechanical con-
tact with the blade models. These models suffer
little fluid pressure while rotating owing to the
casing. Lower end of the shaft is supported with
a bearing and a damper connected to a support-

Turbine disk

Fig. 7

ing frame as seen in Fig. 6. Temperature in the
container is controlled with a heater set below a
bottom plate and its electric control system.
Before experiments, temperature was
checked in upside and downside of the casing
under the same condition as experiments except

for the absence of the blade models. The temper-

Inside view of temperature controlled
container with experimental rotating
system

Turbine’
blade
models

Inside view of casing
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ature difference was enough small to give uni-
form temperature to the whole blade models as
long as the scheduled temperature control was
observed. Rotating speed was measured with a
photo-transistor detecting dark and bright stripes
on the puiley connected to the shaft, and a pulse
counter. Its pulse signals were converted to volt-
age at the same time and recorded by a pen
recorder. Temperature was measured with
Chromel-Alumel thermocouple and recorded by
the other pen recorder.

Fig. 8 shows the results with the pen re-
corders. Asshown in the figure, temperature was

kept at 125°C for longer than two hours in order
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' Temperature '
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to give the epoxy models enough period to build
up an elastic situation under a satisfying uniform
temperature, then was reduced at a rate of 5°C/
hour which had already been known as a well
sufficient rate to the frozen stress method. Rotat-
ing speed of 1445 rpm was selected after various
and careful considerations as follows. It should
bring maximum fringe order from 8th to 10th at
the maximum stress point which has well enough
spacial resolution of stress and is still not so con-
fusing density of fringes to be read. On the
other hand, the thickness of slices are restricted
due to a mechanical strength of the models while
cutting with a saw but it should be as thin as pos-

...........

e e e S

L= R A
H

1500 rpm

11000711

Fig. 8 Temperature and rotating speed variations in container during stress freezing
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sible since the models are three dimensional.
Thus about 3mm in thickness was chosen. There-
fore the rotating speed can be figured out from
the thickness, anticipated maximum stress and
photoelastic properties of the models. Finally
the rotating speed should not cause a vibration of
the test model total system. The resulting rotat-
ing speed has been satisfactorily stable as seen in
the figure. Apparatus for a photoelastic analysis
is of a transparent type and it has an effective
visual field of 300mm in diameter. A dipping

(a) Before annealing

bath is used in order to avoid light scattering
from the surface of the models as usually intro-
duced.

Annealing is required for all the models be-
fore analyses. Fig. 9 shows a result of annealing
of the model (a). Temperature cycle of annealing
is the same as that shown in Fig. 8. It can be
seen that residual stress generated during manu-
facturing the model is extinguished completely
by the annealing. Fig. 10 shows another results
of annealing. The slices can also be annealed

b
L
¢

m(b) After annealing

Fig. 9 Annealing condition of blade model
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(b) 6-1

Fig. 10 Annealed slices (see Fig. 13)
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satisfactorily. This was done after centrifugal
stress analyses. It might safely be said that these
all results prove the appropriateness of the
present annealing condition and stress freezing
procedure.

Results and Discussions

Fig. 11 shows isochromatic fringe patterns
in the solid and hollow turbine blade models
after stress freezing. Patterns in the blade part
are almost the same since both are solid, while
lower half patterns, those in the extended root,
are different with each other. These patterns can
be used in order to make sure whether the model
is manufactured and the experiment has been
done both satisfactorily or not. These patterns,
therefore, should be observed before cutting.

(a) Solid blade model

Fig. 11

Fig. 12 indicates fringe patterns in the slices
cut in the longitudinal direction both for the
solid and hollow blades. The locations of the
slices in the blade models are shown in Fig. 13
and they are the most important sections of the
present study since they involve very thin thick-
ness part around the coolant passage for the
hollow blade model. The slices (a), (b) and (c),
(d) show fairly similar patterns to each other, re-
spectively. This means that stress distributions in
the mid region are rather uniform in the thick-
ness direction of the slices both for the solid and
hollow blade models. On the other hand, the
slices (a), (d) and (b), (c) make the comparison
possible on the difference in stress distributions
between the solid and hollow blade since each
pair is almost of the same relative location, re-

O S 0 S o o ST

WL T e
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(b) Hollow blade model

Isochromatic fringe patterns of blade models
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(a) 3-1 (b) 3-2 (c) 6-1 (d) 6-2

Fig. 12 Fringe patterns of sliced blade models
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Fig. 13 Position of slice models in blades (Numerals in mm)
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spectively.

Fig. 14 shows distributions of fringe order
for the principal part of the slices (b) 3-2 and
(c) 6-1 in Fig. 12. As a matter of course, there
exist dense distributions of fringe surrounding a
coolant chamber in the platform region for the
hollow blade while it remains relatively lower
order of fringe in the same region for the solid
blade. Descriptions of stress estimates are given

in the following paragraph. The highest order of
fringe locates at the point in the dovetail where
the blade models hit on the turbine disc model
both in the solid and hollow blades. In the solid
blade, there are four touching points and thus
the centrifugal force of the blade is dispersed
moderately and consequently the highest order
of fringe is lower than that in the hollow blade.
As shown already in Fig. 3, the mid region of the

Fig. 15 Surface stress distributions on slice models
(Numerals in fringe order/unit thickness)
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extended root in the hollow blade tends to
shrink while manufacturing, furthermore the
dovetail and the extended root of both sides of
the coolant passage receive distortion toward a
center due to the centrifugal force. Therefore, it
might be natural that there are only two points
hitting on the turbine disc for the hollow blade,
although this would not be quite true for the
actual turbine blade since it should have much
more precise dimension both in the cross section
as shown in Fig. 3 and the dovetail. Distribution
of load in the dovetail region is a little bit un-
balanced on the right and the left hand sides, but
it seems not so serious as to make analyses mean-

Fig. 15 shows distributions of the fringe
order per unit thickness proportional to tangen-
tial stress along the surfaces of the slice models
which have been discussed so far. As already
described in the preceded paragraph, the stress at
the outer surface around the platform is not so
high for the hollow model. While the stress at
the inner surface in the platform region is less
than that at the outer surface in the same model.
The maximum value of fringe order among those
around the relevant region is 1.7, which is cor-
responding to the tensile stress of 29.3 Kgf/mm?
in the actual turbine blade under the condition
given in Fig. 5.%** This magnitude is far less

ingless. than any relative maximum seen at the outer sur-
(a) Fringe patterns (b) Surface stress distributions
Fig. 16 Two-dimensional photoelastic test under tensile condition
***Conversion

The conversion from the fringe order per unit thickness to the stress in the actual turbine
blade is done as follows in the present study. The centrifugal stress in the actual turbine blade is
calculated in advance as shown in Fig. 5. The reference section is selected at the distance of
18.6 mm, downward from the blade tip where cross-sectional mean fringe order in the photoelastic
model can be figured out easily and accurately. At the selected section, we have 0.517 in the
fringe order per unit thickness for the photoelastic model and the tensile stress of 8.9 Kgf/mm?
for the actual blade. Thus the resulting conversion factor is 17.215. According to this value, the
photoelastic sensitivity in the present model is to be 38.3 fr.mm/Kgf. The photoelastic sensitivity
is calibrated separately for two discs made from the same material as the blade model and resulting
mean value is 37.7 fr.mm/Kgf. Therefore the conversion factor can be of an accuracy more than
98%. As a reference, the stress in photoelastic model is essentially calculated from fringe order,

photoelastic sensitivity and thickness.
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face in the dovetail region, and it is considered
well permissible. At the section just up the dove-
tail, there are relative maximum points. The high-
est value among those is 2.8 (48.2 Kgf/mm?) and
it is observed both for the solid and hollow blade
models. In this sense, there is no disadvantage to
provide the coolant passage in the present case.
This order of magnitude, however, is not so an
easy one to guarantee that a turbine blade sur-

(c) 15-5

vives without any serious damage for a scheduled
life. Thus it is required to select blade material
carefully. As for the Nickel base alloy IN-100
introduced in the present research project, these
should not be a problem.

Fig. 16 indicates the result of two-dimen-
sional photoelastic test under the tensile condi-
tion to the model with a similar shape to the slice
6-1 in Figs. 12—15. 0, in Fig. 16 designates a

(b) 153

87

39

4=

(d)y 15-7

Fig. 17 Fringe pattern and fringe order distributions at lateral cross-sections

of hollow turbine blade model
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mean tensile stress at the uppermost section of
the model. This has been done in the earlier
work 4) in which the appropriate shape and loca-
tion of the coolant chamber in the platform
region of a blade have been surveyed. The result
shown in the figure is considered at least one of
the best among models tested in view of struc-
tural strength. Comparing this with the corres-
ponding results (¢) in Fig. 12 and (c), (¢") in Fig.
15, the trend of fringe pattern and tangential sur-
face stress distribution are considerably similar.
However, stress concentrations in the two dimen-
sional test are more intense than those in the
present test, especially at the locations with a re-
This fact tells us
clearly that two-dimensional tensile test brings

lative maximum curvature.

relatively severe stress anticipation to rotating
turbine blades but it is still effective and very
helpful as a preliminary test because of easiness
of the test.

Finally, Fig. 17 shows the fringe pattern
and fringe order distributions at various lateral
cross sections of the three dimensional hollow
turbine model.
obviously decreasing as the section is of upper

Cross-sectional mean stress is

one. Absolute stress values are pretty small com-
pared to those in the longitudinal sections shown
already. There exists no compressive stress in all
the sections shown in the figure. This is another
noticeable feature of the results.

CONCLUDING REMARKS

(1) A new molding method of three-dimensional
hollow photoelastic model was developed.
Disinctive features of the method are as fol-
lows. As for formation of a core with re-

quired hollow shape, low melting point

material like wax should be used, furthermore
thin copper plating onto the core material is
required. Patterns both for the core and the
model itself are made of silicone rubber.
Molten epoxy resin as photoelastic material

is poured and hardened in the pattern, then

2

the core made of wax is excluded with hot
air, and finally thin copper layer is dissolved
with corrosive, FeCl;. The present method
enables three-dimensional complicated and
fine hollow shape to be formed in a model as
far as uniform thin copper plating on the
whole surface of core is possible.

Centrifugal stress analysis has been per-
formed for air cooled turbine blade models
to which the new method above mentioned
was applied. The frozen stress method was
introduced for the analysis. The conditions
of stress freezing appeared to be satisfying
by several kinds of inspection. Principal re-
sults obtained from the analysis are de-
scribed as follows.

Stress distributions in longitudinal and
lateral sections of the turbine blade models
were obtained and thus relative maximum
values and their locations were made clear.
The maximum stress in the hollow blade
model appeared in the upsides next to the
dovetail outer surface and was of the same
order of magnitude as that in the solid blade
model with similar outer shape. Compared
to this maximum stress, the other relative
maximum values seen on the outer surface
around the platform and on the corner of
coolant passage inside of the blade were re-
latively small, and thus they would be per-
missible to be designed. The highest stress
was practically observed in the dovetail
region for the present analysis, however it
should be excluded from the discussion be-
cause the epoxy resin models introduced in
the analysis were neither formed so precisely
as the actual turbine model nor suffered
stress relaxation. The three-dimensional
stress analysis as the present study brings us
far more credible data than the two-dimen-
sional test, but it requires rather high tech-

nology.
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