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ABSTRACT

Details of the thermal and structural design analysis of a strut supported,
porous wall turbine vane are presented., Calculations are made relative to
the determination of required injection rate distributions, which in turn
establish the internal compartmentation design and flow passage sizing.
Calculated porous skin and strut cross section temperature distributions
are presented for both design and off-design conditions. A simple struc-
tural analysis is performed to determine the stress levels in the strut and
porous shell caused by gas and coolant pressure distributions around the
airfoil. The calculated results show that the proposed design will exhibit
satisfactory performance at the design condition.

xi



DESIGN OF A STRUT SUPPORTED TURBINE
VANE WITH A WIRE-FORM POROUS SHELL

by
D. A. Nealy and R. D. Anderson

Allison Division, General Motors

SUMMARY

An analytical study of the temperature distribution in the strut and shell
of a strut supported transpiration cooled turbine vane was made for a de-
sign condition consisting of a combustion gas total temperature of 2500°F, a
combustion gas total pressure of 42 psia, and a cooling air temperature of
1200°F. The design incorporated a constant permeability porous shell. The
core region of the airfoil was compartmented and an orifice in the base
region of each compartment provided metering of the coolant in an attempt
to maintain a uniform shell temperature. The design objective was to strive
for a reasonably constant porous shell temperature distribution within prac-
tical limitations. The maximum shell temperature for the design conditions
was limited to the order of 1700°F. The shell and strut temperatures were
also determined for an off -design combustion gas condition (total tempera-
ture of 2500°F, total pressure of 105 psia) after the shell permeability and
orifice sizes had been fixed for the design conditions. A simple stress analy-
sis was made to determine the stresses in the strut and porous shell caused
by the combustion gas pressure distributions around the vane airfoil. The
results indicated that for the design conditions a suitable porous wall temper-
ature ranging from a maximum local temperature of about 1740°F to a mini-
mum of 1382°F was obtained; the average shell temperature was about 1560°F,
The associated coolant-to-gas flow ratio was about 0, 053 and the required
cooling air pressure at the vane inlet was about 52 psia. For the off -design
condition, the local shell temperatures ranged from a maximum of 1882°F
to a minimum of 1327°F; the average shell temperature'remained about the
same as for the design condition. The average strut temperature was about
100°F higher for the off-design condition than for the design condition. The
coolant-to-gas flow ratio was about 0. 049 and the required cooling air pres-
sure at the vane inlet was about 115 psia. The shell and strut stress condi-
tions were within suitable limits for the gas pressure loading conditions,






INTRODUCTION

This investigation was made as part of an overall study of turbine cool -
ing that is being conducted by the Lewis Research Center of the National
Aeronautics and Space Administration. A portion of the overall program of
the Lewis Research Center is directed toward the development of oxidation
resistant wire-form porous materials that should provide greater resis-
tance to internal oxidation and clogging than do the currently available wire-
form materials. This program is expected to provide the Lewis Research
Center with oxidation resistant wire-form porous material that can be used
in the fabrication of vanes or blades for research purposes., The study
reported herein was conducted as part of a contract to provide the Lewis
Research Center with the detail design of a transpiration cooled wire-form
vane that could be fabricated and subsequently tested in a particular Lewis
Research Center static cascade or engine facility.

The study reported herein involved the thermal design of a strut sup-
ported, transpiration cooled turbine vane and represents a portion of the
work that was conducted under Contract No. NAS3-7913. A limited struc-
tural analysis of the vane was also performed, primarily relating to gas
pressure loads on the strut and airfoil skin., The Lewis Research Center
specified the airfoil size, the airfoil outer contour, and the ''design'' and
"off -design'' operating conditions under which it was anticipated that the
vane might be tested. It was further specified that the vane design was to
use Poroloy (a wire-form porous material produced by the Bendix Corpo-
ration) as the porous airfoil shell,

The specified design conditions were a combustion gas total temper-
ature of 2500°F, a combustion gas total pressure of 42 psia, and a cooling
air total temperature of 1200°F. These design conditions were selected
because they represent the maximum temperature and pressure conditions
of a research engine facility that the Lewis Research Center has for air-
cooled vane testing purposes, It was further specified that the porous shell
was to have a constant permeability, The design objective was to strive
for a reasonably constant porous shell temperature distribution within prac-
tical limitations. To accomplish this objective, the core region of the air-
foil was compartmented and an orifice in the base region of each compart-
ment was provided to meter the coolant in an attempt to achieve a reason-
ably uniform shell temperature, After the shell permeability, compart-
ment geometry, and orifice sizes were determined and fixed for the design
condition, a thermal analysis of the vane was made for an off-design com-
bustion gas condition. The off-design gas conditions were a total temper-
ature of 2500°F and a total pressure of 105 psia. These conditions were
selected because they represent the projected conditions that may be avail -
able to the Lewis Research Center test facility at some future date.



The thermal analysis made herein determined the local temperature
distributions in the porous shell and in the supporting strut. The analysis
presented is based largely on a method developed recently in a doctoral
thesis and is discussed in detail in Reference 1. The actual calculations
were made by employing existing Allison Division computer programs
developed for an IBM 360-44 computer system.

A simple stress analysis was also made to determine the effects of the
combustion gas pressures on the deflections and resulting stresses in the
porous shell and the supporting strut.



GENERAL DESCRIPTION OF DESIGN

The general arrangement of the strut cross section supported vane is
shown in Figure 1. Additional information relating to airfoil coordinates,
strut dimensions, base orifice sizes, etc is presented in Figures 2 and 3.

The design is basically a strut supported, constant permeability porous
wall airfoil. The strut and end attachments are an integral casting of
Udimet 700. The strut essentially carries the gas bending loads on the air-
foil and provides compartments within the interior of the airfoil to properly
distribute cooling air through the constant permeability airfoil skin. The
pressures in each compartment are controlled by orifices drilled in the base
of the strut casting (Figure 3f). There are ten lands or attachment regions
on the strut, each land being approximately 0. 100 in, wide. The strut is
attached to the skin at each attachment region with a continuous spanwise
electron beam weld. The attachment of the strut to the skin defines ten indi-
vidual internal compartments, However, compartments D and E (Figure 1)
are supplied at a common plenum pressure, with air passages cast through
the strut dividing these two compartments. The primary purpose of the
strut in this region was to stiffen the porous wall against excessive deflec-
tion caused by outward gas pressure forces. Compartments I and J are
also supplied at a common plenum pressure; therefore, the strut and land
between these compartments serve only to stiffen the wall of the porous air -
foil skin.

The strut design was guided primarily by considerations related to ease
of casting and efficient heat transfer. The relatively thick land sections aid
in the efficient transfer of heat from the weld regions to the coolant channels.
In addition, the wide land sections were necessary to obtain a reliable elec-
tron beam weld of the skin to the strut. The coolant channels were also made
as large as possible in cross section to reduce pressure loss in the spanwise
direction in the compartments. Load carrying characteristics were also
considered, but were of secondary importance because of the vane applica-
tion. Stress analysis of the strut relative to gas bending loads showed that
it would operate well within allowable stress limits at the design condition
(Stress Analysis section).

The airfoil coordinates shown in Figure 2 correspond to the first-stage
vane of a modified Pratt & Whitney J-75 engine currently being used as an
experimental heat transfer engine by the Lewis Research Center., In this
design, the airfoil skin (Poroloy) was considered to be a wire-wound porous
material manufactured by the Bendix Corporation. Specifically, the design
is based on a Poroloy skin made of TD Ni-Cr alloy, having a constant perme-
ability (flow resistance) which corresponds to an index of 2 X 10-11 a5 shown
in Figure P. No. 039270 of Reference 2. This permeability level was chosen



primarily to satisfy the relatively large leading edge injection requirement
without incurring an excessive pressure drop. The porous skin thickness
was considered to be constant and was assumed to be about 0, 0245 in,

Poroloy made of materials other than TD Ni-Cr could be used in the
present design provided the differences in thermal and physical properties
receive proper consideration. A more complete description of the Poroloy
material and its manufacture is presented in Reference 2.



DESIGN CONDITIONS

ON-DESIGN CONDITIONS

The primary design conditions which governed the design of the subject
turbine vane were based on anticipated operating conditions of the static
cascade facility in which the vane is to be tested. These conditions are:

Combustion gas-stream total temperature 2500°F (nominal)
Combustion gas-stream total pressure 42 psia (flat profile)
Cooling air supply temperature 1200°F

Cooling air supply pressure 44 psia*

Desired maximum porous skin temperature 1700°F

The distributions of gas-stream (free-stream) velocity, static pressure,
and static temperature around the airfoil for the design conditions are shown
in Figures 4, 5, and 6. These distributions are based on a potential flow
analysis of the combustion gas in the cascade vane channels. This analysis
provides prediction of suction and pressure side stream Mach number dis-
tributions which correspond to the corrected flow rate through the cascade.
The physical velocity, temperature, and pressure distributions can then be
obtained using conventional isentropic flow relationships. The potential flow
prediction technique is conventional in all respects and is discussed in
Reference 3. The gas-stream total temperature profile (spanwise) is shown
in Figure 7 and represents the anticipated maximum vane inlet total temper-
ature that might be encountered in the Lewis-Research Center engine test
facility.

The desired maximum vane skin temperature of 1700°F is based pri-
marily on criteria related to a reasonable oxidation life for static cascade
testing, Because of the vane application and the use of a supporting strut, it
was felt that oxidation life requirements were more critical than life require-
ments based on strength considerations —e. g., stress-rupture life, Limited
strength and oxidation data for the Poroloy material are presented in Refer-
ence 4,

* Revised to 52 psia following design calculations.



OFF -DESIGN CONDITIONS

The anticipated off-design conditions are:

Combustion gas-stream total temperature 2500°F (nominal)
Combustion gas-stream total pressure 105 psia (flat profile)
Cooling air supply temperature 1200°F

Cooling air supply pressure 115 psia

The only change from the design conditions in this case is the increase
in gas-stream lotal pressure. Since the cascade corrected flow, vane pro-
file, and vane setting angle will be unchanged, the velocity and static pres-
sure distributions shown in Figures 4 and 6 remain the same. The distri-
bution of gas-stream static pressures is the same as shown in Figure 5,
except that all local static pressure values are increased by a factor of 2.5
(105/42). The gas-stream total temperature profile (spanwise) at the vane
inlet is assumed to be the same as that for the design condition (Figure 7).



THERMAL ANALYSIS
GENERAL APPROACH

The primary objective of the thermal analysis was to establish a strut-
compartmented vane design which would satisfy as nearly as possible the
desired isothermal skin temperature condition, neglecting end effects.

After a 'given design was established, it was necessary to perform a detailed
thermal analysis of the entire strut-skin design to predict the skin temper-
ature distributions which would be expected in practice, The latter analysis
included those areas of the skin that were attached (welded) to the strut,

and reflected the conduction heat flow into the strut at the attachment points.

The first step of the analysis involved the determination of the injection
distribution which would satisfy the isothermal skin temperature condition.
This injection distribution reflects the thermal boundary layer development
over the exterior airfoil surface and is commonly called the ideal injection
distribution. The compartment design and pressures were then established
to best simulate the ideal injection distribution. Since the ideal injection
distribution is rarely achieved in practice, the final analysis of the strut-
skin design must reflect nonisothermal surface effects on boundary layer
development as well as wall conduction effects.

The analysis which was applied to this problem is capable of treating
the two-dimensional conduction heat flow in the skin (spanwise and chord-
wise). In addition, the two-dimensional temperature pattern in the strut
was also determined through a section taken at midspan. Because the heat
flow into the strut is introduced at the welded strut-skin interfaces (Figure 1),
the skin and strut heat transfer problems are necessarily coupled. However,
since the conduction heat flows in the skin and strut are in two different
planes, the overall problem is three-dimensional. No single analytical
technique is presently capable of treating the coupled three-dimensional
problem; therefore, two existing analyses were applied in an iterative
manner to obtain a satisfactory solution. The essential steps of this approach,
which will be described later, were as follows.

1. The ideal injection distribution was determined for the design con-
ditions based on a constant (isothermal) skin temperature of
1700°F,

2. The skin permeability level was chosen to satisfy the leading edge
injection requirement. With known free-stream pressure distri-
bution and skin permeability, the strut was compartmented as
shown in Figure 1 and pressures were selected for each compart-
ment to best simulate the ideal injection distribution.



3. With skin permeability, compartment pressures, and free-stream
static pressure distribution known, the actual injection distribu-
tion was calculated,

4, TFor the known injection distribution and free-stream aerodynamic
conditions, the skin temperature analysis was performed using
assumed values for the thermal conduction into the strut at each
welded strut-skin interface.

5. The results of this analysis provided a first estimate of the tem-
peratures at the interfaces, which were used to reestimate the
conduction heat flow into the strut at each interface,

6. The strut thermal analysis was then performed using the calcu-
lated conduction heat flows as boundary conditions at each inter-
face, assuming convection cooling of the strut itself.

7. The results of the strut analysis then provided a second estimate
of the various strut-skin interface temperatures,

8. These interface temperature values were then individually com-
pared to those obtained from the skin temperature analysis. Wher-
ever disagreement was observed, the interface conduction heat
flows were logically reestimated and the entire procedure was re-
peated starting with step 4.

9., Steps 4 through 8 were repeated until the interface temperatures
obtained from the two independent analyses agreed within + 1%
at each attachment point. Since the heat flows were forced to
match at each interface, agreement of temperatures would ensure
a valid overall solution and energy balance.

DETERMINATION OF IDEAL INJECTION DISTRIBUTION

The ideal injection distribution which satisfied an isothermal skin
temperature of 1700°F was calculated using the thermal analysis described
in Appendix B, This analysis, based on the work of Reference 1, essen-
tially matches the variation of the injection rate, PV to that of the exter-
nal heat transfer coefficient, h. This is apparent from Equation (B-3) of
Appendix B, which shows that for q, = 0, the ratio h/Py vy must be constant
to maintain a constant wall temperature, T, . This implies that T, and T.
are a:so constant.

In performing the analysis, subject to the assumptions presented in
Appendix B, it was also assumed that the surface temperature was 1700°F
at all locations including the strut weld regions. For purposes of determin-
ing the ideal injection distribution, the presence of the strut was ignored
and heat flow into the strut was neglected.

10



The thermal effectiveness, 7, which is a measure of the heat transfer
efficiency of the porous wall itself was assumed to be 0. 80 at all locations
on the airfoil. The value of 0. 80 was originally chosen simply because it
was felt to be a reasonable value for a porous wall of this type. The usual
assumption of M = 1, 0 was felt to be optimistic and a certain conservatism
in design is usually desirable., Since the design calculations for this study
were made, limited data relative to the thermal effectiveness of Poroloy
has become available (Reference 5). These data show considerable differ -~
ences in the value of 7 for various Poroloy specimens. However, values
of 7 both higher and lower than the assumed value of 0. 80 were measured.
Unfortunately, data for Poroloy of the particular permeability level speci-
fied in this design are lacking,

The boundary layer calculations as outlined in Appendix B were based
on turbulent flow conditions for all regions of the airfoil except the leading
edge. In the leading edge region, it was felt that a plane stagnation laminar
flow exists, and the exact solutions which apply to this class of flow were
employed (Reference 6). The results of these calculations are given in
Figures 8a through 8c and will be discussed in a subsequent section of this
report,

DETERMINATION OF COMPARTMENT DESIGN

The first step in determining a compartment design is to establish the
permeability level of the porous skin. The Poroloy skin permeability level
was to be chosen so as to satisfy the leading edge (stagnation point) injec-
tion requirement with an internal pressure of 44 psia. However, it was
found that Bendix Filter Division is not presently fabricating or testing
Poroloy which is permeable enough to satisfy this requirement. Therefore,
the design was based on the most permeable Poroloy configuration currently
being fabricated by Bendix. This configuration is characterized by the flow
resistance curve corresponding to a permeability index value of 2 X 10-11
shown in Figure P, No, 039270 of Reference 2. The use of this wall per-
meability resulted in a required leading edge cavity internal pressure re-
quirement of 52 psia as opposed to the specified or desired value of 44 psia.

The relationship between wall permeability, injection rate, and coolant
pressure drop was based on the earlier work of Green (Reference 7) rela-
tive to sintered porous metals. Previous studies (Reference 4) have shown
that fluid flow through Poroloy is governed by the same relationship ori-
ginally developed by Green for sintered metals—e, g.,

2 2 2
(Pl - P2 )g 1 Gc 1 GC
_2 = L* + B s (1)
k. (2RT) B P

11



The resistance coefficients a' and ﬁ' depend on the permeability of a
given porous structure and must be determined experimentally for each
material of interest. In the present application, the coefficients a' andB'
were determined from the experimental flow characteristics for Poroloy
given in Reference 2. Using the values of a' andB' for the most permeable
material currently being fabricated by Bendix, together with the required
leading edge injection rate as calculated from Equation (B-3) of Appendix B
and Reference 6, the supply pressure of 52 psia was calculated from Equa-
tion (1),

Having defined the wall permeability and coolant supply pressure in
this manner, a basic compartment design could be established. The place-
ment of the compartments and their respective internal pressures were
chosen to best simulate the ideal injection distribution around the airfoil
as shown in Figures 8a through 8c. The individual internal cavity pressures
were calculated from Equation (1). The local values of Gc were obtained
from Figures 8a through 8c and the local free-stream static pressures, Pz,
from Figure 5. A certain degree of iteration was required in this process,
and the compartment scheme shown in Figure 1 represents a reasonable
compromise between mechanical complexity and effective thermal protec-
tion. '

With the establishment of the various cavity pressures, together with
the known local free-stream static pressures, the actual injection distri-
bution was calculated using Equation (1). This distribution is shown in
Figures 8a through 8¢, where it is superimposed on the ideal distribution
for comparison, The breaks in the actual distribution represent the strut
locations where no physical blowing can occur, In general, the actual
injection rates are larger than the ideal rates, indicating an overcooled
situation. However, it must be noted that some overcooling of the regions
adjacent to the strut is necessary to provide effective heat conduction away
from the solid (zero injection) region of the weld,

The cavity pressures and injection rates previously established served
to define the metering orifices in the base of each cavity. The calculated
orifice sizes based on a supply (upstream of orifice) pressure of 52 psia
and an assumed orifice coefficient of 0. 70 are given in Table I, where the
cavity designations correspond to those shown in Figure 1,

METHOD OF SKIN TEMPERATURE ANALYSIS

The skin temperature analysis in simplest terms involves the solution
of Equation (B-3) of Appendix B, where the heat transfer coefficient, h,
must reflect the various influences of injection, variable free-stream velo-
city, and variable surface temperature on thermal boundary layer develop-
ment. The boundary layer calculations are outlined in Appendix B for the
case of specified injection and free-stream velocity distributions.

12



The thermal conduction in the porous skin, de, 18 obtained by a two-
dimensional finite difference calculation for an unfolded airfoil. To calcu-
late the actual wall temperature distribution, it is assumed that in the
trailing edge region of the airfoil the chordwise temperature distribution
is symmetrical (i.e.,, no heat flows across the trailing edge from suction
side to pressure side or vice versa), For analysis purposes, the airfoil
can be envisioned as being cut along the trailing edge and unfolded so as to
lay flat in the plane of the paper as shown in Figure 9.

The analysis is only two-dimensional with regard to conduction, but
must include convection normal to these directions to account for gas-to-
blade and blade-to-coolant heat transfer. The governing differential equa-
tion is the steady-state, two-dimensional heat conduction equation for sys-
tems without internal heat generation,

9 1<5T)+a k T)= o (2)
ox \ 3x/ 3y \ dy)

where

T = temperature

k = temperature dependent thermal conductivity
x = chordwise direction
y = spanwise direction

For airfoil geometries and boundary conditions, it is not possible to
obtain an exact solution to Equation (2) and a numerical technique must be
used to obtain a solution. An exact solution of Equation (2) would yield an
equation by which the temperature at any point of the airfoil could be calcu-
lated, while a numerical solution only yields temperatures at preselected,
discrete points. The temperature at each of these points is considered to
be representative of a certain region surrounding the point, It follows that
one of the first steps in a numerical analysis of an airfoil is the subdivision
of the airfoil into suitable regions. This is done by superimposing a grid
of lines parallel fo the x~y axes on a drawing of the unfolded airfoil. Each
intersection of the lines provides a reference point which is referred to as
a nodal point, The temperature at each nodal point is considered to be
representative of the temperature of the surrounding material or node. The
entire network of lines is often referred to as a mesh,

The equations to be solved numerically can be obtained by either writ-
ing the finite difference form of Equation (2) and its boundary conditions at
each nodal point or by applying the conservation of energy principle to each
node, The latter method is used herein. As an example, consider a

13



five-node pattern such as that in Figure 10. The conservation of energy

principle requires that in the steady-state the sum of the heat transferred
into the center node must be equal to zero. For the node under consider-
ation, the heat transferred into the node by conduction from the left is

- Ti,j

while the heat transferred into the node by conduction from the right is

(T, . - T, .
i, j+1 i, j)
ky Ay

A X

The heat transferred into the node by conduction from above is

k. A (Tl"l: .] h Tl, ])

3773 Ay

while heat transferred into the node by conduction from below is

(T, =T, )
ky Ay i+, i, ]
Ay

The heat transferred into the node by convection from the hot gas is

and the heat transferred from the coolant to the node is

nWC cpc (TC - Ti, J)

where 1 accounts for cases where the wall effectiveness is less than 100%
and W, is the coolant flow rate through the i, j node. (See Appendix B.)
It follows from the conservation of energy equation that

T e e T LN o 0 B S A
2

Ax 2 Ax

ky A

1
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(T q,5- Ty (Tigq, 5 - Ty,
+ +
kg A3 iy kg Ay Ay
+ : - + - = 3
h, ax Ay (Tg T J.) MW _ Cp, (T, Ti, j) 0 (3)

This equation can be rearranged to give

klAl kA

AX i, J-l Ay 1‘1: 3

kA k_A k A A
+f 1 1+ 2 2 + 3 3+k4 4 + AXAy+”}WCCpCzTi j
AX AX Ay Ay ]

k A k,A
2

e R

Ax

4 -
Ty41,§ = hg Ax Ay Tg + ”')WcC‘chC (4)

For a porous material such as Poroloy, the question arises as to what
values of k and A should be used, From a purely geometrical considera-
tion, k should be the thermal conductivity of the base material and A should
be the conduction area. Standard procedure for true porous materials is to
relate the void to solid areas through a porosity P. If this procedure is
followed, A1 = Az = (I-PX) Ay Az and A3 = A4 = (l—Py) Ax Az, where P,
is the ratio of void area to frontal area in the x-direction and P_ is the same
for the y-direction. When these definitions are incorporated in%fo Equation
(4) along with the definition W, = G_Ax Ay, the result is

AyAz T,

AX Az
— Ti,j-1 T

Ay i-lsj

ky (1-P) - kg (1-Py)

+

A yAZ AvAz Ax Az
[kl (1—PX) ZX + k2 (1-PX) Zx + k3 (1—Py) =5

Ax Az

+

ky (1-Py)

+ hg Ax Ay + 171G Cp, ax Ay] Ti,j

Y

Ay Az AXxX Az
—55 Tij+1 - ke (-Py) =35 Ty 4y

kg (1-P)

1}

h, Ax Ay T

5 + MG, Cp, Ax Ay T, (5)

g
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When equations such as Equation (5) are written for every node of the mesh,
a set of n equations in the n unknown nodal point temperatures is obtained,
The resulting set of simultaneous equations can then be solved using conven-
tional over-relaxation numerical techniques as discussed in References 8
and 9. In performing the skin temperature analysis, constant porosity
values (PX, P_) of 0.68 were assumed throughout. The base metal thermal
conductivitied (kl’ ko, k3, k4) were assumed to vary with temperature as
follows:

Skin temperature (°F) Thermal conductivity (BTU/hr-ft-°F)
1200 12.6
1400 13.8
1600 15,1
1800 16. 2

The two-dimensional heat conduction calculation previously outlined
can be related to the boundary layer calculation outlined in Appendix B by
noting that the first four terms of Equation (3) correspond to the term d. in
Equation (B~3). The boundary conditions applied to this problem include
zero heat flux across the trailing edge surfaces and assumed constant
temperature at the root and tip sections. The constant temperature condi-
tion is in lieu of heat flow conditions at these surfaces which would require
an additional thermal analysis of the end attachments, Experience has indi-
cated that the constant temperature condition can be assigned with sufficient
accuracy to provide good overall prediction of skin metal temperatures.

At those locations where the strut is welded to the skin, the wall is
solid and no actual injection occurs. However, since some heat flows into
the strut by conduction, it was necessary to account for this heat flow in
the weld regions. If reference is made to Equation (3), it will be noted that
the last term represents a heat sink, It was possible, therefore, to simulate
the conduction heat flow into the strut by assigning a ficticious injection rate,
GC, to those segments (nodes) of the wall where it is welded to the strut.
When the solution of Equation (3) was obtained, the heat sink term then pro-
vided a direct measure of the conduction heat flow into the strut, which in
turn was used as a boundary condition for the independent thermal analysis
of the strut. The strut analysis is discussed in the following section.

METHOD OF STRUT TEMPERATURE ANALYSIS

The thermal analysis of the strut was treated in a manner similar to
that of the skin in that a two-dimensional finite difference heat conduction
analysis was applied to the problem. However, in the case of the strut, the
plane of heat flow is defined by a cross section of the strut itself. To faci-
litate the analysis, the cross section of the strut (mean line) was approxi-
mated by the rectangular nodal network shown in Figure 11,
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The basic approach to the analysis was the finite difference solution
of Equation (1) subject to specified boundary conditions on all of the ex-
ternal boundaries. Heat flux boundary conditions were applied to each
boundary shown as a dotted line in Figure 11, which was used to approxi-
mate the welded strut-skin interface, The numerical values of the heat
flows at each interface (dotted line) were estimated from the fictitious
conduction heat flows calculated in the skin temperature analysis previ-
ously outlined. The remaining solid line portions of the strut boundary re-
present the interior surfaces of the compartments (coolant channels). Con-
vective boundary conditions for the strut-to-coolant heat transfer were
applied to these surfaces. Convective heat transfer coefficients for each
channel were based on an equivalent hydraulic diameter of the channel sec-
tion at the mean line. Using the previously established coolant flow rate
for each channel, numerical values of the heat transfer coefficients were
obtained using a conventional correlation (Reference 10), which assumes
fully developed turbulent flow.

The two-dimensional thermal analysis of the strut was performed at
the meanline (midspan) section only. Consequently, several assumptions
were employed,

1.  The coolant total pressure and flow rate at the meanline section
are the same as at the base or coolant entrance plane.

2. Temperéture rise of the coolant caused by heat pickup from the
strut was neglected. Thus, a coolant (heat sink) temperature of
1200°F was used for all convective boundary conditions.

3. Although the strut analysis was performed only at the mean sec-
tion, it was assumed that the conduction heat flow from the skin
to the strut was the same at all spanwise locations and equal to
the value at the mean section.

The latter assumption implies that the temperature pattern calculated for
the strut mean section would also apply at the hub and tip.

Subject to the boundary conditions and assumptions listed previously,
the two-dimensional temperature pattern in the strut was determined from
a solution of the n simultaneous heat balance equations written for the n
nodal points of the simulated strut. Again, successive over-~relaxation
techniques were employed (References 8 and 9). In particular, the temper-
atures at the dotted boundaries (Figure 11) representing the strut skin
interface were determined and compared to the temperatures at the same
location calculated in the skin temperature analysis previously outlined.
Since the heat flow at each interface was forced to match that calculated in
the skin temperature analysis, agreement of femperatures at each inter-
face would represent a valid solution of the coupled skin-strut problem.
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At all locations where these temperatures did not agree, the skin temper-
ature analysis was repeated using adjusted values for the simulated conduc-
tion heat flow. The strut analysis was also repeated using new conduction
heat flux boundary conditions as calculated from the repeated skin temper-
ature analysis. Again, local interface temperatures were compared and the
overall procedure was repeated until satisfactory agreement was obtained
at all skin-strut interfaces. As previously mentioned, this procedure was
applied at the mean section only. To calculate skin temperatures at other
spanwise locations, the conduction heat flow rates to the strut were assumed
the same (as those for the mean section) at all spanwise locations. The fol-
lowing tabulated strut thermal conductivities were used in all calculations.

Temperature (°F) Thermal conductivity (BTU/hr-ft-°F)
1400 14,90
1600 18.25
1800 27,80
2000 30.00

Numerical results relative to strut and skin temperature patterns are
presented in the following section,

NUMERICAL RESULTS AND DISCUSSION

Ideal Injection Distribution and Compartmentation Design

The calculated injection distributions required to maintain an isothermal
1700°F skin temperature are shown in Figures 8a through 8c. The leading
edge injection rate reflects the large stagnation point heat fluxes which usually
occur in a turbine vane, The rapid variation in injection rate near the leading
edge reflects the rapid variation of free-stream velocity as well as the as-
sumed early transition from laminar to turbulent flow, The spanwise varia-
tion in the injection rates primarily reflect the gas temperature profile
(Figure 7).

The final compartment design, chosen to provide simulation of the ideal
injection distribution, is shown in Figures 1 through 3. The various compart-
ment pressures and inlet orifice areas are given in Table I, where the cavity
designations correspond to those shown in Figure 1. Generally, the required
cavity pressures in the trailing edge compartments are lower than those in
the forward portion of the airfoil reflecting the lower free-stream static
pressures in the trailing edge region.

The actual injection distributions, calculated as outlined under Deter-
mination of Compartment Design, are shown superimposed on Figures 8a
through 8c for comparison with the ideal distribution. As previously noted,
the actual injection rates are generally larger than the ideal rates, indicating
an overcooling of most porous wall regions. This is desirable to a degree,
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however, in providing effective (chordwise) conduction cooling of the solid
weld regions. The sawtooth profile of the actual injection distribution re-
sults from the interruption of blowing by the weld segments, and also re-
flects the fact that the wall permeability and/or cavity pressure cannot be
continuously varied to match the changing free-stream static pressures.

Integration of the injection rates over the vane chord and span results
in a predicted actual coolant flow of 5. 3% based on a gas flow of 0,805 lbm/

sec per vane channel,

Calculated Temperature Distributions=—Design Condition

The coupled, iterative solution for skin and strut temperatures, as
previously outlined, resulted in satisfactory convergence of the strut and
skin temperatures at all welded interfaces. The final solution for the skin
temperatures is shown in Table II, which is a computer printout of the two-
dimensional temperature distribution of the unwrapped airfoil. The rows
and columns shown in Table II correspond to the nodal network of the
unwrapped airfoil shown in Figure 12, The rows which correspond to the
regions of the strut-skin weld are identified by arrows., They are rows 4,
10, 15, 19, 24, 30, 34, 38, 43, and 47. The skin temperature results are
also represented in terms of an isotherm plot in Figure 13, This isotherm
plot was prepared by an Orthomat Digital Plotting Machine which used the
temperature pattern of Table II as input. It is not as accurate as the print-
out, Table II, but is useful in defining trends, hotspots, etc.

A survey of the skin temperature results indicates that all skin temper-
atures, including strut weld locations, are less than 1740°F, The maximum
overall temperature difference on a given side is about 350°F. Although
the maximum temperature of 1740°F is slightly above the desired maximum
temperature of 1700°F, the design is considered to be acceptable, especially
since the mean skin temperature is well below 1700°F. The maximum
gradient of 350°F is somewhat larger than would be desired, However,
limited experience with porous wall airfoils in the past indicates that such
gradients are acceptable and should not seriously compromise blade life,

It should be noted that the constant temperature of 1700°F at the hub and

tip sections was assigned as the boundary condition previously noted.

Since the solution indicates that these temperatures are generally higher
than those of adjacent rows, the assigned temperature of 1700°F was appar-
ently too high., In the subsequent analysis at the off-design condition, these
assigned boundary temperatures were revised downward to 1600°F as will
be shown later., As previously mentioned, the somewhat artificial manipu-
lation of the hub and tip boundary temperatures does not seriously affect
the calculated metal temperatures because the influence is felt only in the
adjacent rows. Since the temperatures in the adjacent rows are quite low
because of the gas temperature profile, the assigned boundary conditions

do not alter the conclusion regarding acceptability of the overall vane design.
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The final strut temperature distribution at the design condition is tabu-
lated in Table III, where the key to each location is given on the vane-strut
cross section shown in Figure 1, An isotherm pattern for the strut cross
section is given in Figure 14 for defining the temperature distribution
trends., As noted previously, these results are for the mean section only,
but should not differ by more than about £40°F from those at the hub and
tip section. This difference is based on the observed spanwise skin tem-
perature variation at the attachment regions (Table II). In Table III, the
skin temperatures at the strut-skin interface are shown in parentheses.
These skin temperatures correspond to those in row 6 (mean line) of Table
II for the columns representing strut locations. Table III gives the loca-
tions of the strut-skin interfaces and indicates that the strut and skin temper -
atures are in close agreement, indicating a valid solution of the coupled
problem. The maximum overall strut temperature is approximately 1720°F,
while the minimum value is about 1520°F, These temperatures are accept-
able from a design standpoint as indicated in the Stress Analysis section.

Calculated Injection Distributions — Off-Design Condition

As previously discussed, the off-design condition differs from the de-
sign condition only in the increase of the gas-stream total pressure from
42 to 105 psia, Because of the change in gas-stream pressure level, it was
necessary to increase the cooling air supply pressure to ensure positive
flow to all coolant compartments. It was found that a coolant supply pres-
sure of 115 psia would be adequate for the present design.

Since the orifice area in the base of each cavity was fixed to satisfy
the design condition, it was necessary to establish each individual cavity
pressure at a level which would simultaneously satisfy the orifice flow as
well as the total flow through the porous wall segment defined by that cavity.
Because the two flows must be equal, only one cavity pressure would satisfy
this requirement subject to the specified supply pressure and local external
free-stream static pressures. The cavity pressures were thus established
by a simultaneous solution of the standard orifice flow equation and the
porous wall flow relationship for each cavity—Equation (1). Since the ex-
ternal static pressures, Py, varied spanwise and chordwise for a given
segment, it was necessary to break each porous wall segment into a number
of small regions, applying Equation (1) simultaneously to each region, It
was assumed again that the internal pressure was constant throughout the
entire cavity.

The off-design cavity pressures and flows calculated in this manner are
shown in Table IV, where the cavity designations correspond to those shown
in Figure 1. The total vane coolant flow rate was 4. 9% based on a gas-
stream flow of 2,013 lb, /sec per vane.
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The off-design injection distribution was calculated as outlined pre-
viously for the design condition, using the cavity pressures shown in
Table IV. In these calculations, the local free-stream static pressures
were obtained from Figure 5, where all local pressure values were in-
creased by a factor of 2,5 (105/42). The injection results are shown in
Figures 15a through 15¢. The pattern is similar to that for the design con-
dition (Figures 8a through 8c) except that the general level is increased,
reflecting the increased off -design pressure level.

Calculated Temperature Distributions —Off-Design Condition

The skin and strut temperatures for the off-design condition were
calculated in the same manner as for the design condition. The printout of
skin temperatures is given in Table V, with the corresponding isotherm
plot shown in Figure 16. The strut temperature distribution for the mean
section is shown in Table VI,

Inspection of the results shows that, in general, local temperatures
at the strut-skin interfaces are higher than those at the design condition by
about 100°F. Similarly, the average strut temperature is about 100°F
higher at the off-design condition. These differences are caused by the
large increases in gas-to-wall heat fluxes associated with the increases in
gas-stream total pressure level. Along those portions of the wall which
are actively cooled, the increased local injection rates essentially com-
pensate for the higher heat fluxes—i.e., coolant and mainstream density
levels increase in an almost one-to-one ratio. However, for those sec~
tions of the wall which are welded, the increased coolant heat transfer
rates along the strut channels do not directly compensate for the large gas-
to-wall heat fluxes because of the larger thermal resistance of the strut
conduction cooling mechanism. As a direct consequence, heat flow into the
weld regions is impeded, resulting in increased local surface temperatures
in these areas.

At the off-design condition, skin temperatures vary from a maximum
of 1922°F to a minimum of 1326°F. Local strut temperatures range from
1872°F to 1530°F for the same conditions. These temperatures consider-
ably exceed the desired design metal temperature limit of 1700°F. Con-
sequently, extended operation of the vane at the off-design condition is not
recommended, At a maximum temperature over 1900°F, the Poroloy skin
would probably oxidize quite rapidly based on limited experimental data
(Reference 4), Strut life would also be reduced because of the increased
maximum temperature and thermal gradient, In general, extended opera-
tion at the off-design condition would require lower cooling air tempera-
tures and/or higher flow rates to reduce maximum temperatures to the
levels encountered at the design condition.
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STRESS ANALYSIS

SKIN DEFLECTION CALCULATION

Because of the pressure difference across those sections of the Poroloy
skin between strut support points, some estimate of skin deflection and
bending stress was deemed advisable, Therefore, the maximum positive
bending stress and deflection for the Poroloy skin was calculated based on
a simplified theory for restrained beams., To use this approach, it was
assumed that the porous skin between two supporting struts could be ap-
proximated by a beam fixed at both ends and carrying a uniformly distri-
buted load.

For the proposed design (Figure 1), the maximum unsupported surface
length between two struts is about 0.6 in, and the wall thickness is 0. 025
in. Since the span is approximately 4 in., the moment of inertia about the
neutral axis is 5,2 X 10-6 in, 4 The largest pressure drop across the wall
at any point (design condition) is approximately 10 psi. Since the pressure
drop across any skin segment is essentially constant in the chordwise
direction, a uniform beam loading of 40 1b/in. (based on a 4-in, span) was
used, The modulus of elasticity for the Poroloy skin was assumed to be
4,5 X 108 psi.

Based on these parameters, the maximum deflection was found to be
0.0006 in, and the maximum positive bending stress was 1450 psi. These
values are considered to be acceptable and no additional calculations were
made,

VANE STRUT STRESS ANALYSIS

The maximum bending stress was also calculated for the Poroloy vane
strut. Gas pressure loads of 7.22 and 39, 24 1b parallel to and normal to
the airfoil tangent line, respectively, were obtained from an integration of
the static pressure distributions (Figure 5) over the airfoil surfaces,

Based on the strut design presented on NASA drawing CR650677, end attach-
ments were determined to be fixed at one end, and free but guided at the
other end., The applicable moment equation, therefore, is

Maximum moment = ws2/3

39,24 X 4.5/8

H

58.9 in. -1b
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The maximum stress was calculated to be

Maximum stress Mc/1I

it

58.9 X 0.3/0.00234

1

7545 psi

The maximum bending stress of 7545 psi can be compared to the stress
rupture limit of cast U~700 at 1700°F, which is approximately 22, 000 psi
based on a 400-hr life. The anticipated bending stress, therefore, is well
within the allowable limit and the strut design is considered to be accept-
able for the specified design conditions. The actual boundary condition at
the free end is probably some combination of the free but guided condition
and the free but simply supported condition., Since in the latter case the
maximum bending moment is 1/8ws?2, the results given by Equations (6) and
(7) can be considered conservative,
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APPENDIX A

LIST OF SYMBOLS

laminar boundary layer similarity parameter

nodal conduction heat flow areas for finite difference
calculation

turbulent boundary layer similarity parameter
laminar boundary layer similarity parameter
turbulent boundary layer similarity parameter
specific heat

strut moment arm (neutral axis)

Euler No,

laminar flow Stanton No. coefficient

turbulent flow Stanton No. coefficient

injection parameter

coolant flow rate per unit face area (injection rate)
gravitational constant

turbulent boundary layer blowing parameter

heat transfer coefficient between hot gas and wall
moment of inertia of strut

thermal conductivity

directional thermal conductivities for finite difference
calculation

thermal conductivity of air evaluated at the porous wall
surface temperature
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Pn (n=1, 5)

X Yy

St

St

=3

characteristic length of surface over which boundary
layer is calculated

maximum bending moment on strut caused by the gas
pressure load

/
Nusselt No., hx/ kw
surface temperature gradient parameter

Prandtl No.

coolant pressure on upstream side of porous wall
(coolant pressure inside airfoil)

local static pressure downstream of porous wall (local
free-stream static pressure)

turbulent boundary layer integral relations

laminar boundary layer integral relations defined in
Equations (B-16) and (B-17)

directional porous wall porosity factors relating to
effective conduction heat flow area

net heat flow by conduction

heat flow by radiation

gas constant

Reynolds No., (P, U_ x)/p,
Reynolds No. based on £
Reynolds No. based on ¢

airfoil span length

local Stanton No., h/(P, U, Cp_)

turbulent flow Stanton No. for flat plate flow with zero
injection

temperature
mean coolant temperature inside porous wall
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Ax, Ay

coolant supply temperature

coolant temperature at exit from porous wall
gas-stream temperature

local wall temperature

porous wall surface t‘empera’cure

Ty - Te

upstream (undisturbed) free-stream velocity

local free-stream velocity

component of boundary velocity in x direction
component of boundary layer velocity in y direction
component of boundary layer velocity in y direction at
interface between porous wall and external boundary
layer (y = 0)

coolant flow rate

axial or chordwise distance from leading edge
spanwise distance

the distance of any location in the boundary layer from
the wall (Appendix B)

distance measured through blade wall
exponent of specific heat—temperature variation, Cp~T @
porous wall flow resistance coefficient

exponent of viscosity —temperature variation, u ~T’8
porous wall flow resistance coefficient

chordwise and spanwise dimensions of each nodal point

on unwrapped airfoil for finite difference conduction
analysis
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Subscripts

gsw

effectiveness of porous wall

dimensionless wall temperature, (T_- TW)/('I‘W -T.)
dimensionless wall temperature, (T - Ty)/(T_ - T.)
fluid viscosity

dimensionless distance, x/#

fluid density

convection thickness for boundary layer,

[T E=)]

average airfoil gas pressure load per unit span length

coolant supply conditions
gas -or free-stream conditions

conditions at surface of porous wall
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APPENDIX B
HEAT TRANSFER ANALYSIS FOR TRANSPIRATION COOLED WALLS

BASIC APPROACH

The problem of calculating heat transfer in transpiration cooled bound-
ary layers with arbitrary injection, pressure gradient, and surface temper-
ature distributions is treated in this Appendix, The basic physical model
and control volume for energy conservation is shown schematically in
Figure 17, The analytical model is based primarily on the integral form
of the boundary layer thermal energy equation, However, the essential
feature of the model is the development of a logical relationship between the
local Stanton No. and boundary layer thermal convection thickness. This
relationship permits calculation of a local convection thickness which re-
flects the cumulative effects of pressure gradient, surface temperature, and
injection distribution on boundary layer development, In this respect, the
approach is unified—i, e.,, applicable to both laminar and turbulent flows,

This Appendix is based on the work of Reference 1, and is subject to
the following restrictions or assumptions.

1. Radiation effects are negligible,

2. Consideration is restricted to flows where viscous dissipation is
negligible.

3. In laminar flow, fluid properties are assumed to have a simple
power law temperature dependence, However, turbulent flow
results are restricted to constant fluid properties,.

4, The analysis is restricted to air or to fluids having properties
nearly the same as air,

5. The laminar flow analysis is restricted to a wall Prandtl No, of
0.70.

6. 'The variation in coolant specific heat caused by fluid temperature
rise across the porous wall is neglected.

The basic approach to the general problem is to calculate the growth
of the thermal boundary layer along the surface in question. The local
values of the Stanton No. or heat transfer coefficient can be related to the
thermal boundary layer growth and permit calculation of the heat flux from
the boundary layer to the wall. The heat flux to the wall must be absorbed
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by the coolant flowing through the wall and is related, therefore, to the
coolant flow rate and the temperature rise of the coolant (Figure 17),
Mathematically, the problem involves the simultaneous solution of three
equations.

1. The integral form of the boundary layer thermal energy conserva-
tion equation which provides a means of calculating the thermal
boundary layer development.

2. An expression relating the. thermal boundary layer development
to the local Stanton No.

3. An energy balance equation which relates the wall heat flux to the
coolant heat absorption.

These three equations are sufficient to calculate any of the quantities
of interest—e. g., given an arbitrarily specified injection rate distribution,
the local heat flux and surface temperature are determined., Conversely,
if the surface temperature distribution and free-stream velocity distribu-
tion are arbitrarily specified, the local heat flux and injection rate are
uniquely determined. The analysis of this problem requires simultaneous
consideration of the heat transfer processes both within the wall and within
the external boundary layer. The two regions are highly coupled because
both the injection rate (and distribution) and surface temperature distribu-
tion affect boundary layer development, which in turn influences the local
heat transfer rate and surface temperature,

The boundary layer problem is treated by considering the mean or inte-
grated form of the boundary layer differential equation representing thermal
energy conservation. This equation is integrated across the boundary layer
to obtain an overall rather than a local conservation of energy within the
boundary layer. If viscous dissipation effects are neglected, the integral
equation becomes (Reference 1)

dT

@© W Py Po Ve
In deriving Equation(B-1), the integral (prP u(T - T,) dy is divided through
by poU, Cpy, (T - T,), where U, and Ty, can vary with x in an arbitrary
manner, To obtain the convection thickness, ¢, it is assumed that this inte-
gral may be approximated by Cpfﬂ w(T - T_ ) dy and further, that the ratio
Cpm,\, 1. 0. Since the specific heat varies with temperature, Cp is not a
constant across the boundary layer and Equation (B-1) is only an approxima-
tion. However, Cp is a weak function of temperature and this approximation
results in little error. Equation (B-1) represents a first-order, linear,
ordinary differential equation for the convection thickness, #(x). For speci-
fied values of Uy (x), Ty(x), and v,(x) and a knowledge of how St varies with x,
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Equation (B-1) can be integrated to determine ¢(x). In general, however,
the Stanton No. depends locally on Ty Vi U,, and x; also T, and vy Can-
not be independently specified.

Because the variation of the Stanton No. with x is different depending
on the previous history of the boundary layer —i.e., on the upstream effects
of TW(X), VW(X), and Ug (x)—the local variation of St will be expressed as a
function of ¢. Thus,

St = St(x) = g [cl)(x)] (B-2)

where ¢(x) depends on n, x, fw. Bu, and Ty, . When St is represented as in
Equation (B-2), Equation (B-1) and an overall heat balance equation are suf-
ficient to solve the general problem. For specified vy (x) and Ug(x), Ty (x)
and ¢(x) are determined by simultaneous solution of these two equations.
Conversely, for specified Ty (x) and Ug(x), ¢(x) and vy (x) are determined.

An energy balance for the porous wall element shown in Figure 17 may
be written as

h [Tm - TW] =P, vy Cpy [TCW - TC] +q, iqr (B-3)

If radiative heat transfer effects are neglected and it is assumed that the
fluid temperature rise is some fraction 7 of the maximum possible rise, then
Equation (B-3) becomes

h [’1“,o - TW] =Py Vi Chy [TW - Tc] UESCH (B-4)
where
Tcw T Tc ='n
T
Tw -

Equations (B-1) through (B-4) are the basic working equations of the
analysis and their solution is discussed in the following paragraphs for the
cases of interest,

LAMINAR FLOWS

An important step in developing this approach is to determine the func-
tion g [d:(x)] in Equation (B-2). It is assumed that the relationship between
the Stanton No. and convection thickness may be obtained from the exact
similarity solutions. Since each is a unique function of n, Eu, fW, TW/Tm,
PrW, and x, elimination of x provides a relationship between St and ¢which
depends on the local values of n, Eu, fW, T /Ty, and Prw. The crucial
assumption here is that the relationship between St and ¢ (derived for constant
values of the parameters n, Eu, f,, TW/Tw, and PrW) is valid locally even
when these parameters vary with x in a smooth but arbitrary manner.
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The relationships for ¢(x) and St(x) obtained from the similarity solu-
tions are given in References 6, 11, and 12. They are rewritten here for
convenience as

¢/x \[Re, = A (f,, Eu, n, T _/T,, Pr ) (B-5)
and
Nux/\/ReX = B (fy, Eu, n, T, /T,, Pry) (B-6)

where the functions A and B are known from the exact solutions as developed
in References 6, 11, and 12, By eliminating x from Equations (B-5) and
(B-6) and defining the Stanton No. as

St = .o (B-7)

PxUyx Cp,

the following equation can be obtained:

Py CPy

St = AB(Rqu)—l (Prw)‘1 -;——65—

(B-8)

where Reg = P U, b/py,

At this point, it is convenient to introduce an assumed power law property
variation™® so that (B-8) becomes

_ -1 -1 a-1
St = AB (Req{,) (PI'W) (TW/Tm) (B-9)
A reference Reynolds No. is also introduced as

P U2
Heo

Rel = (B"]-O)

where U is some upstream (undisturbed) velocity and £ is a characteristic
dimension of the particular system of interest., Using Equation (B-10),
Equation (B-9) becomes ‘

-1 a+f
- ¢ o -1 T
St = Fy [Reﬂ &)(U———O)} (Pry,) (T.%i’) (B-11)

1

% -
It is assumed that o~T 7, Cpp~Ta, and u~TB8
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where

Employing Equation (B-11), Equation (B-1) becomes

£ D) @) e
W o
a+f8
F]_ (E‘.E)
Teo (B-12)

=

o

Tabulated values for the function F, may be found in Table VII.

The various similarity parameters fw, Eu, and n are defined as

- P U\ [ x 0.5 , TW(l-ﬁ)/z .
wET T, T T \m)\ T (8-19)
Fusz —X U (B-14)
U, dx
nsf(_% ) AT, ‘Tw)] (B-15)
\ Ty - Ty, dx

The solution of Equations (B-1)through (B-4), or alternately Equations (B-11),
(B-12), and (B-4), is discussed in the following paragraphs for the two cases
of interest.

6, (x) and U, (x) Specified

When 0, (x) and Un(x) are specified, Equations (B-11), (B-12), and (B-4)
may be used to evaluate St(x) and P v (x). The first step in the solution is
to indicate formally the integration of Equation (B-12). First, the term

CPW Py Vi
Cpm L U

o oo

in Equation (B-12) is eliminated using Equation (B-4). Then,

using an integrating factor, Equation (B-12) may be integrated to yield
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s V(uL  \2[/8\2 fu_
R DN TR

where

¢
P () :of P, (&) dE

X
g_z

Eqguation (B-16) cannot be evaluated until P5 (€) is known and P5 (£€) depends

on F., which in turn depends on f, and hence on P Viwr (x). To obtain a solu-
tion, an initial estimate of the distribution fw(x) is made. Since Eu, TW/Tm,

and PrW are known or specified, F; can be evaluated and P5(f) can be deter-
mined. Knowing Pg (£), /£ (€) can be found from Equation (B-16) and used
in Equation (B-11) to evaluate St (£). Equation (B-4) is then used to calculate
P,V (X) which can be used in Equation (B-13) to reestimate £, (). The pro-
cedure is then repeated until fy, () converges satisfactorily. In the com-
puter analysis, the actual surface of interest is broken up into n intervals
and the iteration previously outlined is carried out at each station i. When
fo (Ei) has converged, fw(fi+ 1) is estimated and the iteration is carried

out until f (€1 + 1) converges; then f (£ +9) is estimated and continued up to
En‘ The relationship for F; is handled in the computer analysis as a multi-
dimension table lookup with appropriate interpolation.

PV (x) and U, (x) Specified

When pWVW(X) and U, (x) are specified, Equations (B-11), (B-12) and (B-4)
are solved to yield St(x) and 4 ,(x). The solution proceeds in a similar
manner to that previously outlined with some exceptions. Integrating (B-12)
now yields

2 1/2
¢ U -2 é 2ty
—_—df = 2 - + P (B-17)
L (Uo 0W> (£>o Yo 0W> 3(6)
O
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where

3
fo[le + Py(§)] d&

PS(E) =
(Ve 2 T, \* P
N\ 0"") Fo\T,
P{(§) = ° L
Rel Pry (_U.i?.)
4]
O
U 2 o\ [Pw Vw \[ Tw .
Py (£) = 2(——Uo OW) TN\ T\ T

Again, Equation (B-17) cannot be immediately evaluated because HW 3]5/2,
and T, /T, are not known. To obtain a solution, 8,,(€) and &/0(§) are
nltlally estimated; $/2(£) must be estimated first to evaluate P, (§). Using
the estimated value of 6 (£€), T w! T (£) can be found and together with

Py Vi (€) permits the evaluatlon of f (&) from Equation (B-13) and hence, Fj.
Then, Pq (€) can be evaluated and ¢%(E) determined from Equation (B-17).
The calculated value of ¢/£(€) can be used in Equation (B-11) and (B-4) to
reestimate 6 (£). The calculated values of 6, (§) and $/2(§) are used to
reestimate P3(§) and the procedure is repeated to convergence.

TURBULENT FLOWS
For the case of a turbulent boundary layer, Equations (B-1)through
(B-4) still apply, but the relationship indicated in Equation (B-2) is differ-

ent from laminar flow. In the case of turbulent flow, this relationship
becomes

& U, -1/4
St = F, Rel('[)('ﬁ';> (Pr,)~2/3 (B-18)

The parameter Fy is derived in a similar manner to F1 and is given by

_ 1/4
Fg = By (A)) / (B-19)
where
B, = —N% _ (pr)-1/3 (B-20)
Ay = ($/x) (Rey)!/5 (B-21)
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The parameters A; and By are functions of the same parameters that in-
fluence the corresponding laminar flow solution, namely fW', Eu, TW/Tm,
n, and Pr. Numerical values for By are derived from Rubesin's analysis
(Reference 13), while Ay is derived from the solution of Equation (B-1)
using Equation (B-20) to evaluate the Stanton No. (See Reference 1.)
Tabulated values of the parameter Fq9 are given in Table VIII. The tur-
bulent flow injection parameter is given by

' PwVw 1
By = PO (St) (B-22)

where to good approximation

-1/5
St, = 0.0288 (M) (Pr,,)"2/3 (B-23)
Hoo

The solution of Equations (B-1), (B-4), and (B-18)is handled exactly
as for laminar flow. For the case where p v (x) is specified, integration
of Equation (B-1), using Equation (B-18), yields

¢ _Vus , \2'4/e\P% (U 514, 11478
—— = £ —_ B-24
o (e B I G R T (520
where
' ) € 5 (U 5/4¢ /4, v Co,
O O pooUoonco

L5 Fo (Pr)-2/3 U,  \3/4 at
U()

Again, initial estimates of O(§) and ¢/8(£) are made and the iteration is
carried out as previously outlined.

For the case where §, (x) is specified, integrating Equation (B-1) yields

¢ _ Uy -5/4 é 5/4 U, 5/4 ' 4/5
T R TR
O

(&)
°© O
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£ 4 -2/3
p'(f) :f 5 [Bw 0 o/ /F2 (Pr,) /01 + 1)) a¢
5 s \u, " \(Rel)l/él(Uw)lMa \ 7

Uo

Again, the required iteration on fw' is carried out as previously outlined.
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Table I,

Design condition cavity pressures and orifice areas,

Cavity Pressure (psia)* Orifice area (in.2)
A 49.0 0.0339
B 40,0 0.0125
C 36.0 0. 00905
D 34.0 0.0153
E 34.0 0.00763
F 35.0 0.0110
G 38.0 0. 007
H 40.0 0.00873
I 43.0 0.00865
J 43.0 0.00865

* Supply pressure —52 psia
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Table III.

Strut temperature pattern at the mean section
for the design condition.

Location Temperature (°F)
1 1713 (1710)
2 1653 (1658)
3 1614 (1611)
4 1660 (1658)
5 1698 (1684)
6 1700
7 1713 (1690)
8 1660 (1654)
9 1570 (1579)

10 1635 (1630)
11 1686 (1676)
12 1634
13 1620
14 1637
15 1560
16 1522
17 1548
18 1546
19 1558
20 1620
21 1603
22 1617
23 1678
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10

11

Note:

1600.00

1474.50

1439. 17

1412.50

139 1.45

1374.78

1357.69

1345.56

1337.45

1335.37

1606.00

Table V,

Tabulated values of skin temperatures

N

1600.00

1474.94

1441.03

1415.29

1394.88

1378.€6

1362.29

1350.52

1342.51

1340. 24

1600.00

for the off-design condition.

1600.00

1516.98

1486.95

1462.65

1443.08

1427.31

1411.22

1399.17

1390.44

1386,32

1600.00

A/

4
1600.00
1850.10
1842 .46
1832.02
1823.77
1817.72
1810.00
1303. 81
1798 .81
1792.61

1600.00
¢

1600.00

1665.567

1617.03

1573.30

1537.93

1506.66

1475.30

1450.27

1430.39

1416.58

1600.00

1600.00

1619.48

15696, 27

1524.72

1489.11

1457.16

1426.58

1402.26

1383.06

1370.80

1600.00

1600.00

1598 .46

1551.,45

1510.16

1476.75

1446.58

14138.73

1396.37

1378.55

1367.31

1600.00

160C.00

1586.13

1542.01

1505.23

1473.60

1445.53

1420.38

139%.90

1383.34

1372.74

1600.00

Row and column numbers correspond to nodal network shown in Figure 12,

Arrows denote those columns Wﬁere strut ribs are welded to airfoil skin.
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1600.00

1601.24

1563.92

1532.60

1504.,34

1480.11

1458.34

1440,.30

1425.32

1414.92

1600.00

¥

10
1600.00
1795, 31
1789.94
1783.17
1777 .24
1772.38
1766. 81
1762.72
1759.03
1754. T4

1600. 00
4

11

1600.00

1567,.26

1538.23

1511.90

1488.11

1468.13

1451.39

1427.14

1424.93

1416 .43

1500.00

Table V.

12

1600.00

1522.16

1493.32

1467.01

1444,39

1425, 17

1409,92

1396.84

1385.65

1378.63

1600.00

o1

(Cont)

13

1600.00

1498.35

1473.21

1451.02

1432.18

1416.19

1403, 14

1391.86

1382.13

1376.31

1601.00

14

1602.00

1545, 02

1515.25

1490. 85

1468,18

1449,39

1439,19

1430.19

1422.13

1416.91

1600, 00

\{
15

1600.00

1717.08

1715.16

1712.70

1710.41

1709.44%

1708.8%6

1708.68

1708.25

1707.77

1600.00
4

16

1600.00

1505.87

1439, 36

1474.20

1461.19

1449,8]

1447.96

1446.44

1445.05

1445,37

1600.00



17

1600.00

1519. 48

1505.67

1492.69

1481.56

1470.80

1473.71

1477.10

1480.71

1485.82

1600.00

18

1600.00

1581.00

1570.34

1560.85

1552.85

1544,16

1554, 77

1566 .48

1578.48

1590.82

1600.00

\{
19

1600.00

1773.22

1773.88

1767.96

1776.61

1777.96

1776.20

1779.12

1779.83

1779.40

1600.00
4

Table V. (Cont)

20

1600.00

1437.76

1439.34

1442.21

1448. 44

1453.30

1463.34

1475.15

1488.06

1503.75

1600.00

21

1600.00

1420.556

1427 .54

1437.58

1450.63

1464.48

1479.59

1495.98

1513.80

1535.38

1600.00

52

22

1600.00

1448.30

1463.77

1482.83

1505.43

1531.07

1550.99

1572.4%1

1565.93

1623.50

1600.00

23

1600.00

1524, 09

1543.75

1568.567

1597.53

1632.84

1654.11

1678.67

1706. 66

1739.62

1600.00

¥

24

1600.00

1875.14

1871.41

1864.69

1858.03

1854.09

1852.23

1850.83

1847.00

1844.09

1600.00
4



16002.00

1416.72

1420, 46

1425 .94

1432.26

1439,.93

l441.31

1442.80

1444 .12

1447.00

1600.00

26

1600.00

1463.75

14563.24

1464.32

1465 .65

1467, 28

1467,.76

1468.32

1468.93

1470, 97

1600.00

27

1600.00

1563, 32

1562.66

1562.93

1563,27

1563.69

1563.80

1563,92

1564,07

1565.08

1600.00

Table V., (Cont)

2R

1600.00

1469.48

1468.70

1469.40

1470.30

1471.40

1471. 64

1471.85

1472.,09

1473.77

1600.00

29

1600.00

1442.56

1443.78

1446 .42

1449,.80

1453.69

1453.81

1453.74

1453.73

1454.91

1600.00

53

A
30

1600.00
1808.47
1810.61
1811.36
1815.92
1822.01
1820.95
1818.49
1816. 38
1812.94

1600.00
4

31
1600.00
1921.97
1856. 81
1801.73
1759.27
1724.18
1709. 30
1695.96
1684. 32

1673.93

1600.00

32

1600.00

1882.32

1800.81

1732.53

1684.81

1649.35

1633.05

1618.80

1606.901

1594.59

1600.00



33

1600.00

1790.43

1723.33

1673.64

1639.15

1613.84

1600.60

1588, 51

1577.87

1567.61

1600.00

N

34

1600.00

1713.43

1715.74

1720.26

1728.16

1737.47

1739.51

1741.78

1746 .84

1745.12

1600.00
4

35

1600.00

1571.27

1552 .46

1536,49

1524.25

1514.84

1503.46

1493.15

1483.80

1476 .44

1600.00

Table V., (Cont)

36

1600.00

1500.00

1484 .46

1472.03

1461.47

1452.07

1439.33

1428. 39

1418.93

1412.94

1600.00

37

1600.00

1480.00

1468.17

1459.01

1451.27

1445 .69

1433.75

1424 .54

1416.84

1412.33

1600.00

54

M
38

1600.00

1652.22

1646.49

1640.97

16327.21

1643.24

1634,.31

1634,62

1636 .48

1638,95

1600.00
4

39

1600.00

1811.956

1763.84

1719.32

1678.68

1647.40

1602.63

1568, 40

1541.28

1518.47

1600.00

40

1600.00

1704.91

1662.87

1625.63

1594.15

1567. 84

1530. 24

1498,23

1473.10

1453 .35

1600.00

41

1600.00

1602.40

1573.31

1547.29

1524.00

1503.96

1474.20

1448 .14

1426.87

1411. 75

1600.00



42

1600.00

1570.93

1548.43

1528.86

1511.31

1495.02

1470.60

1450.63

1434.,39

1422.89

1600.00

\

43
1600.00
1817.75
1807.65
1796.82
1789.22
1782.33
1775.27
1770.54
1767.13
1763.27

1600.00
4

44
1600.00
1735.77
1680. 82
1635.14
1598.98
1568.78
1528.89
1497.67
1470.60
1450, 42

1600.00

Table V. (Cont)

45

1600.00

1634.959

1586.59

1544.47

1511.79

1483.94

1449.00

1421.27

1369,27

1384.46

1600.00

46

1600.00

1605. 74

1564.91

1517.52

1502.01

1478.04

1451.75

1430.97

1414, 64

1403.63

1600.00

55

47

1600.00
1875.09
1860.07
1818.24
1832.35
1823.73
1815. 82
1809. 19
1804.22
1798.19

1600.00
4

48

1600.00

1693.04

1625.54

1559.61

1529.98

1496.48

1464,22

1439.15

1419.58

1406.24

1600.00

49
1600.00
1566. 84
1510.27
1465.15
1431.53
1404410
1379.71
1361.31
1347.62
1340.47

1600.00

50

1600.00

1490.55

1447.14

1413.83

1388.93

1369.61

1351.77

1338.82

1329.77

1326.71

1600.00



Table VI,

Strut temperature pattern at the mean section for the
off-design condition,

Location Temperature (°F)
1 1872 (1854)
2 1762 (1778)
3 1705 (1709)
4 1772 (1772)
5 1820 (1818)
6 1819
7 1840 (1824)
8 1775 (1782)
9 1635 (1643)

10 1742 (1737)
11 1835 (1822)
12 1768
13 1708
14 1732
15 1590
16 1530
17 1600
18 1587
19 1604
20 1700
21 1684
22 1740
23 1810
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Table VIII,

Tabulation of F2 function, *

(n = 0 and Tw/Tm 1.0)
£ Eu =-0.5 Eu=0 | Bu=0.5 Eu = 1.0
0. 00 0.0158 0.0133 0. 0120 0.0112
0. 20 0.0152 0.0128 0.0115 0.0107
0.40 0. 0142 0.0122 0.0110 0.0102
0. 60 0.0136 0.0114 0.0103 0. 0096
0.80 0.0127 0.0107 0. 0096 0. 0090
1. 00 0.0118 0. 0099 0. 0090 0. 0084
1.20 0.0110 0.0093 0. 0084 0.0078
1.40 0.0102 0.0086 0. 0077 0.0072
1. 60 0. 0092 0.0078 0. 0070 0. 0065
1.80 0.0085 0.0071 0. 0064 0. 0060
2. 00 0. 0079 0.0066 0. 0060 0. 0056
2.20 0.0073 0. 0062 0. 0056 0. 0052
2.40 0. 0067 0.0057 0. 0051 0. 0048
2. 60 0. 0062 0. 0052 0. 0047 0. 0044
2.80 0.0057 0.0048 0. 0043 0. 0040
3.00 0. 0052 0. 0044 0. 0040 0.0037

*Tabulated values are based

o8

on the results of Reference 13,




5923-1

Figure 1. Poroloy vane and strut mean section.
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SECTION B-B c-C D-D

Point | X 1.0390 1.0280 1.0120

Z |y 0.2610 0.3330 0.4040

[/ 28°46' 33°33" 38°20'

Ry 0. 1600 0.1600 0, 1600

Ry 0. 0350 0.0340 0.0330

X Yy, Yy YL Yy Yy, YU
0.0000 | 0.1600 {0.1600 0.1600 0.1600 0.1600 0. 1600
0.1000 — 0.3190 —_ 0.3230 - 0.3370
0.2000 | 0.0050 |0.3900 0.0060 |0.4080 0. 6060 0.4290
0.3000 | 0.0430 |0.4500 0.0500 |0.4730 0.0570 0. 4950
0.4000 | 0.0770 |0.4970 0.0930 10.5230 0.1080 0.5430
0.5000 | 0.1050 | 0.5360 0.1270 }0.5600 0.1480 0.5760
0.6000 | 0.1320 |0.5660 0.1560 |0.5870 0.1770 0.6010
0.7000 | 0.1560 |0.5870 0.1800 |0.6060 0.1990 0.6190
0.8000 | 0.1770 |0.6010 0.1970 |0.6190 0.2140 0.6300
0.9000 | 0.1940 |0.6100 0.2110 |0.6240 0.2270 0.6330
1.0000 | 0.2070 |0.6110 0.2220 |0.6240 0.2350 0.6310
1.1000 | 0.2160 | 0.6060 0.2310 }0.6190 0.2400 0.6240
1.2000 | 0.2210 | 0.5950 0.2350 |0.6080 0.2430 0.6120
1.3000 | 0.2240 | 0.5800 0.2360 |0.5900 0.2420 0.5940
1.4000 | 0.2230 | 0.5600 0.2330 |(0.5690 0.2380 0.5710
1.5000 | 0,.2200 | 0.5340 0.2270 |0.5410 0.2280 0.5420
1.6000 | 0.2120 | 0.5030 0.2170 |0.5080 0.2170 0.5070
1.7000 | 0.2010 | 0.4670 0.2050 0.4720 0.2020 0. 4700
1.8000 { 0.1860 | 0.4260 0.1890 10.4310 0.1830 0.4270
1.9000 | 0.1670 | 0.3820 0.1690 |0.3840 0.1610 0. 3800
2.0000 | 0.1440 | 0.3340 0.1440 |0.3340 0.1370 0.3280
2.1000 | 0,1180 | 0.2830 0.1150 |0.2800 0.1100 0.2740
2.0000 | 0.0870 | 0.2290 0.0830 |0.2230 0.0810 0.2150
2.3000 | 0.0550 | 0.1710 0,0480 |0.1620 0. 0460 0.1550
2.4000 | 0,0200 | 0.1120 0.0120 |0.0980 0.0090 0.0910
2.4600 — — —_ -— 0.0330 0.0330
2.4700 —_— _ 0,.0340 10.0340 — —
2,4930 | 0.0350 | 0.0350 — —_ — —
Note: All dimensions are in inches.
Axis of rotation
0 Point Z
True surface /_
== I
A | YlU
\
Z R, \ \- ! Yy
e—— X ——»] Ry
+ 0,002 tolerance band 5923- 2

Figure 2. Airfoil coordinates.
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0.16
0.16
B Y i e Y ah) ————#Jf—l
7 r_-l li :: :; 'I_i l}_
| o
N IR R . [0.10
Leading edge : ;: | ';: :{ '||'|
[T N I L
3.3560 TR
gage I LR
e
|| 1 | | l'
C ! l' I |: ': |: c
1.6780 IR
e o
a l!; ot 010
| |
e S1Wi 1) I S W
fos” " &
0.2 |
0.086 P
0.0760_-12*‘:—
0.12

Note: All dimensions are in inches.

*See Figures 3b and 3¢ for station numbers.

Figure 3a. Vane construction details and strut
coordinates (side view).
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STRUT COORDINATES

SECTION B-B SECTION D-D
) 43
STATON| A% | B A B

1§ 0.2730 { 0.3790 | 0.2330 | 0.3920
2] 0.3070 | 0.3180 | 0.2760 | 0.3400
31 0.3710 | 0.2960 | 0.3480 | 0.3210
4| 0.5800 | 0.3650 | 0.5370 | 0.3960
5| 0.6150 | 0.4140 | 0.5720 | 0.4430
6 | 0.5950 } 0.5120 | 0.5510 | 0.5370
7] 0.6880 | 0.5320 | 0.6500 | 0.5600
8| 0.7410 | 0.4420 | 0.1200 | 0.4700
91 0.8100 | 0.4120 | 0.7950 | 0.4450
10 | 0.9800 | 0.4280 | 0.9280 | 0.4560
11 1.0290 | 0.4680 | 0.9770 | 0.4980
12 1.0350 | 0.5530 | 0.9850 | 0.5840
13 1.1400 | 0.5500 | 1.0940 | 0.5730
14 | 1.1900 | 0.4580 | 1.1690 | 0.4770
15 1.2560 | 0.4260 | 1.2520 | 0.4420
16 | 1.5200 | 0.3940 1,.4560 | 0.4140
17 | 1.5750 | 0.4240 | 1.5160 | 0.4400
18 1.5840 | 0.4590 | 1.5290 | 0.4760
19 | 1.6900 | 0.4240 1.6580 | 0.4310
20 | 1.7160 | 0.3740 | 1.6980 | 0.3780
21 | 1.7900 | 0.3280 | 1.8000 | 0.3200
22 | 2.0350 | 0.2440 | 2,0000 ; 0.2480
23 | 2.1030 | 0.2380 | 2.0600 | 0.2460
24 | 0.3960 | 0.1280 | 0.3840 | 0.1600
25 | 0.3730 | 0.1990 | 0.3480 | 0.2240
26 | 0.3990 | 0.2590 | 0.3700 | 0.2800
27 | 0.6100 | 0.3280 | 0.5760 | 0.3590
28 | 0.6720 | 0.3070 | 0.6460 | 0.3410
29 | 0.7210 | 0.2180 | 0.7150 | 0.2560
30 | 0.8160 | 0.2320 | 0.8070 | 0.2720
31 | 0.8030 | 0.3190 | 0.7960 | 0.3580
32 0.8360 | 0.3700 | 0.8370 | 0.4020
33 1.0440 | 0.3880 | 0.9820 | 0.4120
34 | 1.1140 | 0.3560 | 1.0600 | 0.3800
35 | 1.1600 | 0.2720 | 1.1260 | 0.2940
36 | 1.2580 | 0.2760 | 1.2340 | 0.2940
31 1.2520 | 0.3400 | 1.2280 | 0.3560
38 | 1.2930 | 0.3800 | 1.2700 | 0.3990
39 1.5950 | 0.3340 | 1.5200 | 0.3550
40 | 1.6670 | 0.2930 | 1.6160 | 0.3030
41 1.6910 | 0.2520 | 1.6480 | 0.2600
42 1.7900 | 0.2380 1.7560 | 0.2400
43 1.7950 | 0.2520 | 1.7580 | 0.2530
44 | 1.8430 | 0.2720 | 1.8070 | 0,2730
45 | 2.0130 | 0.2100 | 1.9500 | 0,2230
46 | 2.0830 | 0.1740 | 2.0360 | 0.1790
47 | 2.0910 | 0.1560 | 2.0500 | 0.1620
48 | 0.1760 | 0.3000 | 0.1480 | 0.3020
49 | 0.2880 | 0.0980 | 0.2800 | 0.1420
50 | 2.1910 | 0.1950 | 2.1500 | 0.1970
51 | 2,1980 | 0.1680 | 2.1560 | 0.1740
52 | 2.1940 | 0.1500 | 2.1500 | 0.1500
53 | 2.1820 | 0.1300 | 2.1420 | 0.1320
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0,7455
. P
0.17445 Radial line and line of points Z
Dia Sg/
0.02-0.03 x 45° chamfer
- /
PAor PR II . , F x
v s l '
! ! L 4
T 7 -
i — 7 7
L=+ 0.125 p
-—] 0.094
b
5.313
5.303
] 4,495
| 1 4.485
]
C C
Point E is on the
1°7 + 0° 15'.\ 0.2470 as-cast hub surface
0.15 gage 0.14 0.226
0.14 0.13 0.216
0.138 B B
0.165  0.128 N 1 v 0.236 )
0.226  0.687
- \;Fl-_—-f—i\ . 683
L 4 ] L * 4 A
Tell0.235 o1
1 10,225 * 3°48' + 0° 15!
920871 4 0°15" Q:2_35_ w 0,082 | e 0.048
0.225 0.295 0,078°| ¢|l¢.0:.895 0.038
I -= 0. 891 ‘
| sile—0.04 /"‘ 3°48' + 0°15'
/Ir 1°7' + 0°15!
( 40° & 2°
N

12,103 R reference
as-cast

Note: All dimensions are in inches

5923-6

Figure 3d. Vane construction details (side view).
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~—1, 04—
0.225
0.065_9.229 0.170 L 0.005 - 0.015 R

205 |
0.055 ] e typical two places

J

0.59 e e e
0.58 ¢ oi R-"\ | (
1) D
T~
. \Radial line and line
Leading edge\ of Points Z
B|=
| o{ed T I
mjen
¢ ¢
0.02R
0.03 x 45° chamfer
0.04 R\ / 0.04
0 é74 *
0.670 B N
! /o L I L LI &
0.0ZR g. ggg 150 + ].O"J '—-0. 04
15° & 1° '1'51- [\ 15° & 1°

Note: All dimensions are in inches. 5923-7

Figure 3e. Vane construction details (side view).
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Surface velocity —fps
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2000 4
Suction surface
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/ Pressure surface
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\{
\0‘16

1200

1000

800 ,A

N

600
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0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
Surface distance—in. 5923-9
Figure 4. Gas-stream velocity distributions for the design condition.
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Figure 9. Schematic diagram of unfolded airfoil.

5923-17

Figure 10, Typical node pattern.
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Figure 11. Strut simulation for numerical conduction analysis.
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Figure 14. Isotherm pattern for strut meanline section at the
design condition.
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Figure 17. Basic physical model.
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