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The work reported herein is being performed under NASA contract NAS 3-22761 
entitled t "Development of Analytical Techniques for Improved Prediction of 
Local Gas-to-Blade Heat Transfer". The objectives of the program were to 
assess the capability of currently available modeling techniques to predict 
airfoil surface heat transfer distributions in a 2-D flow field,. acquire 
experimental data as required for model verification, and to make and verify 
improvements in the analytical models. Chart No.1 summarizes the program 
task structure. 

Two data sets, Turner(l)and Lander(2), were selected from the literature for 
use in evaluating models in Task I. Two additional airfoils were chosen 
for cascade testing under this contract. These airfoils, the Mark II and 
C3X, are representative of highly loaded, low solidity airfoils currently 
being designed. Cross sections of the four airfoils and the grid used to 
make inviscid flow predictions for each airfoil are shown.in Chart No.2. 
Note the significant·variation in airfoil geometry. This variation is 
intended to provide a Significant test of the analytical models. Predicted 
surface pressure distributions for the four airfoils are shown in Chart No.3. 

The two heat transfer cascades that were operated under Task II were run in 
the Detroit Diesel Allison Aerothermodynamic Cascade Facility (ACF). The 
facility, described in Chart No.4, provides the capability of obtaining 
both heat transfer and aerodynamic measurements at simulated engine conditions. 
The method employed in the facility to obtain airfoil surface heat transfer 
measurements is shown schematically in Chart No.5. Basically, the exterior 
of the airfoil is instrumented with grooved surface thermocouples with this 
data serving as the exterior boundary condition input to a finite element 
analysis. The internal boundary conditions are calculated heat transfer 
coefficients in the internal cooling holes. These values are calculated 
from measurements of the coolant temperature, pressure and flowrate. A 
photo of the three-vane, 2-D C3X cascade is shown in Chart No.6. The 
vane surface thermocouples appear as lines on the surface. This center airfoil 
also contains static pressure taps, thus permitting simultaneous measurement 
of the surface pressure and heat transfer distributions. 

The test matrix over which both cascades were operated is shown in Chart No.7. 
Data was obtained at two exit Mach numbers, 0.9 and 1.05, and over a range of 
exit Reynolds numbers from 1.SX106 to 2.SX106. The inlet turbulence intensity 
and wa11-to-gas temperature ratio were also varied. Chart No.8 shows typical 
data from the Mark II cascade. The effect of variation in Reynolds number is 
clearly evident. The heat transfer measurement technique is capable of detecting 
the rapid increase in heat transfer caused by separation and reattachment 
on the suction surface. This separation is a result of the large adverse 
pressure gradient on the Mark II airfoil. Similar data for the C3X cascade 
is shown in Chart No.9. Here the suction surface demonstrates transition 
and the effect of Reynolds number on the location of the start of transition 
can be clearly seen. Chart No. 10 illustrates the Mach number effects on heat 
transfer in the Mark II cascade. As would be expected th~ Mach number effects 
are seen only on the suction surface in the region where the Mach number affects 
the pressure distribution. A summary of the results found with the Mark II and 
C3X cascades is shown in Chart No. 11. 
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Charts 12-22 present some preliminary results of the analytical work being 
done using 2-D boundary layer theory for establishing an acceptable approach 
for predicting gas turbine airfoil heat transfer over a wide range of operating 
conditions and geometries. Starting with the STAN5 mixing length (ML) theory 
turbulence modeling evaluated in Task I, Task III efforts have been directed 
towards supplying systematic boundary and initi~l conditions and structuring 
a realistic gas turbine· airfoil environment ML turbulence model which reflects 
free-stream turbulence, transition, curvature, pressure gradient, etc. 

The importance of specifying realistic velocity (pressure) boundary conditions 
over the entire airfoil surface and generating appropriate initial velocity 
and thermal profiles is often understated because of more noticeable inadequacies 
in turbulence modeling. Specifying the correct velocity boundary conditions 
is very important since the Reynolds number and pressure gradient play important 
roles physically and i~the development of turbulence and/or transition models. 
Specification of. correct initial thermal profiles near the stagnation point 
are essential to accurately obtain leading edge heat loads. Boundary conditions 
for all boundary layer calculations are currently being obtained from the inviscid 
blade-to-blade Euler solver developed by Delaney at DDA. The ability of this 
method to accurately predict the inviscid pressure distribution is illustrated 
by Chart 12 for the Mark II airfoil. In addition, because the Delaney method 
uses a body-centered coordinate system (example shown on Chart 2), it provides 
excellent resolution of the velocity distribution from·the stagnation point 
to the trailing edge. This ability to resolve the velocity field in the near
stagnation-point region has provided much insight and has guided modelirig 
efforts aimed at generating initial velocity and thermal profiles. Initial 
profiles are generated from boundary layer similarity solutions assuming 
stagnation flow, i.e Euler number equal to unity. Based on the work of 
Miyazaki and Sparrow(3), who extended the laminar similarity solution. concept 
to include the effects of free-stream turbulence for flow normal to a cylinder, 
a more general system of equations and turbulence model was developed at DDAto 
reflect the differences between stagnation flow on an airfoil from that on a 

. circular cylinder. These changes are summarized on Chart 13. Changes include 
recasting the equations incompressible form and directly using the near-stagnation
point pressure-gradient calculated from the inviscid analysis rather than assuming 
an isolated cylinder value. ·A1so, the Miyazaki and Sparrow turbulence model 
was generalized to reflect variable stagnation point pressure gradient. The 
results of this approach. for predicting airfoil stagnation point heat transfer 
are shown in Chart 14. The open symbols are predictions using the Miyazaki 
and Sparrow turbulence model and the solid symbols represent predictions using 
DDA's generalized form. As can be seen, the present scheme is capable, in most 
instances, of predicting stagnation point heat transfer within ±10% of the 
experimental mean. These results are encouraging because the data span a wide 
range of turbulence levels (0.45 - 18%) and geometries. These results are 
a direct outcome of relaxing the cy1inder-in-crossf10w assumption, and properly 
modeling the near-stagnation-point velocity field using the body-centered 
coordinate system Euler solver. 
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The remalnlng charts 15-22, highlight progress towards developing a realistic 
ML turbulence model for a 2-D finite difference boundary layer code. Chart 15 
presents the analytical form of the effective viscosity (~eff) being studied. 
Note the presence of two turbulent terms, ~t and ~TlJ' The principle difference 
in the two terms is the velocity scale assumed. Tne additional term is 
included to account for the significant effects of free-stream turbulence 
on heat transfer for nominally laminar boundary layers observed on turbine 
airfoils. The intermittency functions y and y incorporate information 
regarding transition behavior. Besides ~valuatTHg promising published ~ ff 
models, a significant inhouse effort is in progress aimed at taking advantage 
of the large amount of data collected within this program. At the present 
time, the majority of the modeling effort has gone into structuring a suitable 
model for the turbulence viscosity term ~ . As contrasted on Chart 15, a 
major difference between Task I predictio~Umethodology and the Task III concept 
is the inclusion of ~TU' The general functional form for ~TII' currently being 
explored, is shown in chart 15. Although the exact form is not finalized, 
one key feature is that the model is compatible with the similarity solution 
stagnation flow analysis in that the effects of free-stream turbulence 
incorporated in the function f is carried forward into the surface boundary 
layer computation. 

The last charts (15-22) present heat transfer predictions compared to experimental 
data from four different airfoil heat transfer experiments. Predictions are 
shown using the original STANs mixing length turbulence model with the transition 
Reynolds number set to 250, and the current Task III concept turbulence model 
for ~ . For the later predictions, the term.y was set to zero to allow 
only tHe influence of ~ to be seen in the ~ i definition. Attention should 
be directed to the presIHre surface Predictionf where the effects of free-stream 
turbulence are most dominant and therefore, the modeling of ~TU more important. 

Predictions for the Mark II airfoil, for one Reynolds number level, using the 
Task I and present Task III approaches are shown in Chart 16. Of particular 
interest is the better pressure surface prediction obtained using the additional 
"turbulence" viscosity term over a standard laminar/transitional/turbulent 
approach. Suction surface predictions were only possible up to the location 
of the shock, where the boundary layer code reached a separation condition. 
Chart 17 shows Task III concept predictions for the Mark II airfoil at three 
different exit Reynolds number levels and indicate, at least on the pressure 
surface, that both trends and levels are reasonably well predicted. 

Chart 18 shows predictions for the C3X airfoil at a single exit Reynolds number 
and again there is a significant improvement in pressure surface prediction. 
The suction surface prediction is in poor agreement beyond the transition 
point, but as mentioned earlier transition modeling has not yet been addressed 
in the Task III predictions since Yt = O. 

Charts 19 and 20 show predictions for the Turner airfoil and serve to illustrate 
the influence of free-stream turbulence. Since the original STAN5 ML turbulence 
model does not model free-stream turbulence effects directly, only one prediction 
is possible for the three different experiments as shown on Chart 19. In contrast, 
Chart 20 shows the effects of free-stream turbulence are adequately modeled 
on the pressure surface using the current ~Ty concept, but the suction surface 
predictions only indicate proper trends not evels. 
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Finally, predictions for the Lander airfoil are presented in Charts 21 and 
22 respectively. It is clear that substantial predictive improvement can be 
attributed to the use of the turbulence viscosity although still, predictions 
beyond the indicated transition zone are not well modeled with this approach. 

In conclusion, to date significant progress has been made in advancing the 
idea of establishing a unified approach for predicting airfoil heat ~ransfer 
for a wide range of operating conditions and geometries. Pre1imi·nary results 
are encouraging and further ML turbulence modeling ideas will be explored in 
the remaining phase of the program, primarily concentrating on transition 
behavior through Yt and YTU modeling. 
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LIST OF SYMBOLS 

u Velocity 

~ 

y 
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a 
y 

cS 

E 

A 

IJ 

v 

p 

Coordinate in streamwise direction 

Coordinate normal to streamwise direction 

Euler number 

Intermittency function, or specific heat ratio when unsubscripted 

Boundlry llyer thickness 

Eddy viscosity 

Pressure gradient parameter 

Molecular viscosity 

Kinematic viscosity 

Density 

SUBSCRIPTS 

o Refers to -leading edge diameter or _ twice radius of curvature 

e Refers to outer edge of boundary layer 

eff Effective quantity 

m Refers to momentum 

t Refers to turbulent 

tr Refers to transition 

TU Refers to turbulence intensity 

e Momentum thickness 

Upstream quantity 

SUPERSCRIPTS 

Refers to fluctuating quantity 

OTHER 

< > Refers to root-mean-square (RKS) value 

II Absolute value 
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