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SUMMARY

The objectives of this program were to assess the capability of currently
available modeling techniques for predicting nonfilm-cooled airfoil surface
heat transfer distributions in a 2-D flow field, to acquire experimental data
as required for model verification, and to make and verify improvements in the
analytical methods. The results obtained throughout this program, both exper-
imental and analytical, were structured to be of immediate interest and value
to the gas turbine designer.

Three airfoil data sets were selected from the literature for use in evaluat-
ing the analytical methods. Two additional airfoils, representative of highly
loaded, low solidity airfoils currently being designed, were selected for cas-—
cade testing at simulated engine conditions. The aerodynamic configurations
of the two vanes were carefully selected to emphasize fundamental differences
in the character of the suction surface pressure distributions and the conse-
quent effect on surface heat transfer distributions. The experimental mea-
surements were made in moderate-temperature, three-vane cascades under steady-
state conditions. The principal independent parameters (Mach number, Reynolds
number, turbulence intensity, and wall-to-gas temperature ratio) were varied
over ranges consistent with actual engine operation, and the test matrix was
structured to provide an assessment of the independent influence of each para-
meter., Data from these two cascades, coupled with that from the three litera-
ture cases, provide a data base covering a wide range of operating conditions
and geometries and thus present a significant test for the predictive capabil-
ities of the analytical methods.

The analytical methods development program consisted of two separate phases.

In the first phase, the literature was reviewed to identify currently avail-
able general methodology, which would most likely be used in a gas turbine
airfoil heat transfer design system. As a result of this review, three candi-
date 2-D boundary layer methods were selected for evaluation. They were an
integral method, a finite difference (differential) method with a zero-equation
mixing length hypothesis (MLH) turbulence model and a differential method with
a two—equation turbulence model. These three general, unmodified, methods were
evaluated using relevant experimental airfoil heat transfer data available in
the literature. Based on the findings of this first phase general methods
evaluation process, the differential method with zeroth order turbulence mod-
eling was selected for the second phase of the analytical program. During the
second phase this method was to be extended and/or modified using, initially, modi-
fications suggested in the literature for modeling the tramsition process,
laminar heat transfer augmentation due to free-stream turbulence effects and
longitudinal surface curvature effects.

Various single and/or combined model solutions were evaluated using data from
four different airfoil experiments. This evaluation process eventually led to

a final "gas turbine airfoil specific" modeling effort which resulted in an
effective viscosity formulation that, when implemented, gave better overall
solutions than any literature modeling approach tested previously. -

Finally, in response to the objectives of this program, a recommended proced-
ure is givern for constructing a viable, 2-D airfoil external convective heat
transfer method for gas turbine design systems, including the specification of
boundary conditions, initial conditions, and preferred definitions of effect-
ive viscosity determined here to be most suitable for gas turbine preliminary
design applicationms.






INTRODUCTION

The thermal design of contemporary high-pressure turbine nozzle guide vanes
clearly represents one of the more difficult engineering tasks in the design
of any modern aircraft gas turbine. Aerodynamic and thermal analysis proced-
ures currently available to turbine designers have deficiencies that do not
permit a priori designs that achieve design goals without expensive experimen-
tal development iterations.

In general, internal heat transfer correlations developed from simple bench/rig
tests have proved reliable, and calculation of heat flow within the airfoil
structure via finite element techniques is well in hand. The external (gas-
to-wall) heat transfer coefficient, however, still eludes satisfactory predic-
tion because of a highly complex and interactive external flow field environ-
ment. In addition to the large gradients in the gas temperature distribution,
the airfoil row is characterized by a flow field reflecting passage Mach number
(My) variations from the low subsonic levels (<0.15) to the transonic range
(21.0). The flow field is strongly influenced by viscous effects in the near
wall region where, in turn, heat flow is alternately governed by molecular
diffusion, laminar convective transport, turbulent shear transport, or combi-
nations thereof. Although the character of the boundary layer over the great-
er radial extent of most airfoils is nominally two-dimensional (2-D), local
boundary layer behavior (and, hence, surface heat transfer rate) is strongly
influenced by the several complex and interactive mechanisms.

Presently, a variety of predictive techniques is brought to bear on this com-
plex problem with varying degrees of success. The simpler, well established
correlative and integral techniques have met with some success (Refs. 1-4)
sufficient to provide initial design predictions. However, only recently have
the more powerful numerical solutions of the complete time-averaged boundary
layer equations shown real promise (Refs. 5-11). Reinforced by carefully
derived empirical turbulence modeling, the numerical techniques have yielded
reasonable predictions of the effects of strong acceleration/deceleration where
the external flow field and state of the boundary layer are well defined. How-
ever, direct comparisons between predicted and measured metal temperature dis-
tributions on airfoils continue to be both favorable and adverse. For nonfilm
cooled airfoils, deviation of actual heat transfer predictions from true or
indicated levels can most probably be attributed to one or more of the follow-
ing analytical deficiencies:

o Lack of precision in the prediction of the inviscid flow field around the
airfoil, particularly in the forward, highly accelerated stagnation region.

o Uncertainties regarding the surface location at which transition is initi-
ated as well as the surface extent of the transition zone.

o Uncertainties regarding the influence of free-stream turbulence on local
heat transfer rates in the laminar region as well as on initiation and ex-
tent of the transition region.

o Limited understanding of the role of airfoil surface curvature on turbu-
lence production/dissipation and boundary layer stability.

Even if consideration is restricted to the nominally 2-D midspan region, the
complex and unforgiving environment described above suggests the need for an



improved, rational design approach based on numerical predictive tools with
sufficiently enlightened turbulence modeling to accommodate the several inter-
active influences described previously. A corollary requirement is posed by
the clear need to confirm, through realistic cascade experiments, that the
physical details of the inviscid/viscous flow field are in fact correctly
modeled.

While a number of experimental turbine vane heat transfer studies have been
reported over the past 25 years (Refs. 12-20), the applicability of this data
to contemporary low solidity, highly loaded vane rows is limited by conserva-
tism in profile shape and/or My range (Refs. 12-15) or by incompleteness in
availability or range of data (Refs. 16-20). In general (Ref. 20 being the
exception), the studies cited above were not conducted under conditions that
ensured coincident similarity of the principal independent aero-thermo parame-
ters (My, Reynolds number [Re], wall-to-gas temperature ratio [Tw/Tg], and
turbulence intensity [Tu]) to those existing in current generation core en-
gines.

The work reported herein, done under NASA Contract NAS 3-22761, was performed
in an attempt to rectify several of the analytical and experimental deficien-
cies cited above. This program was keyed to the following objectives: (1) to
assess the deficiencies of current (practical) analytical prediction tools,

(2) to recommend and incorporate empirically indicated changes to those tools,
(3) to acquire additional airfoil heat transfer data at simulated engine condi-
tions, and (4) to verify, utilizing the acquired data and literature data, that
the model changes achieved the desired results.

The initial assessment phase of the program focused on the comparative evalua-
tion of selected analytical prediction tools (Refs. 3 and 8) against certain
existing data sets (Refs. 15, 16, and 20). The experimental phase placed em
phasis on acquiring both aerodynamic (surface velocity) and heat transfer dis-
tributions over the surfaces of two different highly loaded, low solidity con-
temporary turbine nozzle guide vane designs. The aerodynamic configurations

of the two vanes were carefully selected to emphasize fundamental differences
in the character of the suction surface pressure distribution and the conse-
quent effect on surface heat transfer distribution. The experimental measure-
ments were conducted in moderate temperature, three vane cascades under steady-
state conditions. The principal independent parameters (My, Re, Tu, and Tw/
Tg) were varied over ranges consistent with actual engine operation, and the
test matrix was structured to provide an assessment of the independent influ-
ence of each parameter on airfoil surface heat transfer. In the final analyti-
cal phase of the program, the cascade test results, as well as data from the
literature (Refs. 15 and 16), were compared with predictions made by a recently
developed time dependent, transonic inviscid cascade code (Ref. 21) coupled to
a special version of the STAN5 (Ref. 8) boundary layer code featuring zero
order turbulence modeling. The boundary layer code is structured to accommo-
date the full spectrum of commonly available empirical correlations addressing
the coupled influences of pressure gradient, airfoil curvature, and free-stream
turbulence on airfoil surface heat transfer distribution and boundary layer
transitional behavior.



The results of this program should be of key interest to the aircraft gas tur-
bine industry in general. Uncertainty in the prediction of local gas-to-blade
heat transfer rates on turbine airfoils remains a principal obstacle to timely
and cost-effective development of high-temperature turbine components. Im-
provements in predictive capability in this area can have a broad and signifi-
cant payoff in terms of enhanced turbine life, development cost, logistical
and maintenance cost, and turbine engine performance.






EXPERIMENTAL

PROGRAM

This section provides a detailed description of the facility and hardware used

for the experimental program.
given together with the precise locations
mentation. The heat transfer measurement
reduction procedures are defined, and the
conditions are cataloged for each cascade
lated results are reserved for Appendix A.

Complete descriptions of the two cascades are

of all facility and cascade instru-
technique and data acquisition and
uncertainties are assessed. Test
in this section, but detailed tabu-
This section is intended to pro-

vide all the information necessary to permit use of the data to verify 2-D
heat transfer predictions.

HARDWARE AND INSTRUMENTATION

Facility Description

The experimental investigation portion of the contract was performed in the

DDA Aerothermodynamic Cascade Facility (ACF). The purpose of this facility is
to conduct experimental research in high-temperature turbine component models
that embody advanced cooling techniques, aerodynamics, or materials. The ex-
perimental approach employs a 2-D model technique, with full dynamic similarity
in free-stream My and boundary layer Re effects, and provides an experimental
method to separate the effects on local heat transfer.

The facility consists of a burner, a convergent section, a free-stream section
with instrumentation and optical access, a test section with instrumentation,

a quench zone with back pressure regulation, and an exhaust system. The fa-
cility is shown schematically in Figure 1.
Steam Pressure
Torch . cooling shell
ignitor Circumferential annulus
natural gas Flame I
iniecti iti urbulence
injection holder Transition :
section Quartz augmentation »
l control

Cooling Cooling

water water Transition duct

supply dump steam cooling
Filtered air supply supply

regulated to set
pressure or flow

Figure 1.

Exhaust

cooling Exit probe quench
jackets Exit traverse  water
probe system
Three vane TEB0-513A
cascade

Schematic of aerothermodynamic cascade facility.



The My and Re modeling considerations necessitate a burner with a large tem—
perature, flow, and pressure range. This burner capability, coupled with the
back pressure regulating valve, allows experimental separation of free-stream
(My) and boundary layer (Re) effects to accurately simulate a wide range of
engine designs and operating conditions.

A constant cross section is provided downstream of the burner to establish
uniform inlet velocity, temperature, and turbulence profiles. This section is
provided with temperature—controlled cooled walls and isolates the test sec-
tion from radiant heat transfer from the primary combustion zone. The walls
of the test section are cooled with steam to keep them at, or close to, the
vane surface temperature to prevent radiant exchange. The test section design
is unique in that it incorporates both aerodynamic and heat transfer data ac-
quisition in a single tunnel, thereby reducing costs and ensuring the correla-
tion of heat transfer and aerodynamic data for the single set of airfoils.

Facility Instrumentation and Geometry

The various flow circuits of the ACF incorporate standard in-line instrumenta-
tion for measurement of flow rate, pressure, and temperature. ASME standard
sharp~edged orifices are used throughout to provide flow-rate measurements.
The ten orifices used to meter the flow to the vane radial cooling holes for
the current tests were calibrated to provide flow measurement accuracy of +2%.

Facility and rig pressures are measured using a Scanivalve pressure scanner
with six modules, each capable of handling 48 individual sense lines. Pressure
transducers of appropriate ranges matched to the current experiment are insert-
ed in these modules. These pressure transducers are calibrated before each
test series with a precision Mensor quartz manometer, which, in turn, is per-
iodically calibrated against a dead-weight system. There are 300 CA thermo-
couple circuits available in the laboratory for temperature measurement. The
circuits are coupled to the data acquisition system through ‘temperature-
stabilized reference junctions.

A two—axis computer-controlled traverse system provided surveys of inlet pres—
sure and temperature fields. Provisions also exist at the cascade inlet plane
for optical access to the flow path. Specifically, quartz windows were in-
stalled in the cascade outer wall to permit the measurements of free-stream
velocity and turbulence with a laser Doppler anemometer (LDA). The LDA optical
system was mounted on a three-axis milling machine base to provide for a com—
plete survey. Specifications regarding facility instrumentation are detailed
in Table I.

The flow path upstream of the cascade in the ACF takes the burner discharge
from a 31.5 cm (12.4 in.) dia through a 50.8 cm (20 in.) long transition sec—
tion to a 7.6 cm x 27.9 cm (3 in. x 11 in.) rectangular section. A photo of
the transition duct is shown in Figure 2. Four removable 1.3 cm (0.5 in.) rods
are installed just downstream of the inlet to the transition section rectangu-
lar duct to augment the cascade inlet turbulence level. The rectangular sec-
tion upstream of the cascade is 36.83 cm (14.50 in.) long and contains inlet
instrumentation and an optical access window. A schematic of the inlet and



Table I.
Aerothermodynamic facility instrumentation.

Pressure scanner Scanivalve system with 288 ports
Pressure transducers Druck, with ranges from 0-68.9 kPa to 0-3447.4 kPA
(0-10 psia to 0-500 psia)

Accuracy + 0.06% BSL
Thermocouple channels 300 CA and 40 Pt/Pt-107 Rh
Accuracy + 0.3°C w/calibration
Traversing gear United Sensor traversing probe mounts with computer
interfaces

Precision 2-axis digital traversing mount with
discrete stepping capability to 0.00254 cm (0.001 in.)
Anemometers LDA
Survey probes Traversing CA thermocouple
Traversing pressure probe

test sections, showing the relative positions of the inlet and exit instrumen-
tation, is shown in Figure 3. The inlet instrumentation consists of two inlet
core total pressure rakes, two inlet core total temperature rakes, and nine
endwall static pressure taps. The LDA inlet turbulence measurement cross—sec-—
tional position is also shown. Thirteen endwall static taps are located in
the endwall of each cascade at the exit plane.

Cascade Description

Each cascade employed three vanes characteristic of an advanced first-stage
core turbine. The center vane of each cascade was instrumented for heat
transfer and aerodynamic measurements. The three-vane design was chosen to

Figure 2. Burner—to-cascade inlet transition duct.
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increase the scale of the test vanes, allowing greater instrumentation density.
Flow splitters adjacent to the outer vanes and a tailboard were utilized to
ensure periodicity. The static pressure taps at the inlet and exit of the
cascade provided the information necessary to establish periodicity.

The vane coordinates for the Mark II and C3X airfoils are given in Table II

and Table III, respectively. Figures 4 and 5 show the cascade coordinate sys=—
tems used to define the two airfoil shapes. Table IV lists additional geometry
information for both cascades.

Each of the vanes was cooled by an array of 10 radial cooling holes. The hole
configurations for the Mark II vane and the C3X vane are shown in Figures 6
and 7, which depict their respective finite element models. The cooling holes
of each of the outer two slave vanes of each cascade were supplied from a com-
mon plenum, whereas each hole in the test vane (at the center position) was
supplied from a separate, metered line.

Table II.
Mark II vane coordinates.

RLg = 1.280 cm (0.504 in.) Rpg = 0.000 (blunt)

Position Position

number x-—cm (in.) y=-cm (in.) number x--cm (in.) y-—-cm (in.)
1 0.0000 (0.0000) 10.8943 (4.2891) 31 6.8544 (2.6986) 0.0000 (0.0000)
2 1.0310 (0.4059) 12.1521 (4.7843) 32 6.4912 (2.5556) -0.0686 (~0.0270)
3 1.4006 (0.5514) 12.1844 (4.7970) 33 6.3409 (2.4964) 0.3119 (0.1228)
4 1.9025 (0.7490) 12.1067 (4.7664) 34 6.1874 (2.4360) 0.6927 (0.2727)
5 2.3584 (0.9285) 11.8803 (4.6773) 35 6.0315 (2.3746) 1.0729 (0.4224)
6 2.7259 (1.0732) 11.5262 (4.5379) 36 5.8727 (2.3121) 1.4521 (0.5717)
7 2.9812 (1.1737) 11.0833 (4.3635) 37 5.7112 (2.2485) 1.8306 (0.7207)
8 3.1923 (1.2568) 10.6175 (4.1801) 38 5.5466 (2.1837) 2.2080 (0.8693)
9 3.3978 (1.3377) 10.1491 (3.9957) 39 5.3792 (2.1178) 2.5845 (1.0175)

10 3.5994 (1.4171) 9.6794 (3.8108) 40 5.2090 (2.0508) 2.9594 (1.1651)
11 3.7976 (1.4951) 9.2083 (3.6253) 41 5.0358 (1.9826) 3.3345 (1.3128)
12 3.9919 (1.5716) 8.7356 (3.4392) 42 4.8593 (1.9131) 3.7076 (1.4597)
13 4.1824 (1.6466) 8.2616 (3.2526) 43 4.6797 (1.8424) 4.0792 (1.6060)
14 4.3688 (1.7200) 7.7866 (3.0656) 44 4.4961 (1.7701) 4.4498 (1.7519)
15 4.5517 (1.7920) 7.3101 (2.8780) 45 4.3104 (1.6970) 4.8186 (1.8971)
16 4.7301 (1.8625) 6.8326 (2.6900) 46 4.1201 (1.6221) 5.1859 (2.0417)
17 4.9063 (1.9316) 6.3538 (2.5015) 47 3.9258 (1.5456) 5.5512 (2.1855)
18 5.0777 (1.9991) 5.8740 (2.3126) 48 3.7275 (1.4675) 5.9144 (2.3285)
19 5.2456 (2.0652) 5.3929 (2.1232) 49 3.5240 (1.3874) 6.2748 (2.4704)
20 5.4099 (2.1299) 4.9113 (1.9336) 50 3.3157 (1.3054) 6.6327 (2.6113)
21 5.5702 (2.1930) 4.4282 (1.7434) 51 3.1016 (1.2211) 6.9873 (2.7509)
22 5.7269 (2.2547) 3.9444 (1.5529) 52 2.8809 (1.1342) 7.3378 (2.8889)
23 5.8801 (2.3150) 3.4597 (1.3621) 53 2.6528 (1.0444) 7.6838 (3.0251)
24 6.0295 (2.3738) 2.9741 (1.1709) 54 2.4158 (0.9511) 8.0239 (3.1590)
25 6.1750 (2.4311) 2.4877 (0.9794) 55 2.1687 (0.8538) 8.3541 (3.2890)
26 6.3170 (2.4870) 2.0050 (0.7876) 56 1.9088 (0.7515) 8.6792 (3.4170)
27 6.4554 (2.5415) 1.5128 (0.5956) 57 1.6337 (0.6432) 8.9891 (3.5390)
28 6.5900 (2.5945) 1.0244 (0.4033) 58 1.3396 (0.5274) 9.2809 (3.6539)
29 6.7211 (2.6461) 0.5354 (0.2108) 59 1.0208 (0.4019) 9.5456 (3.7581)
30 6.8483 (2.6962) 0.0467 (0.0184) 60 0.6744 (0.2655) 9.7666 (3.8451)

11



Table III.
C3X vane coordinates.

Rpg = 1.168 cm (0.460 in.) Rpg = 0.173 cm (0.068 in.)

Position Position
number x-=cm (in.) y==cm (in.) number x--cm (in.) y--cm (in.)

1 0.1097 (0.0432) 11.6548 (4.5885) 40 7.4849 (2.9468) =-0.0617 (-0.0243)
2 0.3894 (0.1533) 12.1890 (4.7988) 41 7.3188 (2.8814) 0.3559 (0.1401)
3 0.7658 (0.3015) 12.6764 (4.9907) 42 7.1483 (2.8143) 0.7737 (0.3046)
4 1.2723 (0.5009) 13.0233 (5.1273) 43 6.9736 (2.7455) 1.1895 (0.4683)
5 1.8743 (0.7379) 13.1376 (5.1723) 44 6.7950 (2.6752) 1.6035 (0.6313)
6 2.4707 (0.9727) 12.9939 (5.1157) 45 6.6116 (2.6030) 2.0155 (0.7935)
7 2.9835 (1.1746) 12.6538 (4.9818) 46 6.4237 (2.5290) 2.4254 (0.9549)
8 3.3985 (1.3380) 12.1976 (4.8022) 47 6.2309 (2.4531) 2.8329 (1.1153)
9 3.7376 (1.4715) 11.6817 (4.5991) 48 6.0328 (2.3751) 3.2380 (1.2748)
10 4.0272 (1.5855) 11.1364 (4.3844) 49 5.8296 (2.2951) 3.6406 (1.4333)
11 4.2885 (1.6884) 10.5766 (4.1640) 50 5.6203 (2.2127) 4.0401 (1.5906)
12 4.5326 (1.7845) 10.0094 (3.9407) 51 5.4051 (2.1280) 4.4364 (1.7466)
13 4.7648 (1.8759) 9.4369 (3.7153) 52 5.1834 (2.0407) 4.8290 (1.9012)
14 4.9870 (1.9634) 8.8605 (3.4884) 53 4.9548 (1.9507) 5.2177 (2.0542)
15 5.2019 (2.0480) 8.2814 (3.2604) 54 4.7191 (1.8579) 5.6020 (2.2055)
16 5.4110 (2.1303) 7.7003 (3.0316) 55 4.4760 (1.7622) 5.9817 (2.3550)
17 5.6157 (2.2109) 7.1176 (2.8022) 56 4.2248 (1.6633) 6.3564 (2.5025)
18 5.8171 (2.2902) 6.5336 (2.5723) 57 3.9654 (1.5612) 6.7249 (2.6476)
19 6.0160 (2.3685) 5.9487 (2.3420) 58 3.6975 (1.4557) 7.0874 (2.7903)
20 6.2126 (2.4459) 5.3632 (2.1115) 59 3.4204 (1.3466) 7.4430 (2.9303)
21 6.4074 (2.5226) 4.7767 (1.8806) 60 3.1339 (1.2338) 7.7909 (3.0673)
22 6.5997 (2.5983) 4.1897 (1.6495) 61 2.8374 (1.1171) 8.1308 (3.2011)
23 6.7894 (2.6730) 3.6015 (1.4179) 62 2.5314 (0.9966) 8.4615 (3.3313)
24 6.9756 (2.7463) 3.0122 (1.1859) 63 2.2149 (0.8720) 8.7826 (3.4577)
25 7.1575 (2.8179) 2.4221 (0.9536) 64 1.8885 (0.7435) 9.0935 (3.5801)
26 7.3335 (2.8872) 1.8301 (0.7205) 65 1.5519 (0.6110) 9.3932 (3.6981)
27 7.5024 (2.9537) 1.2357 (0.4865) 66 1.2052 (0.4745) 9.6815 (3.8116)
28 7.6624 (3.0167) 0.6391 (0.2516) 67 0.8494 (0.3344) 9.9578 (3.9204)
29 7.8115 (3.0754) 0.4115 (0.0162) 68 0.4999 (0.1968) 10.2116 (4.0203)
30 7.8161 (3.0772) =-0.0053 (-0.0021) 69 0.3848 (0.1515) 10.3035 (4.0565)
31 7.8082 (3.0741) -0.0516 (-0.0203) 70 0.2822 (0.1111) 10.4094 (4.0982)
32 7.7879 (3.0661) =-0.0935 (-0.0368) 71 0.1938 (0.0763) 10.5273 (4.1446)
33 7.7572 (3.0540) =-0.1288 (-0.0507) 72 0.1212 (0.0477) 10.6556 (4.1951)
34 7.7180 (3.0386) =0.1542 (-0.0607) 73 0.0650 (0.0256) 10.7920 (4.2488)
35 7.6736 (3.0211) -0.1681 (-0.0662) 74 0.0264 (0.0104) 10.9342 (4.3048)
36 7.6269 (3.0027) -0.1699 (-0.0669) 75 0.0064 (0.0025) 11.0802 (4.3623)
37 7.5816 (2.9849) -0.1588 (-0.0625) 76 0.0046 (0.0018) 11.2278 (4.4204)
38 7.5408 (2.9688) -0.1356 (-0.0534) 77 0.0216 (0.0085) 11.3741 (4.4780)
39 7.5077 (2.9558) -0.1026 (-0.0404) 78 0.0569 (0.0224) 11.5171 (4.5343)

Test Vane Instrumentation

The method utilized to obtain heat transfer measurements is based on the work
of Turner (Ref. 15), who employed a 2-D plane of the test vane as a fluxmeter.
The technique is implemented by measuring the internal and external boundary
conditions of the test piece at thermal equilibrium and solving the steady-
state heat conduction equation for the internal temperature field of the test
piece. The heat transfer coefficient distribution can be directly obtained
from the normal temperature gradient at the surface.

For the current studies, the external boundary conditions were measured using

thermocouples installed in grooves on the exterior surface of the test vane.
Average heat transfer coefficients and coolant temperatures for each of 10 ra-
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Table IV.
Cascade geometry.

Mark I1 c3x

Setting angle--deg 63.69 59.89

Air exit angle--deg 70.96 72.38

Throat--cm (in.) 3.983 (1.568) 3.292 (1.296)
Vane height--cm (in.) 7.620 (3.000) 7.620 (3.000)
Vane spacing--cm (in.) 12.974 (5.108) 11.773 (4.635)
Suction surface arc--cm (in.) 15.935 (6.274) 17.782 (7.001)
Pressure surface arc--cm (in.) 12.949 (5.098) 13.723 (5.403)
True chord--cm (in.) 13.622 (5.363) 14.493 (5.706)
Axial chord--cm (in.) 6.855 (2.699) 7.816 (3.077)

dial cooling holes provided the internal boundary conditions for the finite
element solution. The heat transfer coefficient for each cooling hole was
calculated from the hole diameter, measured flow rate, and coolant temperature
with a correction applied for thermal entry length. The technique is discussed
in greater detail in the next subsection.

Figure 8 shows the distribution of thermocouples for the Mark II and C3X air-
foils. Each airfoil surface was instrumented with approximately eighty 0.5 mm
(0.020 in.) dia sheathed CA thermocouples. The thermocouple junctions were
located in the fully 2-D region of the airfoil in a plane near midspan. Ther-
mocouple leads were brought off the vane in 0.58 mm (0.023 in.) deep radial
grooves, covered with cement, and blended by hand to provide a smooth surface. The
vanes were fabricated of ASTM type 310 stainless steel, which has a relatively

low thermal conductivity, thereby minimizing the error introduced by the

grooves. Additional surface thermocouples were located off midspan on each

test vane to check the 2-D assumption.

Each cooling tube of the test vane was instrumented with a static pressure tap
and thermocouple at the vane inlet and exit. The static pressure tap was lo-
cated upstream of the thermocouple in all cases. The flow to each cooling tube
was measured using a calibrated orifice meter.

Each test vane was instrumented with surface static pressure taps in addition
to the heat transfer instrumentation. Approximately 30 taps were located
around each airfoil outer surface in a plane near midspan. The taps were
spaced to provide a more dense coverage in the leading edge region to ade-
quately measure the steep pressure gradients in that area. Figure 9 illus-
trates the relative locations of surface pressure taps on the Mark II and C3X
airfoils. Figure 10 shows the installation technique used to install the
static pressure taps. Stainless steel tubing, 0.51 mm (0.020 in.) dia, was
laid in a radial surface groove, and the end of the tubing was bent 90 deg to
achieve surface normal orientation. The tube was secured to the adjacent vane
surface by laser welding. The excess tube length was then removed and dressed
down to ensure a flush local condition. The remainder of the groove was filled
with cement and hand blended smooth with the airfoil surface similar to the
thermocouple installations.

14



*uMOys SuOT3BI0] I3[0y

Su1700d Y3TM 2In3dNIJs PIA3 JUBWITD 93ITUTJ I] JIBK °*9 2and1yg

G201 (8L0°0) 861°0 (0z6°%) L6y Tl (0S1°0) 18€°0 o1
960°1 (zz1°0) o1€°0 (0S%°y) €0E"T1 (0s2°0) S€9°0 6
960°1 (zz1°0) o1e-o (026°€) LS6°6 (0v€°0) %980 8
8T1°1 (8%2°0) 0€9°0 (oze"g) €€y (0s¥°0) €v1°1 L
8IT°1 (8%2°0) 0€9°0 (089°2) L08°9 (065°0) L6€"1 9
8I1°1 (8%Z°0) 0£9°0 (0%0°2) z81°§ (009°0) ves'1 S
8TT°1 (8%2°0) 0£9°0 (00%°1) 966°€ (099°0) 9£9°1 j
8IT1°1 (8%2°0) 0£9°0 (0€L£°0) %s8°1 (0z8°0) €80°¢ €
8IT"1 (8%Z°0) 0€£9°0 (09£°0) 0¢6°1 (00%°0) 910°1 4
8IT°1 (8%Z°0) 0£9°0 (082°0) T11L°0 (0£5°0) 8%¥°1 1
1) (*ur) wo--I333WeT( (*ur) wo--p (*ur) wo--n *ON 9TOH
€209-2831

{ | N

. 9
§ y
€
0t 6 8

-

15



v209-2811

*uUmMoys SUOT3IED0T aToy

3uTT00D Y3Fm 9an3dnils pra8 JusWLTD 93ITULI XED */ 2an31g

G70°1 (8£0°0) 861°0 (91%°S) (SL°¢€T (9€1°0) SsvE*0 01
9G0°1 (zz1°0) o1€°0 (7z8°%) €5zt (062°0) L€EL°O 6
9¢0°1 (zzi°0) o1g°0 (9€T°%) 6SL°01 (8Z%°0) £80°1 8
81T 1 (8%2°0) 0€9°0 (9€9°€) 6€2°6 (965°0) Ziv'1 L
8TI1°1 (8%2°0) 0€£9°0 (050°€) (%L L (969°0) 999°1 9.
8111 (8¥2°0) 0€9°0 (veH°27) T81°9 (9€2°0) 698°1 S
8111 (8%Z°0) 0€£9°0 (0%8°1) %L9°Y% (08£°0) 186°1 Vi
8IT1°1 (8%Z°0) 0€9°0 (82Z°1) 611°¢ (08£°0) 186°1 €
8IT1°1 (8%2°0) 0€9°0 (¥09°0) %€S°1 (91%°0) £SO0°1 I4
8I1°1 (8%2°0) 0€9°0 (916°0) TIE"°1T (9€6°0) LL£°C 1
a)n (*ur) wd--I19jauerq (*uyr) wd--p A.cﬂv wo--0 *ON 9TOH
|
L _ Z
ol 9 c
14 €

16



Mark Il thermocouple locations

C3X thermocouple locations
P TER2-6025

Figure 8. Surface thermocouple locations for Mark II and C3X airfoils.

Figure 11 shows a photograph of the C3X cascade after instrumentation was com—
pleted. The filled thermocouple grooves are visible on the right side of the

center vane, and the static pressure tube grooves are visible on the left.

The cooling tube instrumentation leads at the inlet and exit of the test vane

and the coolant manifolds on the slave vanes can also be seen.

DATA ACQUISITION AND REDUCTION

Data Acquisition System

The control room of the aerothermodynamic cascade facility contains a dedicated
computer-controlled data acquisition system shown schematically in Figure 12.
Data input signals are multiplexed by a Hewlett-Packard (HP) Model 2911A/B 200-
channel random access signal scanner, with A/D conversion performed by an HP
3456A integrating digital voltmeter. High-speed A/D conversion capabilities
are provided by a l6-channel Model HP 2311A multiplexer-A/D converter system.
The computer main frame is a Model HP 2112B with 128K words of memory available
under the RTE-IVB operating system.

Input/output devices complementing this CPU consist of an HP 7900A magnetic
disk drive (2.4 M words), line printer, cathode ray tube (CRT) terminal, tape
reader, tape punch, and digital pen plotter. A multitask, facility-oriented
software system containing general subprograms to do all routine control and
measurement tasks exists. The system is exceptionally flexible and provides
for real-time facility monitoring and diagnosis of instrumentation or control
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Mark 11 static pressure tap locations

C3X static pressure tap locations
TE82-6026

Figure 9. Surface static pressure tap locations for Mark II and C3X airfoils.

Figure 10. Installation of vane surface static pressure taps.
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Figure 11. Instrumented C3X cascade.

problems. Software routines developed to meet the specific data acquisition
requirements of individual experiments are incorporated into the main system
as interchangeable program segments.

-~

Data Acquisition Software

The data acquisition software written for this experimental program performed
two major tasks. The first task was to monitor and display the cascade oper-
ating condition as the desired run conditions were being established, and the
second was to read and store the steady-state data. The facility instrumenta-
tion utilized to determine the cascade operating point was described in the
subsection of this section entitled, "Facility Instrumentation and Geometry."
Cascade inlet total pressure and temperature were based on readings at the up-
stream core flow rakes. The cascade inlet static pressure was defined as the
average of readings at nine endwall static pressure taps near the upstream core
rakes. The average exit static pressure was taken as the average of readings
of 13 endwall static pressure taps at the cascade exit plane. The average wall
temperature was defined as the average of the midspan vane surface tempera-
tures. The operating conditions of My, Re (based on true chord), and Tw/Tg

19
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Figure 12. Schematic of computer-controlled data acquisition system.

were calculated from these averaged measured quantities and displayed periodi-
cally on a CRT during the setup procedure until a satisfactory steady-state
condition was achieved.

The second major task of the data acquisition software was to sample, average,
and store the raw aerodynamic and heat transfer data, once the desired steady-
state operating conditions were achieved. This task was executed in three
phases.

In the first phase, the facility operating point data and vane surface static
pressures were sampled and averaged. The final averaged run conditions and
vane static pressure distribution were thus established.

In the second phase, the vane surface thermocouples were read. The program
listed the surface temperature at each thermocouple and the change in tempera-
ture for each thermocouple over a fixed period of time. This procedure was
programmed in a loop and was repeated until thermal equilibrium was achieved.
When thermal equilibrium was reached, the surface temperatures and a final
Tw/Tg valve were stored, and the program entered the third phase.

20



During the third phase, cooling hole data were sampled, averaged, and stored.
The coolant mass flow rate for each cooling hole was measured using a cali-
brated orifice meter. In addition, static pressure and total temperatures
were measured at the inlet and exit of the vane for each cooling tube.

The average coolant temperature for each tube at the vane surface temperature
measurement plane was calculated, assuming a linear temperature rise through

the vane cooling hole. The Re for each cooling tube was determined from the

measured flow rate, cooling hole diameter, and viscosity based on the average
coolant temperature. The Prandtl number for the coolant flow was calculated

from the average coolant temperature. The Nusselt number was then calculated
from the following relationship for turbulent flow in a smooth pipe:

DO.S)

Cr is a function of Pr, Rep, and x/D, which corrects the Nu expression for a
fully developed thermal boundary layer to account for thermal entrance region
effects. The constant Cr found in Ref. 22 ranged from approximately 1.03 to
1.12 for the Pr, Rep, and x/D values encountered in this experiment. The
average heat transfer coefficient for each cooling hole was then calculated
from the Nusselt number, hole diameter, and thermal conductivity.

Nup = Cr(0.022 Pr0:3 Re

After the cooling hole data were processed, all of the aerodynamic and heat
transfer data acquired for one run were stored in a permanent file on a mag-
netic disk in the laboratory and punched on paper tape. The punched tape was
then used to transfer the data into the Panvalet mass storage system of the
DDA Data Center, which was accessed by the finite element program.

Heat Transfer Measurement Technique

The heat transfer measurement technique utilized a finite element solution of
the 2-D Laplacian heat conduction equation for the vane internal temperature
field using measured surface temperatures and internal cooling hole heat
transfer coefficients as boundary conditions. The technique is illustrated in
Figure 13. Inputs to the program in addition to measured exterior surface
temperatures and coolant hole heat transfer coefficients were the 2-D vane
cross—sectional geometry, the thermal conductivity of the vane material, gas-
stream total temperature, and the average coolant temperature for each radial
hole.

A finite element model of the midspan cross section of each of the two air-
foils was constructed by utilizing DDA's CAD/CAM facilities. The finite ele-
ment grids used for the Mark II and C3X airfoils were previously shown in Fig-
ures 6 and 7, respectively. Approximately 200 nodes were located around each
airfoil outer surface. A special effort was made to arrange sufficient ele-
ments in the thin trailing edge region to ensure the quality of the solution
in that region.

A cubic spline fit of all measured midspan surface temperatures for a given
run was used to provide the temperature for each surface nodal point of the
finite element model. Figure 14 shows a typical plot of measured surface tem—
peratures for one Mark II cascade run. The cubic spline fit is superimposed
on the data. This figure also shows the off-midspan temperature measurements
made to verify that the region of measurement was truly characterized by a 2-D
boundary layer.

21



*anbruyda3y uoijonpaa BIBp I23jSuei] 3IBOY ¢l @andig

oy
3oepns
e LS A

8209-2811

TETRITTE )
Jajsued) jeay |eulajxa |eaol
aonnjos

Lo Yy
}
e}J m.—. - 4|
scm&h

sJajowesed 1ndui
painseaw

uonnquysip
ainjesadwa)
|euaju |

siskjeue
Juswaja
ajlul4

22



‘uo1INGIIISIP 2injeiedwo] 20B3ANS BUBA I }IBK 4] 2andig

0v09-2811 ‘
24e/S ‘adueysip adeyin
uoiong IS BIP 32805 3Inssald
0°'1 8°0 9°0 Vo 2’0 0 ¢0 v°0 9°0 8°0 01
0 T T T T T T T T 0
00¢} -100¢
oov k- -100v
009} -1009
008 —-008
000TL -40001
) my
Hj AN

uedspiw Jjov @
uedspiiy +

23



The finite element program solved for the vane internal temperature distribu-
tion, as previously indicated. A typical plot of the internal temperature
field of the Mark II airfoil is shown in Figure 15.

Hot gas side local heat transfer coefficients were derived from the surface
normal temperature gradient by equating the local normal conduction to the
local convection. The heat transfer coefficient distribution resulting from
the internal temperature field pictured in Figure 15 is shown in Figure 16.

Data Uncertainties

An uncertainty analysis was performed for the key experimental parameters,
utilizing the technique of Kline and McClintock (Ref. 23). The accuracy of
the external heat transfer coefficient measurement is primarily dependent on
the accuracy of the external vane surface and free-stream gas temperature mea-
surement, the geometry description for the finite element program, the radial
cooling hole heat transfer coefficient calculation, and the knowledge of the
thermal conductivity of the vane material.

The measurement of the surface temperature is a well-developed technique, uti-
lizing calibrated reference junctions, thermocouple wire calibrations, a pre-
cision voltmeter, and computerized temperature/millivolt table lookups. The
uncertainty in this measurement is on the order of +1°C (2°F). Measurement of
the free-stream gas temperature is considerably less precise due to fluctua-
tions associated with the facility combustor. The accuracy of the gas temper-
ature measurement is approximately +11°C (+20°F).

In describing the airfoil geometry for the finite element program, three mea-
surements are involved. First is the external airfoil profile, including the
thermocouple grooves. The uncertainty in this measurement is approximately
+0.008 cm (0.003 in.). The second geometric measurement of importance is the
location of the radial cooling holes within the airfoil. This uncertainty is
on the order of +0.013 cm (0.005 in.). The final dimension is the cooling hole
diameter, which has an uncertainty of +0.005 cm (0.002 in.).

The technique for calculating the heat transfer coefficients in the radial
cooling holes was described in the subsection, "Data Acquisition Software."
The uncertainty associated with this calculation is estimated at +3%.

Knowledge of the thermal conductivity of the airfoil material is required for

input to the finite element program. This value is well established if mater-
ials are carefully specified, as they were in this program. Consequently the

uncertainty associated with this value is on the order of +3%.

Utilizing the uncertainties of the individual measurements just discussed, a
calculation of the overall uncertainty in the external heat transfer coeffi-
cient was made using the methods of Ref. 23. Because of the variation in the
airfoil thickness along the chord, it is necessary to calculate the uncertain-—
ty at several points. The airfoil was divided into regions and a maximum un-
certainty was calculated in each region. This value is based on the minimum
wall thickness (distance from cooling hole perimeter to exterior surface) in
each region. The resulting uncertainty in the exterior heat transfer coeffi-
cient in each region is given in Table V for the Mark II cascade and in Table
VI for the C3X cascade. The uncertainties increase significantly beyond mid-
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Figure 16. Mark II vane heat transfer coefficient distribution.

Table V.

Uncertainty in heat transfer coefficient measurements
for Mark II cascade.

Pressure surface Suction surface
Percent Percent Percent Percent
surface arc uncertainty surface arc uncertainty
0-20 + 8.4 0-18 + 9.0
20-29 + 6.9 18-32 + 8.1
29-42 + 8.4 32-42 ¥ 7.1
42-55 +10.0 42-52 + 7.7
55-67 +16.7 52-63 +10.0
67-78 +14 .4 63-73 +12.6
78-88 +18.8 73-82 +10.4
88-100 +18.2 82-91 +15.8

- 91-100 515.4

chord due to the decrease in airfoil thickness. This increase in uncertainty
is reflected in significant data scatter in the downstream regions of the air-
foil. Attempts were made during the data reduction to reduce this scatter by
increasing the number of finite element grids in this region. However, this
was relatively unsuccessful, and it was concluded that reduction of the scatter
would require significantly greater thermocouple density in this region, which
was not possible on this size airfoil. Figure 17 illustrates the data from
Run 46 for the Mark II cascade. The uncertainty for each data point is shown
on the plot.
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Table VI.
Uncertainty in heat transfer coefficient measurements for C3X cascade.

Pressure surface Suction surface
Percent Percent Percent Percent
surface arc uncertainty surface arc uncertainty
0-16 + 6.8 0-8 + 6.8
16-23 + 6.3 8-31 + 6.7
23-34 + 6.6 31-39 + 6.2
34-45 + 7.3 39-49 + 6.5
45=55 + 8.9 49-58 7.1
55-66 +13.3 58-67 + 8.6
66-78 +11.6 67-76 +11.9
78-89 +20.1 76-85 +10.9
89-100 +23.5 85-94 +15.8

94-100 ¥23.5

Knowledge of the accuracy of the static and total pressure measurements is re-
quired to calculate the uncertainties in the My and Re. As described in the
subsection, "Facility Instrumentation and Geometry,'" the pressures are measured
on a Scanivalve system, which is calibrated against a precision Mensor quartz
manometer. As a result, the uncertainty in pressure measurements is +0.7 kPA
(0.1 psi). Utilizing this information with the measurement accuracies previ-
ously discussed in this section, an uncertainty analysis based on the technique

Run 46 9
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. r . _ )
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Figure 17. Heat transfer coefficient distribution for Mark II cascade
with data uncertainty shown.
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of Ref. 23 was performed for the My, Re, and Tw/Tg. The results are given

in Table VII. Also given in the table is the uncertainty associated with the
LDA inlet turbulence measurements. This value results from significant previ-
ous experience with the LDA system.

Table VII.

Uncertainty in test parameters.
Reynolds number, Re + 3.1%
Mach number, My E 0.97%
Wall-to-gas temperature ratio, Tw/Tg + 2.0%
Inlet turbulence intensity, Tu E}0.0%

The uncertainties presented in this subsection are intended to provide the an-
alyst with an indication of the uncertainty in absolute level in utilizing the
data for verification purposes. 1In comparing data from runs for a given cas-
cade (that is, looking for Re trends, etc.), the uncertainty in the comparisons
is considerably less than the values in Tables V and VI. This is due to the
fact that several of the variables contributing to the uncertainty do not
change from run to run. For example, an error of 3% in the airfoil thermal
conductivity would result in an error in the absolute value of the heat trans-
fer coefficient, but would be of the same order for each run. Thus comparisons
of runs from a given cascade would not be affected.

TEST CONDITIONS

Experimental results were obtained for both the Mark II and C3X airfoils over
the range of operating conditions shown in Figure 18. The engine design point
conditions for each airfoil are also shown in Figure 18. Each nominal test
condition is represented by a four-digit code number that corresponds to one
Mark II cascade run and one C3X cascade run. Each digit of the code number
corresponds to one of the control variables of the experiment. The first digit
corresponds to exit My, the second to exit Re, the third to Tu, and the

fourth to Tw/Tg. Exit Reynolds numbers referred to in the figure are based on
airfoil true chord, and exit Mach numbers are based on measured inlet total
pressure and average measured exit plane static pressure. All tests were con-
ducted at a nominal gas-stream total temperature of 811K (1460°F). The run
number and actual run conditions corresponding to each four-digit code number
are given in Table VIII for the Mark II cascade and Table IX for the C3X cas-
cade.

In Tables VIII and IX PT1 is the inlet total pressure, TT1l is the gas-stream
inlet total temperature, M1l and M2 are inlet and exit Mach numbers, respective-
ly, Rey is the exit Re based on true chord, Tu is the average inlet turbu-
lence intensity, and Tw/Tg is the average wall-to-gas absolute temperature
ratio.

The cascade Re range was achieved by varying the cascade mass flow rate from
approximately 2.27 kg/s (5 lb/sec) to 4.54 kg/s (10 1lb/sec). At a given Re
condition, exit My levels were independently established by adjusting the
cascade exit pressure with a controllable exhaust valve. Tw/Tg levels were
varied by controlling the vane coolant flow rate. The cascade combustor-in-
duced inlet turbulence intensity level was found to be 6.5% based on measure-
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Table VIII.
Mark II cascade test conditions.

Code Run PT1--Pa (psia) TT1--K (°R) Ml RelxlO-6 M2 Releo-6 Tu--% Tw/Tg
4311 46 5345 (40.10) 803 (1445) 0.18 0,45 0.90 1.56 6.5 0.71
4312 47 5381 (40.37) 807 (1452) 0.18 0.45 0.90 1,56 6.5 0.80
4321 15 5109 (38.33) 772 (1389) 0.20 0.49 0.89 1.55 8.3 0.70
4322 16 5103 (38.28) 777 (1399) 0.20 0.48 0.89 1.54 8.3 0.82
4411 43 6617 (49.64) 784 (1411) 0.18 0.57 0.89 1,98 6.5 0.69
4412 44 6588 (49.42) 767 (1381) 0.18 0.58 0.89 2.02 6.5 0.79
4421 63 6644 (49.84) 771 (1387) 0.18 0.58 0.89 2.03 8.3 0.71
4422 17 6557 (49.19) 790 (1422) 0.20 O0.61 0.87 1,93 8.3 0.82
4511 40 7677 (57.59) 741 (1334) 0.18 0.70 0.91 2,46 6.5 0.73
4512 41 7679 (57.61) 736 (1325) 0.19 0.72 0.91 2.49 6.5 0.80
4521 57 7625 (57.20) 733 (1320) 0.19 0.74 0.91 2.48 8.3 0.74
4522 58 7554 (56.67) 719 (1294) 0.18 0.72 0.91 2.52 8.3 0.83
5411 42 6517 (48.89) 788 (1418) 0.19 0.56 1.04 2,01 6.5 0.68
5421 24 6700 (50.26) 794 (1429) 0.21 0.64 1.04 2,05 8.3 0.70
5422 25 6684 (50.14) 797 (1435) 0.21 0.63 1.05 2,03 8.3 0.80
5511 39 7603 (57.04) 744 (1339) 0.18 0.68 1.04 2,51 6.5 0.71
5521 59 7546 (56.61) 735 (1323) 0.19 0.71 1.06 2,53 8.3 0.73
5522 23 7529 (56.48) 770 (1386) 0.20 0.71 1,06 2.39 8.3 0.79

Table IX.
C3X cascade test conditions.

Code Run PT1--Pa (psia) TT1--K (°R) Ml Relxlo'.6 M2 ReleO 6 Tu—% Tw/Tg
4311 148 4732 (35.50) 802 (1443) 0.17 0.39 0.91 1.49 6.5 0.73
4312 149 4743 (35.58) 795 (1431) 0.17 0.39 0.92 1.51 6.5 0.81
4321 158 4707 (35.31) 808 (1454) 0.17 0.38 0.91 1.47 8.3 0.73
4322 159 4681 (35.12) 812 (1461) 0.17 0.38 0.90 1.45 8.3 0.83
4411 108 6177 (46.34) 786 (1415) 0.17 0.52 0.90 1.99 6.5 0.73
4412 109 6208 (46.57) 796 (1433) 0.17 0.52 0.90 1.96 6.5 0.82
4421 113 6248 (46.87) 781 (1406) 0.17 0.53 0.89 2.02 8.3 6.74
4422 112 6220 (46.66) 783 (1410) 0.17 0.53 0.90 2,01 8.3 0.84
4511 144 7889 (59.18) 815 (1467) 0.16 0.63 0.90 2.43 6.5 0.75
4512 145 7807 (58.57) 792 (1426) 0.16 0.64 0.90 2.49 6.5 0.81
4521 157 7990 (59.94) 818 (1473) 0.17 0.64 0.89 2.44 8.3 0.75
4522 156 7747 (58.12) 781 (1406) 0.16 0.64 0.89 2.50 8.3 0.84
5411 107 6030 (45.24) 798 (1436) 0.17 0.51 1.05 1,97 6.5 0.72
5421 110 6012 (45.10) 800 (1440) 0.17 0.51 1.05 1.96 8.3 0.73
5422 111 5955 (44.67) 796 (1432) 0.17 0.51 1.05 1.95 8.3 0.84
5511 143 7755 (58.18) 811 (1460) 0.17 0.63 1.05 2,49 6.5 0.75
5521 154 7475 (56.08) 790 (1422) 0.17 0.64 1.06 2,47 8.3 0.76
5522 155 7469 (56.03) 789 (1421) 0.17 0.64 1.06 2.47 8.3 0.84

ments made with the LDA. This level was increased to 8.3% for 10 runs of each
cascade by installing circular rods upstream of the cascade, as was described
in the subsection, "Facility Instrumentation and Geometry."
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DISCUSSION OF EXPERIMENTAL RESULTS

All of the experimental program results are tabulated in Appendix A by run
number. The measured vane surface temperatures and heat transfer coefficients
contained therein are given in normalized form, while static pressures are
given in the form of surface static to inlet total pressure ratio. The loca-
tion of each measurement is expressed as percent of surface length and percent
of axial chord. Representative data comparison plots for each airfoil are
presented and discussed in the following paragraphs.

The measured surface static pressure distributions corresponding to the two
cascade expansion ratios tested are shown in Figures 19 and 20 for the Mark II
and C3X airfoils, respectively. The marked difference in the suction surface
My distributions over the two airfoils is evident in these measurements. A
very strong adverse pressure gradient is apparent at about 20% of the Mark II
suction surface arc length. On the other hand, the C3X suction surface static
pressure distribution exhibits only moderate downstream diffusion.

The measured surface heat transfer distributions over the two airfoils also
exhibit correspondingly different characteristics. In the case of the Mark II
airfoil, the independent influence of exit My (surface My distribution) on
heat transfer distribution is shown in Figure 21. In general, the suction
surface heat transfer distributions indicate boundary layer separation and
re-attachment starting at about 20% of suction surface arc length. The loca-
tion of incipient separation as well as the character and level of the down-
stream (re-attached) heat transfer distributions exhibit a distinct My dis-
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Figure 19. Effect of exit Mach number on Mark II vane surface static
pressure distribution.
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tribution dependence. Comparison between Figures 19 and 21 shows a clear cor-
relation between the location of separation (as indicated by the heat transfer
data) and the strong adverse spike in the pressure distribution. On the other
hand, no independent effect of My level on heat transfer level is apparent

in the regions where the boundary layer remains attached (and largely lami-
nar)--an observation that is fully consistent with theoretical expectations.

The influence of exit My level on heat transfer distribution over the C3X
airfoil surface is shown in Figure 22. The C3X airfoil exhibits a more typi-
cal transitional behavior on the suction surface. In Figure 22, the location
of transition shows a clear My dependence. This is similar to the Mark II
airfoil (Figure 21), where subtle variations in My distribution materially
influence suction surface separation/re-attachment behavior.

The influence of Re level on airfoil heat transfer distribution is shown in
Figures 23 and 24 for the Mark II and C3X airfoils, respectively. In the case
of the Mark II airfoil, the Re effect (at a given exit My level) appears to

be largely reflected as a shift in general heat transfer level rather than in
heat transfer distribution (see Figure 23). This behavior implies that the
abrupt heat transfer distributional changes on the suction surface are largely
controlled by the details of the My distribution and not by Re level. This
observation gives some support to the contention that the large variations in
suction surface heat transfer are caused by separation/re-attachment phenomena
rather than simple transitional behavior. The pressure surface, on the other
hand, exhibits some tendency toward transitional behavior as the Re is in-

creased. The downstream suction surface heat transfer levels vary approxi-
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mately with Re to the 0.8 power, as might be expected from first order consid-
erations. The trend here is consistent with that for fully developed turbulent
flow over a flat plate, which is not surprising in view of the nature of the
downstream suction surface curvature and static pressure distributions.

The influence of Re level on C3X airfoil heat transfer distribution is re-
flected in the transitional behavior along the suction surface as well as in
the general level of surface heat transfer (see Figure 24). The onset and ex-
tent of the suction surface transitional zone exhibit a marked response to in-
creasing Re level. Airfoil heat transfer levels also appear to increase sys-
tematically with increasing Re in a manner similar to that observed for the
Mark II airfoil. The heat transfer distributions over the pressure surface of
the C3X airfoil exhibit a tendency toward transitional behavior at the higher
Reynolds numbers, a trend which is quite similar to that observed on the Mark
II airfoil.

Figures 25 and 26 show the effect of inlet turbulence intensity level on heat
transfer for the Mark II and C3X airfoils, respectively. The mean level of
free-stream turbulence (6%-8%) is reflected in a general elevation of laminar
region heat transfer over that which would be expected for the zero turbulence
situation (X 50%). The observed effect of the change in turbulence level from
6.5%Z to 8.3% is an overall increase in heat transfer level for both airfoils
at the Re level shown. This shift was typically observed for the Mark II air-
foil over the full range of conditions tested. In the turbulent region of the
C3X suction surface, however, no significant effect due to the change in tur-
bulence level was observed at the two higher Re levels.
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Figure 25. Effect of inlet turbulence intensity on the heat transfer
coefficient distribution on the Mark II airfoil.
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Figure 26. Effect of inlet turbulence intensity on the heat transfer
coefficient distribution on the C3X airfoil. -

Figure 27 shows the effect of varying Tw/Tg on heat transfer distribution on

the Mark II airfoil. The distribution is not significantly affected for the

levels of Tw/Tg considered. In the largely laminar regions, the observed ef-
fect of changing Tw/Tg is negligible, but the overall heat transfer level is

observed to decrease as Tw/Tg increases in the turbulent regions at the sur-

face extremes.

The effect of Tw/Tg changes on the C3X airfoil can be seen in Figure 28. As
in the case of the Mark II airfoil, the distribution of heat transfer is not
significantly affected, but increasing Tw/Tg lowers the level of heat transfer
in the turbulent regions. In the laminar stagnation point region, the trend
is observed to reverse--increasing Tw/Tg increases heat transfer coefficient.
This effect is in qualitative agreement with previous observations (Ref. 24),
although the magnitude of the effect is somewhat larger than might be expected.

CONCLUSIONS OF EXPERIMENTAL PROGRAM

The results of the experimental program are systematic and appear to be quali-
tatively in agreement with theoretical expectations. Heat transfer distribu-
tions on the Mark II and C3X airfoils are sensitive to the details of surface
My distribution, especially in the regions where the state of the boundary
layer is transitory. The overall level of heat transfer for both airfoils is
most markedly influenced by Re changes. Re also strongly influences the onset
and extent of transition on the C3X airfoil suction surface, but its effect on
the nature of the apparent separation/re-attachment on the Mark II suction
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surface is negligible. Tw/Tg and inlet turbulence level changes do not clear-
ly affect the location of transition or separation (as indicated by the heat
transfer distributions) for the levels considered. The changes in level
achieved for these variables do produce small but systematic shifts in the
level of heat transfer for both airfoils.
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ANALYTICAL PROGRAM

The overall objective of the analytical phases of this program has been to de-
fine and/or develop a suitable analytical technique for predicting local gas-
to-blade heat transfer coefficients for nonfilm-cooled airfoils operating in a
gas turbine environment. Before describing in detail the steps taken here for
accomplishing this objective, an explanation of the phrase "suitable analytical
technique" would be helpful in understanding what follows.

The results obtained within this program, both experimental and analytical,
were intended to be of immediate interest and value to the gas turbine design-
er. Analytical methods development was taken to mean structuring a tool with
which a designer would feel comfortable following incorporation into his every-
day design system. To gain confidence in a newly proposed method, a designer
is justified in asking the analyst the following four questions:

1. Does the method give significantly better qualitative and/or quantita-
tive results than what I am using now?

2. Has the method been sufficiently tested against relevant experimental
test cases that adequately encompass the conditions and phenomena en-
countered in my design domain?

3. 1Is the method relatively easy to implement into my current design sys-
tem?

4. 1Is the method (as a computer code) stable, free of ambiguous input,
and relatively inexpensive to execute?

Answering these four questions affirmatively and providing supporting evidence
is necessary (but not always sufficient) in convincing the gas turbine designer
that the analytical technique is '"suitable'" and therefore should be used.
Therefore, the analytical approach taken here in defining a suitable external
heat transfer coefficient prediction method for solid surface airfoils operat-
ing in a gas turbine environment was structured to answer as completely as
possible the four questions stated above.

The analytical program was structured in two major parts referred to throughout
as Task I and Task III. The purpose of Task I was to characterize the predict-
ive performance of a number of general methods that represent the foundations
of current design system airfoil external heat-transfer coefficient prediction
methods. Task III was designed to define or develop what might be referred to
as a specific "airfoil in gas turbine environment' method based on extensions
to the general methodology explored in Task I. While the work scope for Task

I was definable at program inception, the actual Task III approach evolved as
results from Task I and the accompanying experimental program (Task II) became
available. Task I represented an attempt to establish convincing supporting
evidence regarding the nature of current methodology, while Task III dealt

with final definition and verification of the recommended suitable analytical
technique.
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CHARACTERIZATION OF GENERAL METHODOLOGY: TASK I

This analytical program was based on the assumption that no universally ac-
cepted method currently provided consistent and accurate engineering predic-
tions of external convective heat transfer to solid surface airfoils operating
in a gas turbine environment. This assumption is consistent with the consensus
of numerous working panels accessing the state-of-the-art in computational
fluid mechanics and turbulence modeling (such as the 1980-1981 Stanford con-
ference on Computation of Complex Turbulent Flows or the Haines Working Party
[Ref. 25]). Because of this, there exists a continuous effort within universi-
ties and industry to identify which methods work better than others for any
particular application.

In keeping with this evolutionary philosophy, the initial task involved iden-
tification and assessment of the current state-of-the-art methods addressing
the problem of predicting solid surface airfoil heat transfer for gas turbine
environments. Note again that in the stated objective, state-of-the-art re-
fers to procedures or methods routinely used as part of a turbine design
strategy. This necessarily excludes giving any consideration to so-called re-
search codes, which usually represent the most advanced methodology but not
the primary day-to-day design tool.

Methods Selected

Three methods were selected for evaluation within this phase of the program.
All three methods fall under the classification of boundary layer methods.
These types of methods were judged to be most representative of the degree of
computational sophistication employed within the primary day-to-day gas tur-
bine design system. Of the three methods chosen, one is an integral method,
i.e. governing equations are expressed as ordinary differential equations, and
two are differential methods, i.e. governing equations are expressed as par-
tial differential equations. The difference between the two differential
methods was in the type of turbulence model used for closure. One method used
a mixing length hypothesis (MLH) or zero-equation turbulence model, while the
other employed a k-¢ two-equation turbulence model. The origin of these meth—
ods and some specific traits are summarized below:

Integral Method

This method, developed by Nealy (Ref. 3), solves a single, ordinary differen-
tial equation—the integral form of the thermal energy equation. This method
perhaps represents the simplest type of differential equation boundary layer
method, which might be used to determine heat transfer. The method is capable
of solving both laminar and turbulent flows. For laminar flows, local simi-
larity is assumed at each computational station and, therefore, the results
obtained from exact solutions may be used. For turbulent flows, local equil-
ibrium is assumed and zero-pressure gradient (flat plate) results are used to
develop an expression for the turbulent Stanton number. Transition from lam-
inar to turbulent flow is treated as a single computational step process based
on an arbitrary specification of occurrence. Because of these assumptions,
this method, and/or integral methods in general, have questionable range of
application. However, these methods are numerically stable and efficient and
usually give correct qualitative trends. Therefore, they are often used for
preliminary design application.
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Differential Method with MLH Turbulence Model

This method was developed over a period of years at Stanford University and is
known as STAN5, Crawford and Kays (Ref. 8). For boundary layer flow with heat
transfer, the method involves solution of two governing partial differential
equations (streamwise momentum and total enthalpy) using the finite difference
numerical scheme of Patankar and Spalding (Ref. 26). Closure is obtained
(i.e., defining the turbulent shear stress and turbulent heat flux) using
eddy-viscosity and turbulent Prandtl number concepts. This type of differen-—
tial method, which relies on algebraic relations or known quantities for de-
fining turbulent viscosity and Prandtl number, is perhaps the most familiar

and widely used boundary layer method. The STAN5 code has received wide at-
tention because of its careful development, flexibility, and adequate documen-
tation. The MLH turbulence model in STAN5 was empirically developed and tested
using a large amount of basic hydrodynamic and thermodynamic test data obtained
at Stanford University. Computationally, laminar flows are calculated by
solving the exact boundary layer equations with the necessary fluid property
tables. Transition from laminar to turbulent flows is treated by arbitrary
specification of initiation in terms of a momentum thickness Reynolds number
level. Transition length is fixed at twice the specified initiation value
within which interval the turbulence viscosity is "turned on” from a zero value
to full value, using a so-called empirical intermittency function. This type
of transition model is often referred to as a backward extension of fully tur-
bulent concepts and, in theory, avoids actual transition process modeling.
Nevertheless, this type of boundary layer method is theoretically more complete
than most integral methods and represents a step increase in predictive so-
phistication over the first method described. The range of application and
quality of predictive results are expected to be better than those of integral
methods.

‘Differential Method with k-€ Two-Equation Turbulence Model

This method represents a special version of the STAN5 boundary layer code in-
corporating the k-€ turbulence of Jones and Launder (Ref. 27). Computation-
ally, the method solves the same two governing partial differential equations
(streamwise momentum and total enthalpy) as the previous method plus two addi-
tional partial differential equations (turbulent kinetic energy, k, and iso-
tropic dissipation rate, € ), The. last two equations represent the turbulence
model or closure assumption for defining the turbulent shear stress or viscos-
ity. The turbulent heat flux is modeled using the turbulent Prandtl number
concept, as in the case of the MLH approach. The system of four partial dif-
ferential equations is solved using the same numerical finite difference
scheme, Patankas and Spalding (Ref. 26), used in Method 2. Basically then,
the only difference between the two finite difference numerical methods is the
type of turbulence model being employed. Nevertheless, this type of differen-
tial boundary layer method is viewed by many (e.g., see Haines [Ref. 25] or
Reynolds [Ref. 28]) as being a completely different conceptual approach repre-
senting a major step beyond differential methods using an eddy-viscosity turbu-
lence model.” Computationally, this two-transport equation turbulence model
method in its so-called low-Reynolds number form can be solved simultaneously
with the momentum and thermal energy equations in laminar, transitional, and
turbulent flow regimes. This single-concept treatment of the entire boundary
layer is rather attractive and indicates the potential power of this
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method. Although a "built in" transition model is implied, the transition pro-
cesses should still be viewed as being modeled by a backward extension of a
fully turbulent concept. Thus, theoretically, these types of methods are not
viewed as ends, but rather as stepping stones. Finally, because of their na-
ture, the two-equation methods would be expected to give better qualitative/
quantitative predictions over a wider range of application than the two previ-
ous methods mentioned. However, at this time, these methods are not yet widely
used within preliminary design loops, primarily because they tend to be more
sensitive numerically, more expensive to execute, and not as well demonstrated
as some of the simpler boundary layer methods.

In concluding this subsection, recall again that the purpose of this evaluation
phase was to select and establish the predictive performance of the most fre—
quently used methods of predicting external airfoil heat transfer coefficients
within a gas turbine design environment. Three methods were chosen: integral,
differential with zero-equation turbulence model, and differential with two-
equation turbulence model. These basic methods have been judged to be most
representative of the lowest to highest levels of predictive sophistication.
Simple algebraic correlations and full Navier-Stokes methods were excluded from
the study.

Experimental Data Base

In conducting the evaluation process, attention was focused specifically on
nonfilm-cooled airfoil external heat transfer prediction. Therefore, in form—
ing the data base used in this program, only experimental cases of this type
were seriously considered. 1In addition, a primary objective was to select
cases that were representative of the actual gas turbine environment in the
context of current design philosophy (e.g., highly loaded geometries or tran-
sonic flow states). Finally, to assist in modeling efforts and the evaluation
process, experimental isolation of key independent variables was an important
criterion in selecting data sets. It is useful here to list the important
geometric and flow field characteristics often associated with the quality of
predicted heat transfer for solid surface turbine airfoils in a gas turbine
environment. These characteristics are as follows:

1. Laminar, transitional, and turbulent states

2. Free-stream turbulence effects

3. Strong nonequilibrium conditions (favorable/adverse pressure gradi-
ents)

Surface curvature effects (convex/concave)

Surface-to—-free-stream temperature ratio effects

Laminarization or reverse transition process

Shock/boundary layer interaction

. Flow separation with and without reattachment

. Surface roughness

.

(Yoo LN WU, I -
.

Of the nine items listed, only the first five were considered in this study.
The last four, although important, were considered beyond the scope of the
present evaluation. The first five items represent phenomena that influence
every turbine airfoil design and must be addressed by any method as a minimum
requirement. Thus, analytical methods development in terms of turbulence
modeling has focused on the first five items.
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Turbulence model development commonly follows an isolated effect approach.

For example, if the intent is to model the effects of free-stream turbulence
intensity on observed heat transfer rates, the availability of data reflecting
the independent influence of free-stream turbulence intensity is highly desir-
able. Of course, this is usually a very difficult requirement to satisfy, in
practice, because the resulting phenomena implied by items one to six strongly
interact. For instance, changing free-stream turbulence intensity alone does
not guarantee that frequency and scale remain constant. Furthermore, any in-
tensity change usually results in a shift in transition point, which would be
reflected in a change of local surface-to-free-stream temperature ratio, etc.
Nevertheless, in forming the data base to be used here, experiments where the
isolated effects philosophy was best satisfied were ultimately selected for
evaluation and future modeling efforts.

Three sets of airfoil heat transfer data were determined to be particularly
relevant to the intent of this study, reflecting the imposed criteria sketched
out previously. These experiments were performed by Lander (Ref. 16), Turner
(Ref. 15), and York et al. (Ref. 20). A full review of other potential ex-
periments that could have been selected from the open literature will not be
given here. The interested reader is referred to Daniels (Ref. 29) for a com-
prehensive review. It suffices to state that other open literature data cases
were usually excluded because of insufficient information, nonrelevant unreal-
istic operating conditions, or lack of isolated effect information. Before
briefly summarizing the three data sets selected, it may be of interest to
note that since the initiation of this program, other potentially attractive
airfoil heat transfer data, complete in detail, have appeared in the litera-
ture. Two such studies, not considered here, were recently reported by Daniels
and Browne (Ref. 30) and Nicholson et al. (Ref. 31).

Lander (Ref. 16) Data

Lander reported suction surface heat transfer coefficient (h) and surface sta-
tic pressure distributions for two different solid surface airfoils denoted as
test airfoils 1 and 2. Five separate experiments were performed using a com—
bination of transition ducts and turbulence grids behind a gas turbine engine
combustor., Although the title of Lander's work emphasizes consideration of
free-stream turbulence effects (experimental range of 12%-27%), the cascade
pressure ratio for test airfoil 2 was essentially held constant as the chordal
Reynolds number was varied. Therefore if the change in free-stream turbulence
could be neglected (it cannot be in the strict sense), then at least a portion
of the Lander test matrix may be used to study Reynolds number effects on ob-
served suction surface heat transfer phenomena, including transition location,
length, and path. This led to the selection of test cases from the data mat-
rix of test airfoil 2. The particular cases chosen are referred to by Lander
as test number 5. This set of data was taken with a turbulence grid upstream
of the cascade, which provided a more uniform measured turbulence intensity
spanwise. The operating conditions for Lander's test airfoil 2 (test no. 5)
are shown in Table X. From these conditions, runs referred to as 52, 54, and
56 in Table X were used for the Task I experimental data base. These three
operating points are at essentially constant cascade pressure ratio and give
an approximate 2.5:1 range in Reynolds number. The experimentally determined
suction surface heat transfer distributions for these runs are shown in Figure
29. As can be seen in this figure, Reynolds number increases are reflected in
progressive forward advanceuent of :the indicated transition point on the sur-
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face. This is a commonly observed Reynolds number phenomenon derived from
heat transfer measurements. However, because measured free-stream turbulence
levels also progressively increased as Reynolds number increased (Table X),
this experiment was not a true isolated effects study.

Turner (Ref. 15) Data

Turner reported both suction and pressure surface heat transfer distributions
for a single solid surface airfoil cascade. Data at three exit Mach number

Table X.
Operating conditions for Lander's (Ref. 16) test airfoil No. 2.

Inlet total ) Inlet total Inlet midspan Chordal Cascade
_Run No. pressure--kPa (psia) temperature--K (°F) turbulence intensity--% Reynolds No. X 10~5 pressure ratio

51 138 (20) 589 (600) 12.2 1.22 1.37
52 207 (30) 589 (600) 12.0 1.83 1.55
53 276 (40) 589 (600) 16.7 2.44 1.56
54 345 (50) 589 (600) 13.9 3.04 1.57
55 414 (60) 589 (600) 16.5 3.66 1.61
56 552 (80) 589 (600) 18.1 4.87 1.54
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Figure 29. Suction surface heat transfer distributions from
experiments of Lander.
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conditions (0.55, 0.65, 0.75) and at three different levels of inlet free-
stream turbulence intensity (0.45, 2.2, 5,9%) are reported. All the variable
exit Mach number data have essentially the same qualitative trend with level
differences probably attributable to Reynolds number variation with Mach num-
ber change. To reduce the computational matrix, only that data at an exit
Mach number condition of 0.75 was selected for comparison as part of the Task
1 data base. As mentioned previously, at this specific operating point, three
different levels of inlet free-stream turbulence intensity were considered.
Data for these three levels are shown in Figure 30a and 30b. These results
essentially represent an isolation of free-stream turbulence intensity pheno-
mena. As can be seen in Figure 30b, a systematic increase in pressure surface
heat transfer levels was observed as turbulence intensity was increased. The
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absence of this same type of systematic increase on the suction surface (i.e.,
h levels for 0.45% and 2.2% free-stream turbulence on forward laminar part of
suction surface are nearly the same) indicates a rather complex differemce be-
tween suction/pressure surface physics and the role of free-stream turbulence.
The suction surface data of Figure 30a indicate a rather abrupt change in phys-
ics as turbulence intensity ranges from 2.2% to 5.9%Z. The abrupt change in h
levels on the suction surface near 70% chord for the low Tu data would indicate
some type of transition from laminar to turbulent flow. This process has been
described as either a laminar separation/turbulent reattachment process or a
natural transition (unseparated), e.g., see Dunham (Ref. 32). Since surface
static pressure distributions were not measured in this heat transfer experi-
ment, the exact nature of the suction surface transition process is not clear.

York et al. (Ref. 20) Data

This third set of data selected for the Task I data base illustrates the occur-
rence of strong nonequilibrium conditions (favorable/adverse pressure gradi-
ents). This is illustrated in Figure 31, which shows a characteristic suction/
pressure surface velocity distribution predicted by the Delaney (Ref. 21) in-
viscid blade-to-blade solver for the solid airfoil profile at a representative
exit Mach number condition. As can be seen, the "single hump” suction surface
velocity distribution indicates strong rapid changes in pressure gradient along
the surface. York reported complete solid surface heat transfer coefficient
(Stanton number) results for a select number of cases from the complete test
matrix, the operating conditions of which are shown in Table XI. Only a por-
tion of the pressure surface data is available because the actual airfoil
tested incorporated midchord pressure surface cooling discharge and no mea-
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Figure 31. Characteristic surface velocity distribution for the airfoil of
York as predicted by the method of Delaney.

46



surements were made beyond the point of injection. An interesting feature of
this data is illustrated in Figure 32. Here the experimentally determined
suction surface heat transfer distributions for four runs summarized in Table
X1 are shown. Two significantly different trends are indicated by the data

and are highlighted by the hand-drawn curves labeled I and II. These two sys—
tematically different measured trends appear to be strongly dependent on oper-
ating conditions. This is clarified somewhat in Figure 33. Here, measured
exit chordal Reynolds number versus exit Mach number is plotted for the cor-
responding run numbers of Table XI., When reviewing suction surface heat
transfer distributions, it was noted that all data below the dashed line ex-
hibited the trendwise behavior of the type I curve of Figure 32, while those
above the line were qualitatively the same as the type II curve. This "double”
trend indicates a rather intriguing phenomenological observation. Physical in-
terpretation of this double trend is hampered by lack of surface static pres-
sure data. Based on detailed inviscid solid airfoil blade-to-blade predic-
tions, and the indicated strong adverse suction surface pressure gradient pre-
dicted near 40%Z chord (Figure 31) it is speculated that the double trend repre-
sents a rather complicated transition process, the exact nature of which is
very sensitive to actual operating point conditions, i.e., Mach number level
and/or Reynolds number. Nevertheless, this data set was chosen as part of the
Task I experimental data base as a good illustration of very strong, nonequili-
brium conditions that could possibly occur in gas turbine airfoil applications.

Table XI.
Heat transfer cascade operating conditions for tests of York et al. (Ref. 20).

Inlet conditions Exit conditions

Total Turbulence

Run pressure--kPa Temperature--K level Reynolds No. Mach Reynolds No.

No. (psia) (°F) (2) x 1075 No. x 10~

3 323 822 6.4 4.6 0.94 10.1
(46.9) (1020)

13 286 804 6.3 4.2 0.94 9.3
(41.5) (988)

9 223 817 6.4 3.1 0.89 6.9
(32.4) (1011)

11 197 816 6.3 2.7 0.84 6.1
(28.6) (1009)

15 310 1106 8.8 3.3 0.89 6.9
(44.9) (1531)

17 268 1118 8.8 2.7 0.85 5.8
(38.8) (1553)

19 234 1105 8.8 2.3 0.80 5.0
(33.9) (1529)

21 161 1067 8.4 1.5 0.67 3.2
(23.4) (1461)

23 146 1086 8.6 1.3 0.58 2.7
(21.2) (1496)
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Figure 32, Suction surface heat transfer distributions from the cascade
tests of York et al.

In concluding this section, three open literature heat transfer experiments
were chosen. The data sets were specifically selected to be representative of
realistic gas turbine geometries, flow-field phenomena, and operating condi-
tions. Finally, data was selected based on adherence to the philosophy of
isolated effects.

Computational Evaluation Procedure

With three methods given and an initial experimental data base established, a
systematic computational procedure was established to assist in the general
methods evaluation process. The overall Task I evaluation program was somewhat
comprehensive in philosophy, since by selecting multiple methods and multiple
experimental data, it allowed for both method-to-method and method-to-experi-
mental data tomparisons to be made. To assist in the method-to-method compar-—
isons, each of the experimental test cases was computed (predicted) assuming
fully laminar or fully turbulent flow over the entire airfoil surface. Since
necessary precautions were taken to specify, where appropriate, the same ini-
tial and boundary conditions to all methods, these one-state flow calculations
were used to compare and evaluate methods on a qualitative basis. But, in re—

48



1.2r
Run no.
1.0} @
on
0.8}
O
' " XRY
> 11
& 0.6 — — — — — _'%17—_
Qo
0.4F
@®:l
(O):!
0.2
@ Runs used in Task 11
0 1 1 1 1 ]
0.5 0.6 0.7 0.8 0.9 1.0

M, TE82-6048

Figure 33. Exit Reynolds number variation with exit Mach number
for the cascade test of York.

ality, one-state flow does not usually exist in gas turbine environments, and,
therefore, a more realistic laminar-transition-turbulent flow computational
mode was also defined. Since the transition models incorporated in the three
methods previously described were implied to be relatively weak elements in
the overall modeling, no special effort was made to computationally force
transition to occur at locations along the airfoil surfaces indicated by the
experimental data. In the differential (STANS5) method, featuring MLH turbu-
lence modeling, transition was arbitrarily initiated at a computed momentum
thickness Reynolds number of 250. An arbitrarily specified Rey tranmsition
initiation criterion was programmed in the published version of STAN5 (Ref.
8), which was used in this study, and was retained for purposes of general
(unmodified) methods evaluation. 1In the case of the integral method, the tran-
sition process was treated as an instantaneous change from laminar flow to
turbulent flow. The point at which this instantaneous transition occurred was
specified at the surface distance location downstream of the stagnation point
corresponding to a predicted Reg value of 250. This was accomplished by using
the REg-versus-surface distance results from the differential fully laminar
STAN5 solution to specify equivalent location for the integral method. This
procedure was used because the integral solution is restricted to the thermal
energy equation and the hydrodynamic quantity Rey is not directly calculated.

In the case of the STAN5 differential method with two—equation low-Reynolds

number turbulence modeling, no explicit transition origin information was spe-
cified. Rather, the k-e transport equations were solved simultaneously with
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the two basic hydrodynamic/thermodynamic transport equations throughout the
entire computational domain. This procedure, therefore, tests the theoretic-
ally implicit transition model characteristics of the two-equation low-Reynolds
number turbulence model approach for computing either natural and or reverse
transition, e.g., see Wilcox (Ref. 33) or Jones and Launder (Ref. 27). How-
ever, as will be shown in the next section, the low Reynolds number form of

the two-equation k-€ model never indicated transition to turbulent flow. This
rather unsatisfactory result led to a careful re-examination of the implementa-
tion of the low-Reynolds number k—€ turbulence model within the STAN5 numerical
framework. Baseline computations for simpler flow cases (for instance, zero—
pressure gradient flat plate flows or mild favorable/adverse flows with and
without freestream turbulence boundary conditions) indicated the model per-—
formed as expected, i.e., a transition-type process was indicated. But these
equilibrium type flows are very different from the strong nonequilibrium
(favorable/adverse pressure gradient) conditions that occur on most airfoils.
The most apparent problem with this approach (as applied to airfoils) was that
the inward diffusion of turbulent kinetic energy, k, from the outer regions of
the boundary layer to the inner near-wall regions appeared to be unrealistical-
ly suppressed (damped). In models of this type, the inward diffusion of turbu—
lent kinetic energy is the principal mechanism for triggering transition. The
suppression of inward diffusion of turbulent kinetic energy was judged to be a
problem with the implementation of the low-Reynolds turbulence model in the
STAN5 numerical framework and not a fundamental peculiarity of two-equation
low-Reynolds number formulation in general. Without getting into a detailed
discussion of the specific numerical framework of STANS5, it suffices to indi-
cate here that the suppression of inward diffusion of turbulent kinetic energy
is probably caused by inadequate treatment of the outer edge slip point, which
is a characteristic "special"” grid point of the Patankar-Spalding (Ref. 26)
finite difference scheme employed in STAN5., This implied numerical deficiency
led to specification of two alternate computational modes of the STANS two-
equation turbulence model, which would allow evaluation of the fully turbulent
computational characteristics of the method rather than the transitional
aspects,

The two final computational modes for the differential two-equation method
represented an attempt to evaluate the fully turbulent high- and low-Reynolds
number two-equation methods. To this point, no distinction has been drawn be-
tween a high- or low-Reynolds number formulation. In the low-Reynolds number
approach, the turbulence transport equations are solved in both the inner and
outer regions of the boundary layer, i.e., entire computational domain. 1In
the high-Reynolds number approach, the transport equations are solved only in
the outer regions of the boundary layer, and the inner region is modeled using
simpler (usually algebraic) relations, such as an MLH or eddy-viscosity formu-
lation. Thus the high-Reynolds number formulation has characteristics of the
simpler eddy-viscosity approachs and is often placed in the same generic class.
The high and low terminology is in reference to the relative order of magnitude
of the local boundary layer streamwise velocity scale Reynolds number. For
low-Reynolds number turbulence model formulations, solution in both the outer
and inner regions implies low Reynolds numbers. For high-Reynolds number
formulation, solution of the transport equations in the outer region only im-
plies high Reynolds numbers. In the case of the differential high-Reynolds
number k-€ turbulence model method, computations were only performed for the
situation where the state of the flow was to be fully turbulent. Thus, compu-
tations were started fully turbulent using the k—€¢ high-Reynolds number formu-
lation. At a point along the surface where the momentum thickness Reynolds
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number, ¢Re , reached 200, the computation was switched to the low-Reynolds
number k-€¢ formulation. This high/low-Reynolds number approach guaranteed a
fully turbulent low-Reynolds number turbulence model start, which avoided the
basic problem of never obtaining a transition indication when attempting a
laminar type low-Reynolds number model start.

Predicted versus Experimental Results

This section presents the results of the computations performed using the three
boundary layer methods described in the subsection of this section, "Methods
Selected,” for the airfoil heat transfer experimental test cases described in
the subsection "Experimental Data Base."” The types of computations performed
were discussed in the subsection "Computational Evaluation Procedure.” To as-
sist the reader in interpreting the heat transfer coefficient versus surface
distance (percent chord) figures referred to in this section, the curve label-
ing convention used here will be described first. Referring to Figure 34a, it
is first pointed out that all symbols represent experimentally determined heat
transfer coefficient distributions for a given set of operating conditioms.
The analytical predictions are represented by curves labeled with numbers that

are briefly described in an accompanying legend. A complete breakdown of the
legend follows.

The legend for integral method type predictions (e.g., Figure 34a) is:

1.D.--INTEGRAL METHOD COMPUTATION

1--LAMINAR

2--LAMINAR TO TURBULENT, Regy = 250
3--TURBULENT

The descriptor, "Integral Method Computation” means the predictions are solu-
tions obtained using the integral method described in the subsection "Methods
Selected.” "l--Laminar” means the solution represents a laminar flow predic-
tion for the entire computational domain (airfoil surface). "2--Laminar to
Turbulent” means transition criterion was specified, i.e., switch from laminar
to turbulent computation when origin criterion is satisfied. The transition
origin criterion is also given, Regy = 250. "3--Turbulent” means the solu-
tion represents an assumed fully turbulent flow prediction over the entire
surface.

The legend for differential method type predictions (e.g., Figure 34b) is:

1.D.--DDA-STAN5 COMPUTATION
T--LAMINAR
2--LAMINAR TO TURBULENT, Regy = 250
3--TURBULENT, OEQ-MLH
4--TURBULENT, 2EQ-HI
5--TURBULENT, 2EQ-LO
6-~TURBULENT, 2EQ-HI/LO

The descriptor, "DDA-STAN5 Computation” means the predictions are solutions
obtained using the in-house version of the STAN5 differential (finite differ-
ence) method with the published STAN5-Crawford and Kays (Ref. 8) mixing length

51



52

0.6p

HO = 2270 wattsIM2/K

(400 Btu/hr/f2I°F)
0.5 .
1.D. Integral method computation
Laminar
0.4 Laminar to turbulent, Re g¢ =250
e (3 Turbulent
z ‘ 0]
0.3 a .
Experiment @
0.2F o O]
W @
0.1 \’,\</ * Suction surface
Run No. 52
0| 1 1 2 L 1 1 2 g ]
0 10 20 30 4 50 60 70 8 9 100 TE82-6320A
Percent axial chord
(a) Integral method predictions
0.6
S O
0 HO = 2270 watts/MZ/K
(400 Btu/hr/ft%I°F)
0.4}
g Experiment -
=
0.3}
1.D.  DDA-STAN5 computation
0.2} @ -- Laminar
@ -- Laminar to turbulent, Re t = 250
® -- Turbulent, OEQ-MLH
0.1 8 -— Turbulent, 2£Q-HI
. == Turbulent, 2£Q-L0
Suction surface _— " 9E0-
Run No. 52 . QS g ©® Turbulent, 2EQ-HI/LO

0 10 20 30 40 50 60 70 8 9 100
Percent axial chord
TE82-6320B

(b) Differential method predictions

Figure 34. Comparison of surface heat transfer predictions with the data

of Lander's run 52.



hypothesis (MLH) and the two-equation k—-€ turbulence models described in the
subsection, "Methods Selected.” "l--Laminar" again means the solution repre-
sents a laminar flow prediction for the entire computational domain. (Note:
Distinction regarding type turbulence model used is meaningless for this case).
"2--Laminar to Turbulent" means transition criterion was specified, i.e., com
pute as laminar flow until transition criterion is satisfied then begin com-
puting as turbulent flow for the remainder of the airfoil surface. For these
predictions, turbulent flow quantities are based on the published version of
the STAN5 (Ref. 8) zero-equation mixing length hypothesis turbulence model.

The transition criterion (Reg, = 250) is also shown on this label. "3--Tur-
bulent, OEQ-MLH" means the solution represents an assumed fully turbulent flow
prediction over the entire airfoil surface using the published version of the
STAN5 zero-equation mixing length hypothesis (OEQ-MLH) turbulence model. "4--
Turbulent, 2EQ-HI" means the same as 3, except the turbulence model is the two-
equation high-Reynolds number (2EQ-HI) k-€ formulation. "5--Turbulent, 2EQ-LO"
means the same as 3 and 4, except the turbulence model is the two—equation low-
Reynolds number (2EQ-LO) k-€¢ formulation. "6--Turbulent, 2EQ-HI/LO" means the
same as 3, 4, and 5, except the turbulence model is the two-equation high
Reynolds number k—-e¢ formulation for Reg <200 and the two-equation low Reynolds
number k-e¢ formulation, (2EQ-HI/LO) for Reg >200.

With this description for both integral and differential method type computa-
tions given, results obtained for the three airfoil heat transfer experiments,
Lander (Ref. 16), Turner (Ref. 15), and York, et al. (Ref. 20), can be pre-
sented.

Lander Results

Figure 35 shows the predicted and measured local static/inlet total pressure
distributions of Lander's test airfoil 2 for rumn 52 (Table X) conditioms.
Since Lander (Ref. 16) reported only suction surface data, a direct comparison
beween predicted and measured quantities can be made only on the suction sur-
face. The predicted suction surface pressure and/or velocity distribution was
used as the required free-stream boundary condition in all computations. Pre-
dicted airfoil surface pressure (velocity) distributions were computed using
the blade-to-blade Euler solver developed by Delaney (Ref. 21). (More will be
said concerning specification of boundary and initial conditions in the sub-
section to follow, "Development of a Specific Method for Gas Turbine Applica-
tions: Task III.") Also note that, although Figure 35 shows results from run
52 only, predicted experimental results for the other operating points shown
in Table X are nearly the same as in this figure, since the cascade pressure
ratio was held nearly constant.

Figure 34 shows predicted versus experimentally determined heat transfer coef-
ficient distributions, H/HO, for the suction surface of run 52 (Table X). In-
tegral method predictions are shown in Figure 34a and differential method pre-
dictions are shown in Figure 34b., Referring first to Figure 34a, it is obvious
that none of the three integral predictions gives acceptable quantitative re-
sults. Up to 70% chord, the laminar solution gives better trendwise agreement
with the experimental data than does the turbulent solution. After 70% chord,
the opposite appears to be true. The relative magnitude of the data suggests
a transition from laminar to turbulent type flow near 70% chord. For this case
it appears that the transition origin criterion, Regy = 250, is reasonable but
that the assumed simple instantaneous completior criter’on is a poor model for
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Figure 35. Surface pressure distribution for the airfoil No. 2,
run 52 of Lander's experiment.

the overall transition process. The discrepancy between the laminar prediction
and the experimental data forward of 70% flow suggest this region on the air-
foil is not well modeled, assuming strictly laminar flow (i.e., no turbulence
quantities, such as turbulent shear stress, are calculated.) This discrepancy
between a laminar prediction and experimental airfoil heat transfer data for
nominally laminar regions has been widely suggested to be due, at least in
part, to inadequate treatment of the free-stream disturbances (turbulence).

The laminar heat transfer augmentation phenomena due to free-stream turbulence
is more easily illustrated by reference to the data of Turner (Ref. 15), which
were shown in Figure 30. For the data of Figure 34, Lander reported a measured
free-stream turbulence level of 12%. The noteworthy aspect of this turbulence
augmentation phenomena is that, as shown in Figure 34a, the laminar and turbu—
lent solutions appear to form a lower and upper bound for the experimental
data. That is, with free-stream turbulence present, actual heat transfer coef-
ficient levels in nominally laminar regioms are higher than those predicted by
laminar solutions but lower than the levels predicted assuming fully turbulent
flow. This lower/upper bound result for laminar/turbulent predictions, using
the integral method, is the most obvious general conclusion that can be made
concerning this type of prediction. This will become more obvious as the re-
mainder of the integral method results are presented.

Referring now to Figure 34b, the differential method predictions, it is first
noted that the laminar solution is qualitatively and quantitatively similar to
that of the integral prediction and underpredicts the data over the entire sur-
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face. Again it should be pointed out that the laminar predictions were made
without modeling any turbulence phenomena. Note also, that as discussed in
the subsection, "Computational Evaluation Procedure,"” the solution using two-
equation low-Reynolds number turbulence modeling (curve 5) did not indicate
transition. Therefore the results were the same as laminar. Again, this re-
sult is questionable since, for the two-equation turbulence model predictiomns,
the measured free-stream turbulence was reflected in the imposed boundary lay-
er outer edge boundary conditions for the turbulent kinetic energy (k) and
isotropic dissipation rate (e€) equations. Theoretically, predictions using
the two—equation low-Reynolds number turbulence modeling concept (with free-
stream turbulence intensity imposed as a boundary condition) should have pro-
vided better overall qualitative/quantitative predictions than other ap-
proaches, especially in the nominally laminar-like flow regions on the forward
part of the airfoil. Again this was not the case observed here, as the two-
equation low Reynolds number turbulence modeling predictions gave essentially
identical results as laminar solutions. But, as explained in the subsection,
"Computational Evaluation Procedure,” this result is probably due to numerical
method deficiencies rather than to weak turbulence model concepts. Therefore,
no final conclusions can be drawn regarding the two-equation low Reynolds num—
ber turbulence model concept.

The "best" differential method predictions shown in Figure 34b were obtained
from fully turbulent zero—equation mixing length (curve 3) and fully turbulent
two-equation high Reynolds number (curve 4) turbulence model predictions. That
these two solutions give essentially the same result is related to the fact
that in both types of predictions, the same mixing length turbulence model is
being used to compute turbulent viscosity in the inner region of the boundary
layer. Again the principal difference between zero-equation and two-equation
high Reynolds number turbulence model formulations is the manner in which the
outer region turbulent shear stress is modeled. The simpler zeroequation model
uses algebraic relations, while the two—equation model solves additional trans-
port equations. Local surface heat flux and/or heat transfer coefficient is
computed using the surface normal thermal gradient. That parameter is strongly
influenced by the type of inner/mear wall region turbulence model assumed.
Therefore, both zero—equation and two-equation high Reynolds number solutions
(curves 3 and 4 of Figure 34b give similar results. This result also suggests
that the additional computational expense associated with solving two addition-
al transport equations as part of a differential high Reynolds number turbu-
lence model method is not clearly justified.

Note now that the fully turbulent differential eddy viscosity predictions of
Figure 34b are quantitatively better than the turbulent integral method
solution of Figure 34a. This result is due to explicit modeling of pressure
gradient effects within the near wall MLH turbulence model. This type of ex-
plicit modeling is absent in the integral method formulation. The exact near
wall explicit local pressure gradient damping function employed here is the
same as reported by Crawford and Kays (Ref. 8) as part of the MLH turbulence
model formulated in STAN5. Referring again to Figure 35, it is observed that
up to approximately 70%Z chord on the suction surface, the flow is essentially
always accelerating. The strong acceleration is reflected in the fully turbu-
lent differential solutions through the near wall damping term, which results
in lower heat transfer predictions compared with those made by the integral
method, which does not contain explicit pressure gradient modeling. This type
of modeling is also responsible for the wavy type turbulent predictions of
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Figure 34b. The waves correspond directly to the changes in slope observed in
the analytical suction surface pressure distribution shown in Figure 35. What
is observed in the fully turbulent solutions of Figure 34b is a strong response
to imposed pressure gradient. This type of explicit pressure gradient modeling
in near wall turbulent length scale damping functions makes specification of
realistic pressure (velocity) boundary conditions an essential requirement.

Note finally that in Figure 34b, the explicit transition origin solution, lami-
nar-to-turbulent curve 2, is trendwise reasonable, i.e., the origin and transi-
tion length are consistent with the data. But, this reasonable result is some-
what misleading when it is noted that for this set of run conditions, the tran—
sition zone is rather short and closely corresponds to the predicted (and mea-
sured) location of the velocity maximum (see Figure 35). What is observed in
the data is that transition appears to complete very rapidly once the strong
favorable pressure gradient is rather abruptly relaxed. What is difficult to
determine is the actual transition origin location. If transition had actually
started in the region of strong favorable pressure gradient, i.e., upstream of
70% chord, the turbulent buildup would most probably be suppressed due to pres-
sure gradient. It is also worth noting that the transition origin criteria is
predicted based on a parameter (Reg, = 250) derived from a rather poor lami-
nar region prediction. Thus the actual physical location where transition is
expected to occur is entirely dependent on the upstream boundary layer “"his-
tory” when the transition origin criteria is based on a boundary layer para-
meter (such as momentum thickness), as was used here. Therefore it is probably
of little benefit to attempt development of transition origin models unless

the flow upstream of transition zone is adequately modeled. The two—-equation
high and low Reynolds number turbulence model prediction (curve 6) is a rather
poor prediction and, as noted in Figure 34b, the solution indicated separation
near 80% chord, which on Figure 35 corresponds to a zone of adverse pressure
gradient. This unrealistic result is related to numerical problems associated
with the implementation of the twoequation low Reynolds number turbulence model
formulation in the STAN5 code, as previously pointed out. Overall, the best
qualitative/quantitative prediction of the Lander experiment test case, repre-
sented in Figure 34b, resulted from MLH turbulence modeling. Again this posi-
tive result is primarily credited to the explicit streamwise pressure gradient
modeling in the near wall region length damping formulation.

Integral and differential method solutions are presented in Figure 36 for the
Lander data of run 56. Referring to Table X, the major distinctions between
this experiment and the run 52 results is in the overall Reynolds number level
and the measured free-stream turbulence intensity. The increase in overall
chordal Reynolds number plus the increase in free-stream turbulence would be
expected to result in an overall increase in measured heat transfer over the
entire surface and an earlier transition occurrence. These anticipated trends
appear to be consistent with Lander's measurements shown in Figure 29, where
runs labeled 52 and 56 should be noted. This figure indeed shows an overall
increase in level, due to increased Reynolds number and/or free-stream turbu-
lence intensity, and an associated earlier transition. Note also that for run
56 the physical transition length appears to be longer for this higher Reynolds
number case. This phenomenon is probably associated with the observation that
the initial transition process appears to occur in a zone where the streamwise
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' pressure gradient is strongly favorable, (see Figure 35). It is speculated
that this strong favorable gradient initially suppresses turbulence generationm.

Returning to the integral and differential predictions shown in Figures 34 and
36, it is noted that Reynolds number dependent increases in heat transfer coef-
ficient distributions (and earlier transition prediction) are observed in all
corresponding predictions. (In general, increases due to differences in free-
stream turbulence levels are absent since most solutions shown do not explictly
account for free-stream disturbance effects.) The integral solution compari-
sons shown in Figure 36a are qualitatively the same as those shown for rum 52
in Figure 34a. That is, the laminar and turbulent solutions appear to form
upper and lower bounds for the data. Other than that, the quantitative com—
parisons are poor. The differential method predictions shown in Figure 36b

for run 56 again are qualitatively similar to those shown for run 52 in Figure
34b and discussed in detail. The only important observations to make here are
that for this case, all assumed fully turbulent predictions, (with the excep-
tion of the two-equation low Reynolds number turbulence model solution, curve
5) give reasonable trends, and the best quantitative prediction results from
the two-equation high/low Reynolds number turbulence model solution (curve 6

of Figure 36b.

Turner Results

The rather detailed discussion of predicted results for Lander's data discussed
above and the important observations noted there are, in general, valid for
what was observed for Turner's airfoil data. Therefore, only the key observa
tions unique to the Turner data set will be given here. First, reference is
made to Figure 30, which shows the suction and pressure surface heat transfer
coefficient distributions determined experimentally by Turner (Ref. 15). Three
distributions are shown for each surface, corresponding to the three levels of
free-stream turbulence intensity generated experimentally. Free-stream turbu—
lence intensity was the only quantity varied among the three experimental dis-
tributions shown in these figures. The velocity boundary conditions used for
the integral and differential method solutions were again obtained using the
Delaney (Ref. 21) inviscid blade-to-blade Euler solver. The inviscid surface
velocity distribution obtained for the exit Mach No. case of 0.75 is shown in
Figure 37.

Figure 38 shows the results of suction surface integral and differential method
heat transfer coefficient distributions compared with the experimental data.
Referring first to Figure 38a, it is again noted that, essentially, the laminar
and turbulent solutions form lower and upper bounds for all the experimental
data. It is important to note that for the two lowest free-stream turbulence
intensity data, the laminar prediction is in good quantitative agreement up to
approximately 70% chord, where a transition process appears to begin. This
result implies that in the absence of free-stream turbulence, laminar solutions
are valid. In addition the fact that the experimentally determined levels of
heat transfer are essentially the same for the two lowest free-stream turbu-
lence intensities on the suction surface indicates a criterion that implies
that laminar solutions are valid for free-stream turbulence intensities below
a certain value (say 2.2%). However, this conclusion is premature if the pres-
sure surface results (shown in Figure 30) are considered. A final note regard-
ing the integral predictions shown in Figure 38a is that the transition origin
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Figure 37. Predicted surface velocity distribution for the airfoil
of Turner for an exit Mach number of 0.75.

criterion of Rege = 250 (which seemed reasonable for the Lander results) is

a very poor criterion for predicting Turner airfoil transition data, which ap-

pear to complete near 80% chord. The integral method laminar-transition—turbu-
lent prediction (curve 2) shows transition occurs and completes near 20% chord.

The quality of the differential method predictions for the suction surface
shown in Figure 38b are again similar to those obtained for Lander's data.

For the fully turbulent predictions, which used a two—equation turbulence mod-
el, the 5.9% free-stream turbulence intensity was used as basis for setting

the free-stream turbulent kinetic energy and dissipation rate boundary condi-
tions. Overall, the laminar type solutions qualitatively/quantitatively pre-
dict the two lowest turbulence intensity data over most of the suction surface,
and the fully turbulent solutions show reasonable qualitative trends for the
highest (5.9%) free-stream turbulence data. The two—equation high/low Reynolds
number turbulence model solution (curve 6) gives the best quantitative compari-
son. Again it should be pointed out that the transition type solution (curve
2) is a poor representation due to the imposed transition origin criterion.

The integral and differential method pressure surface solutions are shown in
Figure 39. Besides the reasonable agreement between laminar solutions and the
lowest (0.45%) free-stream turbulence intensity data, the overall prediction
of the pressure surface phenomena is poor. This is especially true for the
assumed fully turbulent differential predictions shown in Figure 39b, which,
up to approximately 50% chord, give results nearly identical to the laminar
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solution. Again this results from the use of an explicit streamwise pressure
gradient function for modeling near wall length scale damping (and subsequently
turbulence viscosity suppression) in the MLH turbulence model. The turbulent
solutions indicate that, in effect, all the turbulence quantities are being
suppressed due to the strong favorable streamwise pressure gradient. That the
suppression is more pronounced on the pressure surface compared with the suc-
tion surface is due to the fact that, relatively speaking, the local streamwise
velocity, and hence local Reynolds numbers, are lower on the pressure surface
than on the suction surface. This implies both physically and computationally
that a more laminar—-like boundary layer exists on the pressure surface. This,
in turn, results in lower levels of computed turbulent stress, which are more
completely damped out with streamwise pressure gradient modeling.

York, et al. Results

Again, as in the presentation for Turner's results given previously, observa-
tions regarding the overall quality of the computed solutions that have been
noted before will not necessarily be repeated here. To obtain a complete pic-
ture of the overall methods evaluation, a review of the other results previ-
ously presented should be made. Results from two of York's experiments are
shown here. The cases are referred to as runs 19 and 9. A summary of the
cascade operating conditions and the experimentally derived suction surface
heat transfer coefficient distributions for these two runs are shown in Table
XI and Figure 32. Velocity boundary conditions for the integral and differen-
tial boundary layer methods were again supplied for these cases using the De-
laney (Ref. 21) Euler solver. The inviscid prediction for runs 19 and 9 are
shown in Figure 40. Note the exit Mach number levels for these two cases were
different, resulting in differences in predicted distributions. Figure 40 re-
flects the strong nonequilibrium conditions that may be encountered in gas
turbine airfoil design. In general, the distributions shown in Figure 40 are
similar with the exception of the suction surface beyond approximately 60%
chord. Beyond this area, the 0.80 exit Mach number (run 19) prediction indi-
cates an adverse pressure gradient distribution, while the 0.89 exit Mach num-
ber (run 9) prediction shows a favorable zone followed by an adverse zone.

The predicted surface velocity distributions shown in Figure 40 are question-
able since the airfoil tested by York featured mass injection (film cooling)
on the pressure surface, while the predictions assume that no mass injection
occurs. Therefore, the pressure surface distributions are probably invalid
but the suction surface distributions may be reasonable. This cannot be veri-
fied, however, since the York airfoil cascade was not instrumented to measure
surface static pressure. Also, because of the pressure surface mass injec—
tion, no serious attempt was made to predict the York partial pressure surface
heat transfer results.

Figure 41 shows the integral and differential method solutions compared with
data for York (run 19). The most noteable aspect of the quality of the integ-
ral solutions shown in Figure 4la is that the turbulent prediction under-
predicts the data after approximately 50% chord. As was noted previously, in
general, the turbulent integral solutions represented an upper bound for the
measured data. The fact that this is not the case here has led to speculation
regarding the nature of the flow field beyond 507 chord. Two experimentally
observed suction surface heat transfer coefficient distribution trends were
observed in the York data, as illustrated in Figure 32, and were highlighted
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Figure 40. Predicted surface velocity distributions for the airfoil of York.

by the hand-drawn curves labeled 1 and II. These trends were discussed previ-
ously in the subsection "Experimental Data Base,” and should be referred to
for review. What is important to this discussion is that the type I measured
heat transfer levels beyond 50% chord are significantly higher than turbulent
integral method predictions. One possible explanation for this result is that
the boundary layer beyond 507 for this condition is in a separated or fully
detached state. This possibility is suggested by the streamwise velocity dis-
tribution for the 0.80 exit Mach number (run 19) condition shown in Figure 40.
This distribution indicates the boundary layer is subjected to an adverse
pressure gradient beyond approximately 507 chord. Initially, the strong ad-
verse gradient is followed by a relatively weak adverse zone. If the initial-
ly strong streamwise adverse pressure gradient was sufficient to separate the
boundary layer, then it is possible the reattachment would be difficult, since
the remainder of the airfoil surface is characterized by decelerating flow.
This represents a difficult environment for reattachment and, even if the
boundary layer did separate and reattach, the flow near the wall would have to
be considered highly unstable. Thus, fully separated condition is one possi-
ble explanation for the discrepancy between the turbulent integral method so-
lutions and the data for run 19 shown in Figure 4la.

The integral method laminar solution in Figure 4la shows a reasonable

trend with the data up to approximately 30%Z chord. Again the solution forms a
lower bound to the data, as previously noted, when free-stream turbulence ef-
fects are computationally ignored. Note also that the predicted heat transfer
levels from the laminar solution are driven to zero in response to the strong
favorable streamwise pressure gradient imposed. This rather questicnable re-
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sult is related to the fact that the integral method laminar solution is based
on tabulated exact similarity solutions which do not bound the imposed pres-
sure gradient conditions, i.e., extrapolation is being used. But, beyond ap-
proximately 40% chord, the laminar solution recovers to realistic laminar heat
transfer levels reflecting interpolation rather than extrapolation.

The differential solutions for these data are shown in Figure 41b. As can be
seen, four curves are truncated upstream of 50% chord, which represents a com-
putationally terminated solution because of predicted separation. The turbu-
lent zero-equation mixing length and two-equation high Reynolds number turbu-
lence model solutions are complete. More significant than the poor qualitative/
quantitative representation of the data is that these complete solutions do not
indicate turbulent boundary layer separation anywhere along the surface. This
condition was previously suggested as a possible cause for the high levels of
heat transfer data beyond 50% chord but was not indicated computationally.
Therefore the nature of the flow in this region is still uncertain, since the
analytical predictions provide no clear basis for any conclusions. Note fin-
ally that the very wavy turbulent predictions of Figure 41b are related to the
explicit streamwise pressure gradient inner region modeling, which appears to
be inadequate for the levels of pressure gradient imposed here.

Figure 42 shows the integral and differential method solutions compared with
the data for York (run 9). Referring to Figure 42a, it should again be noted
that the laminar and turbulent solutions form a lower and upper bound to the
data. This has been the dominant integral method solution theme everywhere
except for the York (run 19) solutions. Again, point transition at Re ; =
250 gives a rather poor representation of the experimental data. The results
for the differential method solutions shown in Figure 42b again show trends
comparable to those observed previously. That is, fully turbulent solutions
tend to give a reasonable qualitative type prediction but poor quantitative
results. Also, transition solutions are poor representations. Again, trun-
cated solutions shown in Figure 42b represent cases where the boundary layer
separated computationally.

Summarz

A discussion describing the "Task I: Characterization of General Methodology"
portion of the Analytical Program has been presented. It is the purpose of
this subsection to bring into fihal perspective the objective of this initial
task and set the tone for the Task III methods development effort.

Three methods were chosen for evaluation within this program. The main cri-
terion used in selecting these methods was to choose schemes that were most
representative of current turbine design system methodology for prediction of
external airfoil heat transfer coefficients. This led rather naturally to the
selection of boundary layer methods. The major difference among the three
methods was in the analytical form of the governing equations that were solved
and the complexity of the turbulence model assumed. Also, in the initial
evaluation phase, no special efforts were made to improve any of the modeling
currently incorporated within the general, as published, methods.

With the methods selected, an evaluation data base was constructed containing

airfoil heat transfer experimental data cases, which were chosen to be repre-
sentative of operating conditions, geometries, and physical phenomena associ-
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ated with gas turbine environments. Additionally, the data were selected based
on their potential for independently isolating various effects, such as free-
stream turbulence intensity or Reynolds number.

Flnally with the methods and data base defined, actual solutions were computed
using various assumptions regarding the nature of the flow, and these solutions
were compared with the experimentally determined heat transfer coefficient
distributions. The major conclusions of this comparative study are as follows:

o Laminar flow solutions show good comparison with experimentally determined

heat transfer distributions only when free-stream turbulence levels are
small.

o Increased levels of suction/pressure surface heat transfer suggested by
the presence of free-stream turbulence for an otherwise laminar flow re-
gion are, in general, predicted qualitatively better assuming laminar flow
but quantitatively better assuming turbulent flow.

o For all but one of the airfoil cases considered here, the integral method

laminar and turbulent solutions form lower and upper bounds for the exper-
imental data.

o The "worst" quantitative predictions were observed for the Turner pressure
surface data.

o In a number of cases, the differential method solutions using the two-
equation high/low Reynolds number turbulence model formulation gave the
"best" quantitative results.

o In general, the simple transition origin and length models used here lead
to poor predictions.

o Fully turbulent flow computations and the resulting predicted heat trans-
fer coefficient levels are very sensitive to the specified free-stream
pressure (velocity) distributions, particularly when the near wall turbu-
lence model explicitly uses streamwise pressure gradient to define length
scale damping.

o In general, the boundary layer methods evaluated in this study using gen-
eral textbook-type turbulence models proved inadequate for predicting ex-—
ternal heat transfer coefficients over the range of experimental test con-
ditions and geometries considered here.

The last observation, although probably the most important, was suspected to
be true before this program began. So, one contribution of the methods evalu-
ation phase was to establish and document what was initially suspected to be
the case. These conclusions are of some importance to the designer who must
select or employ one of the several methods examined here. With this initial
evaluation task completed, an obvious question is: What should be done to im-
prove the predictions? After careful evaluation of the results of this Task
I, it was decided to concentrate all efforts on further examination and devel-
opment of only one method: The differential method approach (STAN5), using a
zero-equation MLH turbulence model formulation. The decision to carry forward
the development of only one method was a practical decision based on a desire
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to satisfy the designer's needs. The decision to base modeling efforts on a
simple eddy viscosity concept over a higher order turbulence model concept is
based on the past attention given to the simpler approach, especially for gas
turbine environment specific applications. It should also be noted that the
detailed experimental data required to realistically tune higher order turbu-
lence models for gas turbine environment applications are quite scarce. On
the other hand, global-type boundary layer data, normally used to develop more
empirical lower order turbulence models (such as eddy viscosity models), are
more common. This is especially true if the experiment being performed is an
attempt to simulate realistic gas turbine operating conditions. Therefore the
subsequent Analytical Program efforts were focused on the development of a
suitable differential/mixing length turbulence model method for the prediction
of external solid surface airfoil heat transfer coefficients.

DEVELOPMENT OF A SPECIFIC METHOD FOR GAS TURBINE APPLICATIONS: TASK III

Introduction

Although any computational method which does not solve the full (time depen-—
dent) Navier-Stokes and energy equations cannot be expected to be universally
valid over the entire range of circumstances governed by these equationms,

there are solutions from reduced sets of these equations that are valid for

a subset of problems. In particular the boundary layer equations physically
satisfy most of the theoretical assumptions used to formulate the reduced set
of equations. It is implied in this work that the flow field immediately adja-
cent to the solid surface of an airfoil at typical gas turbine geometry condi-
tions can be analytically modeled using the boundary layer equations. That
this is a reasonable assumption is partially justified by the boundary layer
methods evaluation study detailed in the previous section where particular
classes of solutions were able to capture most of the qualitative aspects of
the physical phenomena indicated by the experimental data. That the methods
did not consistently give good quantitative solutions is an indication that
reduced methods have a limited range of validity. Therefore, the objective of
the boundary layer methods development effort performed within this program
was to start with a particular general boundary layer method featuring basical-
ly "good physics" and extend and/or modify it so that its useful range of vali-
dity would include gas turbine airfoil heat transfer problems. The general
method used here as the starting point was one which numerically solved the
streamwise momentum and energy partial differential boundary layer equations
using MLH/eddy diffusivity concepts for modeling the turbulent shear stress

and heat flux. The specific computer code selected was the Crawford and Kays
(Ref. 8) published version of the STAN5 two-dimensional boundary layer program.

The actual strategy used in extending and/or modifying the general MLH turbu-—
lence modeling boundary layer methodology was to pay particular attention to
both the turbulence model and nonturbulence model aspects of the complete
boundary layer problem. Boundary and initial conditions are considered to be
nonturbulent aspects of the boundary layer problem but are important since the
boundary layer equations are parabolic in nature. The assumption that the
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boundary and initial conditions are known (or not critical) can be a dangerous
approach and has led to incorrect conclusions regarding the performance of a
particular turbulence model. In general, boundary conditions become very im-
portant when strong nonequilibrium streamwise pressure gradients are present.

This is because streamwise pressure gradient terms appear explictly in the
boundary layer equations and become dominant terms when the flow is strongly
accelerated or decelerated. The specified initial conditions are usually not
considered particularly important aspects of the boundary layer problem be-
cause the boundary layer equations themselves have rather weak "upstream mem-
ory"” properties. Therefore the boundary layer solutions can be desensitized
to initial condition errors by starting the boundary layer solutions far enough
upstream of the actual zone of interest. This, of course, cannot be done for
airfoil boundary layer computations because the entire airfoil surface makes
up the computational domain and, therefore, is of interest. Actually, initial
conditions are even more critical to airfoil heat transfer problems, because
computations are usually started near the leading edge stagnation point, which
is of critical importance to the designer. Since the nonturbulent aspects of
the airfoil boundary layer heat transfer problem, i.e., boundary and initial
conditions, are so important, the manner in which they were specified will be
discussed in two separate sections below.

The turbulence modeling aspects of the boundary layer problem considered herein
were treated initially as though an acceptable model reflecting free stream
turbulence, curvature and transition effects were already available. The in-
tent here was to avoid a lengthy turbulence model development effort beyond
the scope of the present program. The previously developed approaches were
tested using selected experimental test cases, the data base used in Task I,
Lander (Ref. 16), and Turner (Ref. 15), as well as the data obtained in the
current program (Task II). It was found, however, that when tested against
these rather extensive data sets, simple extensions to the MLH turbulence mod-
eling were often inadequate. This result led to a turbulence modeling effort,
which specifically addressed the airfoil heat transfer problem.

Boundary Conditions

Any given boundary layer code is only as good as the inviscid blade-to-blade

code used to predict boundary layer edge velocity conditions. Therefore, any
discussion of the development of a suitable airfoil heat transfer prediction

scheme should begin with a discussion of the manner in which boundary condi-

tions are provided via an inviscid blade-to-blade method.

For all airfoil boundary layer computations performed within this program,
boundary conditions were obtained from two-dimensional inviscid blade-to-blade
solutions computed using the time dependent Euler equation solver of Delaney
(Ref. 21). The Delaney method uses a body-centered coordinate system, which
allows detailed resolution of the leading edge and/or stagnation region. Ac-
curate resolution of the stagnation region flow field is essential to estab-
lishing suitable initial conditions in the leading edge region. Figure 43 il-

69



*(ST1033TB X€D PUB ‘II MYVW ‘Iauang
‘aspue] 103 2ie SpTI3 381B0)) SISATPUER 2pE[Q-03-2pBIq pPIos1IAUT A3ue|a(
?y3 jo 3aed se po3eBidudld sprad wolIshs 2IVUTPIOOD paidIUAD-Apog gy PanBrg

1/19-2811

Japue I Mew

Xed Jauinj

70




PSW/PTI

<1.0
A Measured M2= 0.90

0.8 O . Measured M2= 1.05 40.8

0.6 e Predicted M2= 0.90

rememe= Predicted M2= 1.05

0.4

0.2 o - 0.2
Mark 1] airfoil

0 1 1 1 ] 1 1 1 1 0
1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0
Pressure Suction

Surface distance s/arc TE82-6472

Figure 44. Delaney 2-D inviscid blade-to-blade analysis surface static/inlet
total (PSW/PT1) solutions compared with MARK II experimental data for
exit Mach numbers of 0.90 and 1.05.
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Figure 45. Delaney 2-D inviscid blade-to-blade analysis surface static/inlet
total (PSW/PT1) solutions compared with C3X experimental data for
exit Mach numbers of 0.90 and 1.05.
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lustrates the body-centered coordinate grids generated analytically for the
four airfoils that made up the experimental data base used in this Task III
method development phase. For purposes of reproduction, only coarse grids are
shown. In actual application, the grid can be made as fine as necessary to
ensure that solutions are converged with respect to grid density. To demon-
strate the qualitative/quantitative attributes of the selected inviscid flow
solutions reference is made to Figures 35, 44, and 45, which show predicted
surface static/inlet total pressure distributions for Lander (Ref. 16), Mark
II, and C3X airfoils, respectively, at the indicated exit Mach number condi-
tions. In general, the method captures all the qualitative and quantitative
aspects of the data. This is particularly significant in the case of the Mark
II airfoil, which indicates the presence of a strong shock on the suction sur-
face.

Initial Conditions

The initial conditions that must be specified for a compressible, two-dimen-
sional boundary layer method with zero order turbulence modeling are the boun-
dary layer velocity and thermal profiles. As mentioned in the introduction of
this subsection, airfoil boundary layer methods are computationally started in
the near vicinity of a specified leading edge stagnation point. Therefore,
care must be exercised in defining these initial profiles to obtain realistic
stagnation region heat flux levels. The purpose of this section is to describe
the method used for generating the required initial velocity and thermal pro-
files. The particular method summarized below is referred to as the initial
profile generation method (IPGM). The IPGM used for all solutions computed in
the Task III phase of the analytical program is an extended version of the
Miyazaki and Sparrow (Ref. 34) similarity solution analysis developed for pre-
dicting the effects of free-stream turbulence on heat transfer to cylinders in
cross flow. Although the method was not developed for airfoil boundary layer
calculations, the fact that this analysis was based on the solution of a
transformed set of the boundary layer equations (similarity form) means that
both velocity and thermal profiles are part of the solution. The Miyazaki and
Sparrow method was generalized in two ways for application as an IPGM. Their
model for eddy diffusivity (ep) was also extended to treat cases other than
cylinders in cross flow. -

The first generalization was to recast their system of governing incompressible
differential equations into a compressible flow form. Starting with the
two-dimensional incompressible momentum and energy equations and introducing
the Goertler transformation, Miyazaki and Sparrow obtained the following
stagnation flow transformed momentum and energy equations.

€

m " "

(]+T)F + FF" +
N —

a
F=F =0atn=0

1 - (F')2£ =0 (1a)

Fleolasn +» o

72



(1b)

T=0atn=0
T+>1 asn -+ o

F and T are the dimensionless stream function and dimensionless temperature,
respectively. The Goertler transformation relating the physical coordinate
variables (x,y) to the nondimensionalized transformed variables (€,7) and the
relations between the physical streamwise velocity component (u), temperature

(t), and stream function (¢) to the transformed quantities (and/or derivatives
of) F and T are

1 X
g = ,__ru‘m/ ue(x)dx = g(x) (2a)
Goertler 0
Transformation X -1/2
n = [2 v/ ue (x)dx ] ue(€)y = n(x,y)
o]
with () = %( ) (2b)
X -1/2
d »y) =| 2 d F
an Y (x,y) [ v_/o- ug (x) XJ (n)
u(x,y) = ug(g)F'(n)
t(x,y) = ty + (te-t,)T(n)

Nondimensionalization quantities L, and U, are defined as a characteristic
length scale (cylinder diameter by Miyazaki and Sparrow) and uniform upstream
velocity level, respectively. The boundary layer outer edge (free-stream)
velocity and temperature and the wall temperature boundary conditions are

u, t, and t , respectively. Equations la and 1b reduce to the stagnation
pointeflow form of the Falkner-Skan equations if the terms labeled a and b are
set equal to zero. That is, the final similarity form was obtained by neglect-
ing viscous dissipation in the energy equation, assuming constant free-stream
(te) and wall (tw) temperature boundary conditions and a power law free-
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stream velocity (ug) distribution as discussed below. The terms a and b of
1l are modeled as described by Miyazaki and Sparrow. Equations la and 1lb cast
in generalized compressible similarity form are

[C(] + —iﬂ ) F"] + FF" + B[G-(F')Z] =0 (32)

a
F=F =0atn=0

F'=1asn->e

1 1 Emy o - ) 2 pny?
[c (o + P ) e] tOFG = oC (14 =) (Y-1) Mg (F") (3
N, a

where
_ _Pu .
C-= = Chapman-Rubesin parameter (4)
pe e
du
B = %E——- —Hzg— = transformed Euler number
e

Y = cp/cv = specific heat ratio

Me = free-stream Mach number

Equations 3a and 3b were derived starting with the two-dimensional compres-
sible boundary layer equations and introducing this time the Illingworth trans-
formation., This transformation relating the physical coordinates (x,y) to the
transformed variables (§,%) along with the relations between physical stream
function (y), streamwise velocity component (u), and static enthalpy (h) to

the transformed variables F, F', and G are
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]

X
pa(x) u (x) u (x) dx = 5
I1lingworth ‘/o‘ e e e £(x) (5a)
Transformation y
ue(£)
= /Od.Y = n(x,y)
V 2¢ 0

3
n

with o) =———dg ()
and U(x,y) =428 F(n) (5b)
u(x,y) = ug(g) F'(n)

h(x,y) = he(€) G(n)

Note here that as implied by 5b, F and G are proportional to the stream func-
tion (Y) and static enthalpy (h) respectively. Equations 3a and 3b minus the
terms a and b are the same as those given by White (Ref. 35) for compressible
laminar flow where the final similarity form was achieved by assuming constant
free-stream total enthalpy (Hg), constant wall temperature (ty), power law
free-stream velocity (ug) distribution, and ideal gas. The interested reader
should refer to Ref. 35 for more details. 1In 5b, h, is defined as the bound-
ary layer outer edge (free-stream) static enthalpy. Note that in the energy
equation 3b the viscous dissipation term (right-hand side of 3b) has been in-
cluded. However, for stagnation point flows (B =1) this term is negligible
since Mg ~ 0. For high speed flat plate flow (8 = 0), which is the other

case where 3a and 3b represent compressible similarity equations, the contribu-
tion due to viscous dissipation may be significant. Numerically, equations 3a
and 3b together with the boundary conditions listed above are solved in an
iterative fashion on a nonuniform grid using a modified box scheme described
in detail by Weigand (Ref. 49). For property variation within the solution
domain, air is assumed and the Eckert and Drake (Refs. 50) tables are used.
Once equations 3a and 3b are solved in transformed (§,7) space, the relations
given by 5a and 5b are used to solve for the physical streamwise velocity (u)
and static (h) or total (H=h+u2/2) enthalpy boundary layer profiles required
as input to the airfoil surface 2-D finite difference boundary layer analysis.

The second generalization made was to allow for stagnation point flow on arbi-
trary geometries. For similarity, an assumption is made that the free-stream
velocity (u,) in the near stagnation point region satisfies the following
form:

ue = K xEu (6)
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where K is a constant, x is the surface distance, and Eu is the Euler number,
which for stagnation point flow is equal to unity. Nondimensionalizing equa-
tion (6), using the upstream velocity (Uw ), a characteristic reference length
(Ly), and explicitly setting Eu equal to unity yields

(@ 46

due L
9 Lr

where A = dx = Kby o constant
Ueo U

In general, A, the normalized streamwise velocity gradient, is a function of
geometry. For cylinders in cross flow, where L, may be taken as the cylinder
radius, an acceptable value for A based on potential flow solutions is 2.0 for
x/Lr ~ (0. Reduced values for A have been suggested (see Ref. 35) by various
authors to account for viscous effects. The value used by Miyazaki and Sparrow
for cylinders in cross flow was 1.816. The heat transfer coefficient or Nus-
selt number obtained from the solution of Equations 3 and 4 is a function of A.
Theoretically then, the accuracy of the stagnation point heat transfer predic-
tion is dependent on how accurately A is known. In practice, the leading edge
of an airfoil is commonly modeled as a cylinder in cross-flow. In that case, A
= 1.816 and the resulting IPGM would be equivalent to the Miyazaki and Sparrow
formulation. The basic approach can be readily generalized to more realistic
airfoil stagnation point regions by relaxing the cylinder in cross flow assump-
tion and deriving the value of A from the inviscid blade-to-blade solution at
the stagnation point. Establishing an appropriate value for A and/or K, near
the stagnation point on an airfoil, is a straightforward task if the inviscid
blade-~to~blade solver uses body centered coordinates (see Figure 43). This
reinforces a previous argument that any boundary layer method (including a gen-
eral IPGM) is only as good as the inviscid blade-to-blade analysis.

In generalizing the Miyazaki and Sparrow approach to geometries other than
cylinders, the validity of their basic eddy diffusivity (ey) model was also
re—examined. The basic Miyazaki and Sparrow model for €p, within the boundary
layer (defined in physical variables) is given as,

eg = 2.2 A<U'>, (%1) (8)

0.4y for 0<y< 0.0225§
where £ = %
0.098 for 0.2258 < y

with <U'>.D'C'_">(Tum Ue )

Based on extensive comparisons with the airfoil leading edge heat transfer data
reported herein, the Miyazaki-Sparrow viscosity model was eventually modified
for the generalized IPGM used here. The modified eddy diffusivity model is
given as,
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o= blcknf] +enfy)

. { 0.4y for 0<y <0.225§
0.098 for 0.2258 < y
( - ’ r—
s e[1’176 0.02 (ReD/ ReD)] for 0< (Re;)/ JKeD) < 50
B = (9)

( 1.2 for 50<(Re;)NReD)

A = normalized stagnation point free-stream velocity gradient determined
from the inviscid blade-to-blade solution, Equation 7

Re’
ED'D— C> TUm ﬁe—l-) = TU@@

—

The implied length scale in the Reynolds number definitions is twice the radius
of curvature of the airfoil surface at the stagnation point (for cylinders,
this is equivalent to the diameter). With the exception of the term in
brackets, Equation 9 is the same as 8. The function B, [1.2 < B < 3.24], re-
places the constant 2.2 of Equation 8 and was developed as a generalization,
which gave somewhat better results for cylinder data. The term involving A
reflects the increase, A > 1.816, or decrease, A < 1.816, of eddy diffusivity
for geometries other than cylinders. Note that for cylinders in cross flow
with A = 1,816, Equation 9 essentially reduces to the original Miyazaki and

Sparrow Equation 8, Therefore Equation 9 is still valid for cylinders in
cross flow.

The marked improvement in predicting airfoil stagnation point heat transfer
(including the effects of free-stream turbulence and arbitrary pressure gradi-
ent), using Equation 9, is shown in Figure 46. 1In this figure, the predicted
stagnation point heat transfer coefficient (hprgp) ratioed to the experi-
mentally determined value (hygpg) is shown plotted against the turbulent
Reynolds number ratio parameter for the four different airfoils shown in Fig-
ure 43. As can be seen in Figure 46, the airfoil stagnation point predicted
(using Equation 9 for defining turbulent diffusivity) heat transfer coefficient
has a mean value about 5% higher than the measured value and has a scatter of
+10%. It is important to point out here that if an attempt is made to include
the effects of free-stream turbulence on airfoil stagnation point heat transfer
(assuming the airfoil leading edge can be modeled as a cylinder in cross flow),
then the levels of heat transfer predicted could be in serious error. This is
illustrated in Figure 46 by the Equation 8 results.

In summary, this subsection has described the manner in which required initial
conditions were specified for airfoil boundary layer computations. Again, it
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Figure 46. Airfoil stagnation point heat transfer predictions, including the
effects of free-stream turbulence obtained using cylinder in cross-flow
assumption (Equation 8) and generalized geometry assumption
(Equation 9). Predicted heat transfer coefficient is shown
normalized by measured value (hpgrgp/hMgAs)-

is important to note that realistic initial conditions are essential because
the surface boundary layer computations are usually started near the leading
edge stagnation point, which is an area of special interest to the gas turbine
airfoil cooling designer. An analytical/numerical procedure (IPGM) for gener-
ating initial conditions in the form of velocity and thermal profiles, based
on stagnation point similarity solutions, including the effects of free-stream
turbulence and pressure gradient, was presented. The IPGM used within this
program and suggested for general use in a design system environment is given
by Equations 3a, 3b, and 9. It was demonstrated that this turbulent form of
the boundary layer similarity equation yields reasonable airfoil stagnation
point heat transfer predictionms.

Effective Viscosity Modeling

This subsection deals with the so-called turbulent aspects of the airfoil heat
transfer method development eluded to in the introduction. 1In this subsection,
a brief discussion of the effective viscosity concept will be followed by a
description of the formulation developed as part of this program.

General Effective Viscosity Formulation

In the basic effective viscosity/Prandtl number approach to modeling turbulent
shear stress and turbulent heat flux, eddy diffusivities for momentum (e,) and
heat (€y) are introduced to model the unknown fluctuating quantities as given
below
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This assumption relates the fluctuating quantites to more definable mean gra-
dient quantities. Using Equations 10 and 11, an effective viscosity, peff,
and an effective conductivity, (k/cp)eff, may be defined as follows

Megg =M+ ug =p(v + e) (12)
(k > = _k__.+(_k__>
¢p/ eff cp \Ncp/y (13)

In practice, it is often easier to work with the dimensionless Prandtl number
rather than with conductivity. Therefore an effective Prandtl number, Pr.¢g,
is defined using Equations 12 and 13 together with the so-called turbulent
Prandtl number, Pry, which relates €  and €y. That is

e = Jeff ; N LT (14)

where

fmo. My
€

Pr=-——yandPr= —_
(k/cp t H (k/cp)t

With this definition, Pr, becomes the unknown turbulent quantity in the en-
ergy equation rather than k., the turbulent conductivity. The unknowns that
must be modeled in the effective viscosity/Prandtl number approach are the
turbulent viscosity, pt, and turbulent Prandtl number, Prg.

In this study, more generalized forms of the effective viscosity/Prandtl number
were used to accommodate explicit modeling of free-stream turbulence and tran-
sition as part of an MLH turbulence modeling approach. These forms are

Hefr = 1 H( Yy Mg + Yqy Hpy) (15)

Y; H+ + YTy H1U)
1+ 0t ts U MU (169

Pr =
eff 1, O He + Yy Hy) T

Pr u Pri

79



where

o (vt ug + Y1y ¥1u)
R (7

Note that the term in parenthesis above replaces the single term representa-
tion of turbulent viscosity, u¢, in Equations 12 and 14. Use of the same
variable, [T in both Equations 12 and 15 is intentional. 1In simple ap-
proaches, which explicitly include the effects of free-stream turbulence, mod-
eling of the turbulent viscosity, pt, is not changed but rather free-stream
turbulence is accounted for by introducing an additional term ( M py) referred
to here as the "turbulence" viscosity. With this approach, Equations 15 and
16 are equivalent to Equations 12 and 14 only if 7, is unity and %y and/or
Hry equals zero.

As a side note, it is interesting to note that the so-called turbulence vis-
cosity, Ky, was introduced explicitly, but a corresponding turbulence

Prandtl number, which might be defined as the ratio of turbulence viscosity,
Ky, to turbulence conductivity, was not introduced. This apparent over-
site or inconsistency would seem to be important when attention is being so
specifically paid to airfoil heat transfer type problems, where the effects of
free-stream turbulence are so pronounced. That it is not defined or modeled
emphasizes the lack of historical attention given to modeling turbulent heat
flux. This is unfortunate, as pointed out in Haines (Ref. 25), and truly
hampers turbulence modeling efforts when heat transfer is important. The con-
cept of turbulence Prandtl number (and the modeling of turbulent Prandtl num-
ber in general) have been largely neglected in the sense that phenomena asso-
ciated with airfoil heat transfer are explicitly modeled only through the mo-
mentum equation and hence affect the energy equation only through rather poorly
developed turbulent Prandtl number modeling. Any serious attempts to directly
model turbulent heat flux and/or turbulent Prandtl number in this particular
program would be difficult, if not impossible, at this time because the de-
tailed airfoil heat transfer data necessary to verify any new modeling concept
are absent.

Returning now to the discussion of the effective viscosity formulation given

by Equation 15, it should be noted that two additional terms Y and Yy
are introduced. These terms are commonly referred to as intermittency func-

tions. Their purpose is to "turn-on" or "turn-off" the terms they multiply in
a specified manner. In practice, the transition process from laminar to tur-
bulent flow is modeled through 7. That is:

0 Laminar zone
- cy . (17)
Yi 0<Yt<1 transition zone
1 turbulent zone

Specification of the actual functional form of the intermittency, yt’ is
the result of transition origin, path, and length modeling.
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If Vt were allowed to range from zero to one and also from one to zero, then
both a natural (forward) transition and a reverse transition (relaminarization)

could be modeled.

Finally, the term Ypy is introduced to specify in which zone--laminar, tran-
sition, or turbulent--the turbulence viscosity is added. In practice, ¥y

may be directly related to 7, (e.g., Ypy=1-7.) or a Y, independent function
may be developed.

Before leaving this section, it is of interest to contrast the "original" and
“final" approaches to turbulence modeling put forward here. This will hope-
fully highlight the main framework of the MLH turbulence model used in the
Task I methods evaluation in terms of Equation 15. That is, in the baseline
STAN5-MLH method used in Task I (and as a starting point for Task III):

eff = M¥ Yy Mg ¥ Yy Hyy (a
Hy = pDzzzlﬂl (b
t oy
<y osys e
2 = (c
AS
AS =
o <Y< 8 (18)
k = 0.41, x= 0.086
D=1.0 - exp[-y+/A+] (d
e E_\%X LAt = At

3
pw - dx

_‘tw + Vy dp

u_ =\— , P —_—
T ¥
w

0 for Re, < Re
Yy = 6 ot (e

1 for Ree >2 Reet

n
o

Hyy - (Not modeled) (f

Yry - (Not modeled) (g

]
o

81



Complete description of this MLH turbulence model and its implementation in
STAN5 is given in Crawford and Kays (Ref. 8). The important points to make
about Equation 18 are that neither 7y or gy are modeled (implying that

no attempt was made to explicitly represent free-stream turbulence phenomena).
Also, there are no explicit surface curvature corrections, and there is no ex-
plicit functional transition origin model. These points are not made to dis-
parage the original model but rather to support statements that extensions to
the general differential method (with MLH turbulence modeling) are necessary
for developing a suitable airfoil heat transfer prediction scheme.

In closing this subsection, it should be stated that the generalized effective
viscosity/Prandtl number forms given by Equations 15 and 16 are not new con-
cepts. Rather they are convenient forms for setting up and systematizing MLH
turbulence model extensions found in the literature. In the next subsection,
several of the various models suggested for defining the terms of Equation 15
are discussed together with their potential for implementation into a gas tur-
bine airfoil design code.

Previous Modeling Efforts and Results

The objective of the Task III phase of this program was to evaluate available
modifications and/or extensions applicable to the various terms of the effect-
ive viscosity definitions (Equation 15), and to select the "best” combination
for final recommendation. In working towards this objective, it was found
that it was not possible to find a satisfactory combination that would give
consistently reasonable heat transfer coefficient predictions. The principal
reason for this deficiency was that a relatively large set of relevant airfoil
heat transfer data was used to test the extended models. 1In particular, the
heat transfer data of Lander (Ref. 16) and Turner (Ref. 15), as well as the
Mark II and C3X data obtained in this program, were used in the Task III ex-
tended methods evaluation phase. These four airfoil heat transfer data sets
represented a wide range of geometries and operating conditions characteristic
of the gas turbine environment. The fact that the extended "literature” models
were evaluated against a relatively large and diverse airfoil heat transfer
data set proved to be a severe test of the range of validity of most models
tested. The fact that most MLH turbulence model extensions given in the lit-
erature were not specifically developed for the gas turbine airfoil heat
transfer problem reinforces the opinion that solutions obtained from reduced
forms of the Navier-Stokes/energy equations cannot be expected to be valid for
every fluid flow/heat transfer problem envisioned. What was observed in this
study was that the modeling approaches developed for nonairfoil geometries
were not adequate for predicting the wide range of representative gas turbine
airfoil-specific data used for verification. This statement should not be
misunderstood to mean that every model tested failed for every case. In fact,
certain model combinations tried gave respectable results for certain data
cases. However, for other cases, these same model combinations were inade-
quate. The purpose of this subsection is to document what was tried and how

a best single or combined approach was searched for computationally.

The types of models extracted from the literature fall within one of the fol-
lowing five categories listed:

o Transition origin models
o Transition length models
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o Transition path models (intermittency)
o "Turbulence"” viscosity ( #py) models
o Surface curvature models

Taken together, models in the first three categories give a complete definition
of the transition process and mathematically define the intermittency term,
Y¢» in the effective viscosity definition given by Equation 15. Models in

the fourth category define the turbulence viscosity term, Hppy. These models
are almost exclusively dedicated to modeling the effects of free-stream turbu-
lence within an MLH turbulence modeling approach. Models that fit into the
surface curvature modeling category are suggested mixing length scale correc-
tions and are often referred to as "Beta-Richardson number” models. Finally,
models for Yy, the turbulence viscosity intermittency function of Equation
15, were not originally specified. Rather, the approach taken was to define
Yry by trial and error using the experimental data to determine in which re-
gions #qy should be "turned-on" or "turned-off" to best fit the data trends.

Before listing the models tested, it is useful to first define some of the
nomenclature used in the analytical definitions given for these models. A
number of the models are functions of free-stream turbulence. A distinction
is made between upstream level of free-stream turbulence intensity (TUw ),
local boundary layer outer edge level (TUp) and average level (TU). The def-
initions of these three types of turbulence intensity level follows Dunham
(Ref. 32), who developed a transition origin model using TU. TUe is defined
as the assumed isotropic free-stream turbulence intensity that would correspond
to the uniform flow field approaching a cascade of airfoils. This would re-
present, for example, an experimentally reported upstream value. TU, is the
local boundary layer edge value and is defined here (as suggested by Dunham)
using the following equation

TU_ for §>1 (19

e \s[ru]for ossa

|% 0«5

tan” Wc 3-1
and e -1

1n [c“s (1 +v1-c3 )]
1-¢°®

where

wv
n

when c< 1

when c> 1
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and c = loude

In computations, TU,, is constrained, as implied by Equation 19, to be less

than or equal to TU, . Also, Dunham originally defined c = Ue/Ua,, (i.e.;_
velocity ratio) but here the density-velocity ratio is used. The average TU
is defined as follows,

(TUg + TUg) Qo)
2

TU =

Equations written as functions of either of the three types of turbulence in-
tensities defined above assume that actual values are given in decimal equiva-
lent (i.e., 10% TU is 0.10, not 10.) The variable X is a pressure gradient
term (Pohlhausen parameter) and is defined as

A= & due (21)
vV dx

where 6 is the local boundary layer momentum thickness. The various Reynolds
number definitions given are all based on the use of local boundary layer edge
velocity with the first subscript indicating length scale basis and the second
identifying how the Reynolds number is used. The important Reynolds number
definitions used in what follows are

Re gy = momentum thickness Reynolds number, where transition begins
(transition origin criterion)

Rege = momentum thickness Reynolds number, where transition ends
(transition length criterion)

Rey ¢ = surface distance Reynolds number, where transition begins
(transition origin criterion)

Rey o = surface distance Reynolds number, where transition ends (tran-
sition length criterion)

Reﬂ = transition zone length Reynolds number.

For zero-pressure gradient flows, the last three definitions are related by
the following equation
Rexe = Rext + Rey (22)

Also, £, as used here, corresponds to physical length of the transition zone
defined as follows

= ("Iyt=o.99 "Xy ) (23)
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Or, alternately, £ is the distance from the transition origin to where transi-
tion is 99%Z complete. The definition of 7% used in Equation 23 is repre-
sented by Equation 17. Certain of the transition length and path (intermit-
tency) models found in the literature are based on other definitions of tran-
sition zone length. For instance, Dhawan and Narasimha (Ref. 36) define the
transition zone length, d, as

d= (XlYt=0-75 - XlYt=0~25 ) (24)

which defines the physical transition zone length as the distance between the
points where transition is 25% and 75% complete. Dunham (Ref. 32) related £
given by Equation 23 to d given by Equation 24 using the following relation

2 = 3.36d (25)

The procedure used by Dunham (and in this work) was to convert all transition
zone length definitions to the equivalent of Equation 23.

Transition Origin Models

Five analytical models for the prediction of transition origin were tested,

the goal being to replace the arbitrarily specified transition origin momentum
thickness Reynolds number criterion used in the Task I methods evaluation phase
of this program. These five methods are analytically summarized below, along
with brief comments when appropriate.

A full discussion of each model will not be given here for purposes of brevity.
The reader interested in full details should refer to the appropriate referen-
ces.

o [1] VanDriest and Blumer (Ref. 37)

(26)

o . -1 +V1 + 132500 T’
xt 39.2 TUZ

This is a flat plate type model, which specifies transition origin as a function
of free-stream turbulence only. Selection of this flat plate model was intended
to demonstrate the use of zero-pressure gradient correlations for nonequilib-
rium applications. '
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o [2] Seyb (Ref. 1, 38)

: 2.62
R . —1000 10.| A+ 0.09 (27)

e =
6t 1.2 + 707U, 0.0106 + 3.6TU,

This model was tested using the upper and lower limits for TU, suggested by
Brown and Burton (Ref. 17), i.e.,

0.015 if TUe<0.015
= 3 (28)
TUe TUe if 0.015$.TUes0.04
0.04 if TUe> 0.04

Seyb's model for transition origin is a function of both free-stream
turbulence intensity, TU,, and pressure gradient, A .

o [3] Cebeci (Ref. 39)

(29)

0.46
Reet = 1.174(1. + 22400/Rex) ReX

6 6

Limits .1 x 10°< ReXt <60 x 10

This model implies that a unique relation exists between the momentum
thickness Reynolds number and the surface distance Reynolds number at the
transition initiation location. This model is also a flat plate type model
and does not include the effects of free-stream turbulence intensity
explicitly.

o [4] Dunham (Ref. 32)

— -1 (30)
Reg, = [(0.27 + 0.73-exp(-80.70)] - [s50. + 680.(1-0) 7]
where (21A-100T0) if (21r-100 TU)< 0.75
D= —
0.75 if (21x-100 TU)> 0.75

This model, like Seyb's, predicts transition origin as a function of both free-
stream turbulence intensity (defined by Equation 20) and pressure gradient.
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o [5] Abu-Ghannam and Shaw (Ref. 40)

Regy = 163 + exp [F(x)-(l. - TU/0.0691)] 31>
where 2
6.91 + 12.751 + 63.640°  for <0
F()) = 2

6.91 + 2.48Xx - 12.27X for X>0

This model was developed based on extensive experimental data taken by the
authors, where both pressure gradient and free-stream turbulence level were
varied. In form, Equation 31 is similar to the transition origin model of
Hall and Gibbings (Ref. 41) but more generalized.

Transition-Length Models

Following are descriptions of the five transition zone length or endpoint mod-
els tested. The common feature of all these models (with the exception of the
Ref. 41 model) is that the transition zone length is defined in terms of an
appropriate transition origin Reynolds number. This implies that these length
models are only as good as the transition origin model used.

o [1] Dhawan and Narasimha (Ref. 36)

= 5.0 ReV:8 . (32)

- - x| ) eq. (24
¥,=0.75 ~ *ly =0.25 9-(24)

This model defines the actual zone length Reynolds number based on 25% to 75%
intermittency. As discussed earlier, for ease of implementation into a numer-
ical code and/or systematizing definition, the models were all used in a modi-
fied form, where the characteristic length scale, £, was defined as 0-99% inter-
mittency as in Equation 23 (also referred to as the total length). Therefore,
based on the total length, using Equation 25, the Dhawan and Narasimha model
becomes

_ 0.8 =
Re2 = 16.8 Rext , 2% Eq.(23) (33)
and Re. = Re_, + Re
xe xt 2

where as defined above, Re . is the surface distance Reynolds number, which
defines the end of the transition zone.
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o [2] Debruge (Ref. 42)

_ 1.28 -
Rey = 0.005 ReXt » d=Eq.(24) (34)

Again this model was used in the following modified form,

1.28 -
3 0.0168 Rext » 2ZEq.(23) (35)

Re

and Rxe t + N

o [3] Chen and Thyson (Ref. 43)

Rex Re

_ 1.92, . 0. (36)
Re, = (60. + 4.68M-92) Regt67 , 2= Eq. (23)

and PRe = Rext + Re

xe L

The assumption was made that Chen and Thyson's (Ref. 43) original model, as
given by Equation 36, was based on total length, as defined by Equation 23,
and therefore was not modified. Mg is defined here as the local free-stream
Mach number.

o [4] Hall and Gibbings (Ref. 41)

Rege = 320. + exp (7.7 - 44.75 TU,) (37)

This model is unique in the sense that the transition endpoint is not an ex-
plicit function of the origin. Therefore, Equation 37 should be considered
together with Hall and Gibbings transition origin model,

= - (38)
Reet = 190 + exp(6.88 - 103. TUe)

to be consistent with the authors' original modeling concept.

o [5] Abu-Ghannam and Shaw (Ref. 40)

Rege = 540. + 183.5(Re,x 107° - 1.5) (1 - 1.4%) (39)

where Re2 = 16.8 Reg£8 Eq. (33)
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The authors define A as the endpoint value of the pressure gradient parameter
defined by Equation 21. 1In practice a local value of A was used therefore
implying that the transition endpoint was not necessarily fixed once the
origin Reynolds number was known. This brings up another important
characteristic of most of the transition length models studied here. The
simpler transition zone length models given above imply that once the
transition origin has been determined, the total length and/or transition
endpoint is known. This implicitly assumes the downstream flow behavior is
somehow characterized by the transition origin criteria. This concept is not
unreasonable if one is considering equilibrium flows in the sense that A is
constant. However, if one accepts the concept of relaminarization, such as
was developed by Jones and Launder (Ref. 27), then it is not too difficult to
conceive of nonequilibrium flow cases for which the simple fixed endpoint
formulation is inadequate. 1In conclusion then, use of the transition length
models given above for strong nonequilibrium flows is questionable.

Transition Path Models (Intermittency)
The three models used to define the intermittency function 7, are listed
below. Again, these models were redefined, where necessary, in terms of the

total transition zone length, £ , given by Equation 23.

o [1] Dhawan and Narasimha (Ref. 36)
_ X = Xt\2 (40)
Yt =1 - exp -0.412 (—d—I)

where d=Eq(24)

x and x; correspond to local physical location along the surface and
physical location of the transition origin point, respectively. Redefining
Equation 40 in terms of £ using Equation 25 yields,

2
Yt =1. - exp [“4.65 (————-t—x ;L X ) ] (41)

where 1}

Eq (23)es(x, - X,)

o [2] Chen and Thyson (Ref. 43)

= - - - X -1 (42)
Yy =1 - exp [ G(x xt)(fxt ug dx)]
where 3.0 s R L34
G =" Y "oyt
A v2A2
and A= ReH‘”-Re2
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Chen and Thyson developed their model assuming a 0-95% intermittency transi-
tion zone length, which implied a constant of 3.0 in the definition of G above.
This constant was changed to 4.65 for consistency with the 0-99% intermittency
zone length used herein.

o [3] Abu-Ghamman and Shaw (Ref. 40)

vy = 1. - exp(-4.657°) (43)

where (Rex - Reyt )
n: ———————————————

Rexe - Rext

This model differs from the previous two in that Reynolds numbers are used in
place of physical surface distances.

In concluding this presentation of the intermittency models, it should be noted
that, as defined, 7, assumes that transition origin and length information
are known. Therefore it can be argued that these intermittency representations
are only as good as the models developed for transition origin and length.

Turbulence Viscosity ( #py) Models

Four models extracted from the literature are given below. As part of the
generalized effective viscosity definition given by Equation 15, turbulence
viscosity models are used to account for the effects of free-stream turbulence
using MLH turbulence modeling concepts. The idea behind My formulations

is that the characteristic velocity that should be used to define the velocity
scale depends on free-stream turbulence intensity. To further explain the

K Ty concept, reference is made to a suggestion put forward by Spalding

(Ref. 44) for modeling the effects of free-stream turbulence in a fully tur-

bulent flow where

ut =p *(length scale) « (velocity scale) (44)

Spalding suggested that the proper velocity scale to use might be the greater
of the two values defined as

velocity scale = (length scale) - Igﬁ' (45)
or
velocity scale = (free-stream turbulence intensity) » Ue (46)
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However, rather than combining Equations 45 and 46 into a single definition
of K¢ as suggested by Spalding, a "split" form represented by the effective
viscosity definition given by Equation 15 is used here. This may be more
clearly illustrated by repeating Equatlon 15 here and defining p, and pqpy
in terms of Equations 45 and 46. That is,

“eff = “*Ytut + YTUUTU (47)

where
=05 e 2 ,13u
My = o« (length scale) -lsyl

and Hpy =0 (Tength scale) « (free-stream turbulence intensity)-(velocity scale)

Presumably the proper turbulent/turbulence viscosity level could be controlled
by definition of ¥ and?”y Hence, the difference between turbulent

(p¢) and turbulence (Mg 9 viscosities is in the assumed veloc1ty scale.
Equation 47 implies that for flows where free-stream turbulence is present,
KTy should be defined to model the effects. The effective '"turbulence"
viscosity (Mpy) models considered in this study are defined below.

o [1] Smith and Kuethe (Ref. 45)

Mpy = 0.164py TU_U_ (48)
The normal distance, y, is the length scale, and TUolUw is the velocity
scale. This model was actually developed for predicting the effects of

free-stream turbulence on stagnation point heat transfer to cylinders in cross
flow and was included in this study to test its validity in airfoil surface

boundary layer computations.

o [2] Becko (Ref. 46)

(49)
“TU = pD 2 TUeue

where  2=Eq (18c)
D=Eq (18d)

Here the length scale, £ , and near-wall damping function D are defined in the
same manner as in the MLH definition of turbulent viscosity, p¢. This model
was developed for use within a surface boundary layer prediction method to
model the effects of free-stream turbulence for nominally laminar flows.

o [3] Miyazaki and Sparrow (Ref. 34)

HTU = 2.2 Dpg TU_U_ (50)
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where % = Eq(18¢)
D=y/$

This model should be recognized as the unmodified turbulence model used to de-
velop the initial profile generation method discussed in the section on boun-
dary conditions. Like the Smith and Kuethe model, it was developed to account
for the effects of free-stream turbulence for cylinders in cross flow. The
model is very similar to Becko's, the major exception being in the definition
of D. Miyazaki and Sparrow actually grouped D with TUw Ue to imply a par-
ticular velocity scale, but D may also be considered a damping function.

o [4] Forest (Ref. 11)
Moy = CTDplTUme v (51)
where 2 = Eq (18c)

D=Eq(18d)

¢ = { B if B<0.75
0.75 if B>0.75

0.758
g+ 0.01

B =v0.0625\2+ Y,

A= Eq (21).

This Py model of Forest is actually only part of a more complete turbulence
model developed for gas turbine applications. Some comments regarding the
complete model are given later. However, the purpose of testing the turbu-
lence viscosity model given by Equation 51 was that it is the only model of

the four listed here that explicitly includes the effects of pressure gradient.
This aspect is important in that an attempt is made to model the interaction
between free-stream turbulence and pressure gradient directly.

As a final note to this presentation of Py models, it should be mentioned

that two of the models were specifically developed for the cylinder in cross-
flow stagnation point problem and two were developed for surface boundary layer
problems with emphasis on airfoil heat transfer. Therefore, it could be argued
that the latter two methods, Becko (Ref. 46) and Forest (Ref. 11), might be
most applicable in this study.
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Surface Curvature Models

In this study, only one model accounting for the effects of curvature was
evaluated. Without getting into a detailed discussion on the subject of
streamwise surface curvature effects (e.g., Bradshaw [Ref. 47]), it is argued
here that a realistic treatment of the influence of surface curvature on
airfoil heat transfer in gas turbine environments may be premature. For
example, a proven turbulence model for predicting strong nonequilibrium flows,
in the presence of high levels of free-stream turbulence for noncurved
surfaces, does not exist. In addition, basic curvature effecE_kaeriments to
date have been mostly limited to constant curvature and/or radius of curvature
geometries, which are not representative of airfoil suction and pressure
surfaces. This set of circumstances has tended to de-emphasize development of
any explicit representation of curvature effects in this study. However, it
should be pointed out that curvature effects are being implicitly treated in
two ways. First, any given curved geometry, e.g., airfoils, has associated
with it a unique pressure field. Therefore, realistic prediction of the
pressure field, followed by realistic modeling of the effects of pressure
gradient in a (noncurvature corrected) turbulence model, implicitly address
the effects of curvature. Also, the use of local free-stream turbulence
intensity, TU,, as the appropriate boundary condition in models that are a
function of free-stream turbulence implicitly accounts for curvature effects
because the decay and/or growth of the free-stream turbulence is a function of
the particular pressure field, which in turn is a function of the particular
curved geometry. In summary, the effects of curvature were modeled indirectly
by assuming that pressure (velocity) and free-stream turbulence intensity
boundary conditions were specified using realistic methodology.

The single explicit curvature effects turbulence model demonstrated in this
study is essentially the mixing length scale modification approach suggested
by Bradshaw (Ref. 47). This is,

2= AL (52)
2 = Eq (18¢c)
vhere 0.5 if Ac<0.5

A = A if O.SSACSLS
1.5 ifAc>'l.5 s

Q
[ i

{7.0 for 1/R>0 (convex)
4.0 for ﬁ%(o (concave)

1
Radius pf curvature 93

_]R-= curvature =



As pointed out earlier in this section, models such as those given by Equation
52 are sometimes referred to as 'Beta-Richardson number' models, implied by
the definition of A.. Other curvature models of the Beta-Richardson number
category differ principally in the values defining B8 for convex/concave curva-
ture (e.g., Eide and Johnston [Ref. 48] suggest 8= 6 to 9 for both convex and
concave surfaces). In actual computations where the curvature model given by
Equation 52 was used, the mixing length previously referred to as, £, is re-
placed by f. or equivalently A.f.

Evaluation of Previous Modeling Efforts

The several models discussed herein for defining transition origin, length and
path, turbulence viscosity, and explicit longitudinal curvature corrections
were added as modifications to the STAN5 computer code, and an evaluation pro-
gram was initiated. The evaluation activity involved definition of combina-
tions of models, generation of solutions, and comparisons with experimental
data. As discussed at the beginning of this section, no single combination of
models was found to be satisfactory in the sense that both qualitative and
quantitative aspects of all four airfoil heat transfer data sets were consis-
tently predicted. The essential conclusion reached here was that more work
was needed, and this is addressed in the next section. However, before be-
ginning that discussion, the procedure used to evaluate the literature models
given above, together with the types of solutions obtained, is briefly dis-
cussed.

The computational scheme used to evaluate the models is given below in the or-
der in which solutions were computed and were compared with a given set of data
for determining "best" combinations.

Step No. O Choose experimental data taken at one operating condition.
Step No. 1 For a baseline, compute Task I type solutions. That is, compute

laminar, turbulent, and transitional solutions as was done in
the general method evaluation phase. Compare with data.

Step No. 2 Determine "best" transition origin model. That is, compute so-
lutions using different origin model each time with common length
model and path model and no turbulence viscosity (Y Ty = 0),
and no curvature correction. Compare with data. Choose "best"”
model. .

Step No. 3 Determine "best” transition length model. That is, compute so-
lutions using a different length model each time with a common
"best"” (step no. 2) origin model, path model, YTy = O, and no
curvature correction. Compare with data. Choose "best” model.

Step No. & Determine "best" transition path (intermittency, 7;) model.
That is, compute solutions using a different path model each
time but the same Step No. 2 origin model, Step No. 3 length
model, gy = 0, and no curvature correction. Compare with
data. Choose "best" model.

Step No. 5 Determine "best” turbulence viscosity (uTy) model. That is,
compute solutions using different upy models each time but
with no transition (¢ = 0) and no curvature correction.
Compare with data. Choose "best” model.
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Step No. 6 Combine results of Steps 4 and 5. That is, compute one solution
using Step No. 2 transition origin model, Step No. 3 length
model, Step No. 4 path (7;) model, Step No. 5 turbulence
viscosity (upy) model but no curvature correction. Define
(YTy = 1-7¢). Compare with data.

Step No. 7 Evaluate curvature correction model. That is, repeat Step No. 6
but this time use curvature model. Define (Ypy = 1-70).

Compare with data.

Step No. 8 Choose a different set of experimental data. Compute one solu-
tion using "best” combination of models from Step No. 6 and/or
Step No. 7. Compare with new data.

Step No. 9 Repeat Step 8 until data comparison is unacceptable (in which
case, use this data set and return to Step 1) or all data have
been predicted. 1In this case, Step No. 6 and/or Step No. 7
model is best for all data included and evaluation terminates.

The order in which the transition model is determined in Steps 2, 3, and 4 is
important because the models evaluated in the higher number steps are functions
of results obtained from models in previous steps. For example, path (inter-
mittency, Yt) models are functions of transition origin and length variables
previously determined.

Results obtained from a single loop through the evaluation procedure given by
Steps 0-9 are shown in Figures 47 through 57. A detailed analysis of each
particular solution will not be given. Rather, the "best" model selected at
each step will be pointed out together with the reasons for selection of that
model. For Step No. O, an experimental data case from the C3X experiments
performed in Task II of this program was selected. This case is referred to
as Run 109, or 4412, and is characterized by the following operating condi-
tions.

6
Repx~2 x 10
TU ~ 6.55% (0.0655 for computations)
Tw/Tg~0.80

The experimentally determined heat transfer coefficient distribution for this
set of operating conditions and the Step 1, Task I type solutions, are shown
in Figure 47. The truncated suction surface laminar solution reflects a nu-
merically predicted laminar separation. The determination of the best transi-
tion origin model (Step 2) is shown in Figures 48 and 49. Note the laminar
solutions are repeated for comparison purposes. For these solutions, the fixed
transition length criterion used was Rege = 2 Regt, and the fixed path

(7t) model used was Dhawan and Narasimka (Ref. 36). From these predictions,
the model of Seyb (Ref. 38) was selected as best because it predicted transi-
tion only on the suction surface. All other models either indicated no tran-
sition on either surface or transition on both surfaces. The determination of
best transition length model (Step 3) is illustrated in Figures 50 and 51.

For these solutions, the fixed transition origin model was that of Seyb (as
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Figure 47. Baseline unmodified STAN5 solution results obtained for

modified method evaluation process Step No. 1 (C3X-4412 data).
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——— - ABU-GHANNAM AND SHAW
- DUNHAM
~————— CEBECI

LAMINAR

te HO- 1135 wattsM2 /K
(200 Btumr/IF)

H/HO

RUNISS 08/23/82 4412
1

.2 : .2

.4
SUCTION
SURFACE DISTANCE S/ARC TE82-6460
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Figure 52. Modified STAN5 solution results obtained for determination of
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Figure 57. Modified STAN5 solution results obtained using previously
determined "best" combined model applied to a different data set,
Step No. 8 (Lander data).

determined above), and the fixed path (Y,) was again, as in Step 2, that of
Dhawan and Narasimha. The length model of Dhawan and Narasimha was selected
from these solutions based on suction surface solution shape and data fit.

The determination of best path (7;) model (Step 4) is shown in Figure 52.

In these solutions, fixed transition origin and length models were used as de-
termined above, i.e., Seyb, and Dhawan and Narasimha respectively. There is
little difference between the three solutions, and the Dhawan and Narasimha
model was selected for further study primarily because their length model was
previously selected in Step 3. The determination of best turbulence viscosity
(#Ty) model (Step 5) is shown in Figures 53 and 54. In these solutions,
transition was not allowed to occur (Y¢ = 0), and the turbulence viscosity

was added only to the molecular viscosity. Attention was directed to the pres-
sure surface in selecting the best model because transition is not predicted
on the pressure surface and therefore the results shown in Figures 53 and 54
represent final, complete solutions. The model of Forest (Ref. 11) was ulti-
mately selected because that solution gave the best qualitative/quantitative
representation of the pressure surface data. The results of Steps 6 and 7 are
shown together in Figure 55. In these results, the best models from all previ-
ous steps have been combined to form a "complete” model. That is, the transi-
tion origin, length, path models, and turbulence viscosity model are respec-
tively Seyb, Dhawan and Narasimha (D&N), and Forest. Also in these solutions,
the definition (¥py = 1-7;) was used to "shut-off" turbulence viscosity

GuTU). Note that the curvature corrected solution, (dashed curve of Figure
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55) gives the expected trend (i.e., heat transfer increase on concave pressure
surface and decrease on convex suction surface), but there is negligible
quantitative improvement over the noncurvature corrected solution. The Step 8
procedure, which involved selecting another data case and evaluating the best
combined solution method of Steps 1-7 is shown in Figure 56. The experimental
data represents that of the Mark II airfoil Run 43 (4411) operating conditionms.
As far as comparisons go, the solutions shown yield reasonable qualitative
trends, but there are quantitative discrepancies. Three more cycles between
Steps 8 and 9 are shown in Figure 57 involving solutions of the same models
used in the C3X and Mark II predictions. In this case, predictions are shown
for three different Lander experimental operating conditions. As can be seen
in this figure, the solutions begin to deviate significantly from the data for
the higher two Reynolds number/free-stream turbulence cases (Runs 54 and 56).
At this point, the solutions were judged unacceptable and a return to Step 1
was indicated.

As stated previously, the literature models evaluation phase conducted by
executing the procedure given by Steps 0-9 (illustrated in Figures 47 to 57)
did not produce a complete combined models method, which consistently compared
favorably with all data in the verification data base. It has been argued
that the primary reason for this failure is associated with the fact that most
of the models used here were developed or based on experimental operating con-
ditions, which were not representative of a gas turbine environment and were
therefore of questionable validity to begin with. However, since range of va-
lidity is difficult to define, an evaluation program, such as that described
in this section, is necessary and useful in guiding future work, even if it
does not lead to the desired result. Finally, lessons learned in this litera-
ture methods evaluation task (and the previously described Task I general
methods evaluation) were put to use in a final model development and verifica-
tion effort.

Current Modeling Effort and Results

Up to this point, the major emphasis of the analytical methods development
program has focused on the selection and evaluation of methodology available
in the literature. As the various evaluation phases of the program were per-
formed, various opinions were formed relative to workability of one approach
versus another. 1In an attempt to take full advantage of information acquired
in the previous phases of the program, a final turbulence modeling development
task was initiated. This section discusses the significant results of this
final task. In particular, an effective viscosity model is presented which
provided better, overall solutions than any single or combined literature
model previously evaluated.

It became apparent early in the evaluation phases that the pressure surface
experimental heat transfer results would be very difficult to predict assuming
fully laminar, fully turbulent, or a laminar—-transition-turbulent flow char-
acter. This is effectively illustrated by the results obtained using these
three types of assumptions, as shown for example in Figure 47. This dis-
crepancy initially forced the modeling effort toward development of a model
that would give better pressure surface predictions. As a first step in that
direction, the concept of a natural transition occurring on the pressure sur-
face was eliminated. It was argued that if transition models of the type given
in the previous section are considered reasonable for predicting natural tran-
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sition, then the pressure surface was not undergoing natural transition
because no transition model tested produced satisfactory pressure surface
predictions. As an aid in understanding the implications of eliminating the
natural transition concept (in terms of MLH turbulence modeling), the
definition of effective viscosity used throughout Task III, Equation 15, is
again repeated below.

Meff = MY Yy My T Yy Mpy (53)

In terms of Equation 53, eliminating the possibility of pressure surface tran-
sition in the usual sense is accomplished by setting Y, = 0. Additionally,
the assumption was made that in the presence of free-stream turbulence, mea-
sured pressure surface heat transfer levels would always be greater than those
predicted by laminar solution.

In terms of Equation 53, this assumption implies Yry O over the entire
surface. In an attempt to simplify nomenclature without any loss of generali-
ty, this condition was satisfied by setting Ypy = 1. The effective viscosity
definition now becomes,

ueff = ut uTU (54)

Thus, dropping the concept of natural transition simplifies the form of the
effective viscosity definition, but forces the turbulence viscosity (uTy) to
model all the turbulent phenomena. In this regard, the turbulence viscosity
(#7y) model developed expressly for the initial condition (similarity solu-
tion) model, i.e., Equation 9, was selected as the baseline model to be
extended. The reason this particular model was selected was because of its
relative success in the prediction of airfoil stagnation point heat transfer
in the presence of free-stream turbulence and pressure gradient. Therefore it
was felt that the same model might conceivably yield satisfactory predictions
as a surface boundary layer technique applied to regions downstream of the
stagnation point. The specific form of the turbulence viscosity model carried
forward to the surface boundary layer method from the similarity solution was

Mpy = TP 2 TU U, (55)
where A\
Ty = B(’]Fg = B (9) (55a)
2 = Eq (18¢)
TUg = Eq (19) .

Effectively the only difference between Equations 55 and 9 is that the
velocity scale is now defined in terms of local turbulence level (TUg) rather
than the upstream free-stream turbulence intensity (TUw ). In the vicinity of
the stagnation point, where ug < Uy, , Equation 55 is equivalent to Equation

103



9 since TUg = TUs . Use of the local value of free-stream turbulence inten-—
sity (TUg) in defining velocity scale was suggested in the discussion of cur-
vature models, where it was argued that implicitly, the effects of curvature
could be partially accounted for by this term. It should be noted that in
Equation 55 length scale, £, and velocity scale, TUy U, , are assumed de-
fined. No attempt was made to redefine or modify these fully turbulent flow
definitions because sufficient data on which to base a rational definition are
not available for the airfoil problem. Thus, the only term remaining in Equa-
tion 55 which could be modified is the function Tj;. T; was originally de-
fined as a function of streamwise velocity gradient (due/dx) in the near
vicinity of the stagnation point with Reynolds number length scale based on
the surface radius of curvature at the stagnation point. It is unlikely that
Ty, defined in terms of leading edge quantities, would be valid further down-
stream. This was in fact found to be the case in all preliminary computations
using Equation 55. However, as suspected initially, solutions were quantita-
tively better in the region near the stagnation point.

In response to the poor quality downstream pressure surface solutions using
Equation 55 directly, a new functional form was developed to replace T3 with-
out destroying the leading edge qualities it embodied. To do this, the exper-
imental pressure surface heat transfer data for the Mark II, C3X, Turner (Ref.
15), Daniels and Browne (Ref. 30), and Nicholson et al. (Ref. 31) airfoils were
studied together with global boundary layer parameters (e.g., shape factor,
displacement thickness, enthalpy thickness, etc.) obtained from laminar
boundary layer solutions. After many trial and error attempts using single
and/or combined parameter functions, it was found that a function using a
single global boundary layer parameter, momentum thickness (§), could be con-
structed to give consistent pressure surface predictions. This function (Tjy)
is a modification to the turbulence viscosity model given by Equation 55,
namely,

e (B k) 3 (s6)

5
where U

and

= (T, + 7)) (Do 21U, (57)

Ll

Equation 56 represents a somewhat "tuned” functional arrived at after extensive
comparison to experimental pressure surface data. Note that Ty is also a
function of the inlet-to-exit unit Reynolds number (unity length scale) ratio
(Rej/Rep). Here inlet and exit refer to nominally uniform upstream and down-
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stream flow conditions for the blade row. Equation 56 demonstrates that the
momentum thickness, #, is actually used as a length scale in defining a local
momentum thickness Reynolds number. When the local boundary layer edge velo-
city (ug) is small, Ty is relatively small. Therefore, since the defini-
tion of T; was not changed, Equation 57 essentially reduces to Equation 55

in the region near the stagnation point where ug (and likewise Reyg) is small.
This reduction in the influence of Ty is further accelerated because, as de-
fined, Ty « (Reg /57)3. Therefore Ty and Ty may be viewed relatively as

low and high Reynolds number functionals.

At this point in the modeling development, an acceptable effective viscosity
model using Equation 57 had been derived specifically for pressure surface ap—
plications. Attention was therefore turned to suction surface modeling. For
this surface, the same assumptions that led to the simplified effective visco-
sity model given by Equation 54 were not necessarily considered valid for the
suction surface, However, an attempt was made to extend the pressure surface
formulation given by Equations 54 and 55 to the suction surface. After con-
siderable trial and error, the following model was derived

(T1+ T2) (.Y) (58)
BT O+ k) \8/ P % Tl

3
and T, = [Re1 Reg 9
REZ 50

where ‘= 1f‘j; Re K, 0.25 0
612.

. ) ={ kp for k,20.005
2 0.005 for ky<0.005

-

_ -4
k, = (Rey, x 107% - 26.6)

and

Re . = Po Ut - Inlet (upstream) Reynolds number
c oo Inlet ~ based on true (tangent) chord (c)

Equations 58 and 59 represent a rather complicated composite. The role of the
terms T; and Ty have previously been explained in terms of low and high
Reynolds number applications. The denominator term, Kj, serves to damp the
strength of the overall viscosity term as the momentum thickness Reynolds num-
ber reaches characteristic turbulent values, in particular along the aft re-
gions of the suction surface. Also because the denominator term (1 + Kj) is
always greater than one, the constant in Ty had to be redefined, i.e., from

57 in Equation 56 to 50 in Equation 59 for both the suction and pressure sur-
faces.
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For computational purposes, definition of the various terms that make up Equa-
tion 58 are straightforward with the exception of Ty. 1In particular, Tj

is a function of the streamwise velocity gradient (due/dx) evaluated at the
stagnation point. As discussed in the section on initial conditions, this _
value is derived from an inviscid blade-to-blade analysis (Delaney [Ref. 21]),
which uses a body centered coordinate system to achieve the necessary resolu—
tion near the stagnation point. The coupling of an inviscid blade-to-blade
analysis to the turbulence viscosity model via the term T; may raise a ques-
tion concerning ease of application of Equation 58. Therefore, Ty was simply
set equal to 0.5 for the computed solutions shown below. This value was de-
rived by simply taking an average of the T; values actually calculated (Equa-
tion 9) for the airfoils considered in this study. In surface boundary layer
predictions, T} is only critical near the stagnation point where Reynolds
numbers are low, However, T; is very critical for defining initial condi-
tions in terms of velocity and thermal profiles, since the stagnation point
heat transfer is extracted from these profiles. Therefore, T; was used as
defined by Equation 9 for the stagnation point similarity solution.

All solutions were started at a location downstream of the stagnation point
where the local surface distance Reynolds number (Rey) (x = 0 at stagnation
point) was equal to 5. At all operating conditions, the stagnation point was
determined using the inviscid blade-to-blade analysis results. Initial bound—
ary layer velocity and thermal profiles at Rey = 5 where specified using the
stagnation point Initial Profile Generation Method (IPGM) described previously.
In all solutions the turbulent Prandtl number was set to 0.86, the definition
for the boundary layer thickness (§) used was that location where u = 0.999

ue, and the value of TU, was that reported experimentally. Because the
solutions using Equation 58 represent a culmination of the entire analytical
methods development program, they will be contrasted against laminar-transition
(Reg, = 250)-turbulent solutions obtained using the original unmodified
boundary layer method. This is done to present a before-and-after picture to
the potential user (i.e., gas turbine designer). Predicted results for 18 dif-
ferent experimental cases are presented and discussed in the following para-
graphs. Unmodified format, STAN5 input data streams for 2 of the 18 cases are
included in Appendix C to assist in the comparison of results included in this
report to those that might be generated by another user at some future date.

Lander Airfoil Results

Figure 58a and 58b respectively shows the unmodified (Task I) and modified
(Task III, Equation 58) suction surface heat transfer predictions for three
different operating conditions using the STAN5 boundary layer code. Increasing
run numbers correspond to increased inlet or exit Reynolds number and free-
stream turbulence intensity. (Refer to the subsection "Experimental Data Base™
for a better description of the Lander data selected for this program). As
before, the experimental data are represented as symbols., Lander's data are
important in that they illustrated nominally laminar heat transfer augmentation
attributed to free-stream turbulence effects, as well as Reynolds number ef-
fects related to transition origin. As shown in Figure 58, the augmentation
phenomenon is predicted significantly better by the final model, Equation 58,
although Run 56 is an exception. The transition phenomena captured by the
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experimental heat transfer coefficient data illustrating the combined
effects of varying Reynolds number and free-stream turbulence intensity.
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modified solutions are more representative of a "transition at maximum velo-
city” criterion since all solutions appear to turn up at the same location (ap-
proximately 70% chord), which corresponds to the location of maximum velocity
on the suction surface. In general though, the modified solutions (Equation
58) show a significant improvement over the unmodified solutions.

Turner Airfoil Results

Figure 59a and 59b shows the unmodified and modified solutions compared with
the data of Turner. The significance given to Turner's data was that they iso-
lated the effects of free-stream turbulence. That is, the three Turner data
distributions were obtained at three different free-stream turbulence intensi-
ties with all other variables presumably held constant. Figure 59a shows only
one solution because the original unmodified method used in Task I did not
account for the effects of free-stream turbulence. As can be seen in Figure 59b,
the modified solutions give a very good representation of the pressure surface
experimental data. The modified suction surface solutions give reasonable
trends up to the point where a transition process is indicated by the experi-
mental data. Again the modified solutions all turn up at approximately the
same location, which again corresponds to the maximum velocity point. This
turns out to be characteristic of the modified suction surface solutions and
illustrates the absence of an explicit transition model in the effective
viscosity definition. The largest quantitative discrepancy between the modi-
fied suction surface solution and the data was for the 2.27% turbulence case.
Overall, the modified solutions are a significant improvement over the unmodi-
fied solution, represent the pressure surface data very well, and provide
qualitatively good trends for the suction surface.

Mark II Airfoil Results

The Mark II airfoil experiments (Task II) isolated four principal effects:
Reynolds number, Mach number, free-stream turbulence intensity, and wall-to-gas
temperature ratio. Ummodified and modified predictions of the characteristic
Reynolds number effects are compared with the data in Figure 60a and 60b re-
spectively. It should be pointed out that the analytically predicted stagna-
tion point was displaced approximately 5% (0.05) of pressure surface distance
toward the pressure surface away from the extreme forward point on the airfoil,
which was used as the datum (0) in these figures. The stagnation point cor-
responds to the predicted inviscid flow solution zero velocity location on

the pressure surface. Note that this does not correspond to the highest local
value of measured heat transfer in the leading edge region. Note that both
modified and unmodified solutions reflect the proper trends moving away from
the stagnation point. The absence of solutions beyond 0.2 normalized surface
distance on the suction surface indicates that all solutions encountered
separation due to the presence of a suction surface shock at that location.

No attempt was made to restart the solutions downstream of the shock.

Overall, the modified solutions are able to qualitatively and quantitatively
predict the pressure surface data reasonably well and yield much better predic-
tions than the unmodified solutions, which predicted pressure surface transi-
tion.
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Figure 59.

(b) Modified STANS results

STAN5 solutions compared with Turner airfoil experimental

heat transfer coefficient data illustrating the effects
of varying free-stream turbulence intensity.
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Figure 60. STAN5 solutions compared with Mark II airfoil experimental
heat transfer coefficient data illustrating the effects
of varying exit Reynolds number.
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Figure 61. STAN5 solutions compared with Mark II airfoil experimental
heat transfer coefficient data illustrating the effects
of varying Mach number.
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STAN5 solutions compared with Mark II airfoil experimental heat
transfer coefficient data illustrating the effects of
varying free-stream turbulence intensity.

Figure 62.
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Unmodified and modified predictions corresponding to two different exit Mach
number conditions are compared with data in Figure 6la and 61b respectively.

In addition to generally improved pressure surface predictions, the modified
solutions predict a small Mach number effect, which is all but absent in the
unmodified solutions. Numerically, this predicted Mach number effect is a con—
sequence of the term T of Equation 58, which is a function of inlet to exit
unit Reynolds number ratio, and in turn, a weak function of Mach number.

Figure 62a and 62b compares predictions with data for the two experiments where
the only independent variable was free-stream turbulence intensity. It should
first be noted that a slight free-stream turbulence effect is indicated in the
unmodified solution results. This is actually due to small differences in )
other operating conditions used to set up the boundary layer solutions and not
an explicit indication of free-stream turbulence effects. Again, the modified
solutions indicate proper trends on both the pressure and partial suction sur-
faces. Quantitatively, the difference in predicted shift appears to be con-
sistent with the small shift indicated by the experimental pressure surface
data.

Finally, the unmodified and modified predictions of the effects of wall-to-gas
temperature ratio variation are shown in Figure 63a and 63b. Again the modi-
fied solutions appear to capture all qualitative trends in the data, but quan-
titatively tend to overpredict the effect of wall-to-gas temperature ratio.

C3X Airfoil Results

As in the Mark II experiments, Reynolds number, Mach number, free-stream turbu-
lence intensity, and wall-to-gas temperature ratio were independently varied.
In a manner similar to the Mark II comparative studies, the experimental re-
sults were also simulated numerically and the predictions are shown in Figures
64 through 67.

Figure 64a and 64b shows both unmodified and modified solutions at three dif-
ferent Reynolds number conditions. Qualitatively, the modified pressure sur-
face solutions represent a substantial improvement over the original (unmodi-
fied) approach. However the quantitative predictions (using the modified pro-
cedure) begin to deviate significantly from the data along the aft portions of
the surface. The suction surface predictions of both the unmodified, Figure
64a, and the modified, Figure 64b approaches yield quantitatively acceptable
results for some of the cases, but the indicated suction surface transition
process (i.e., gradual transition) is better represented by the modified solu-
tions.

Comparisons of predictions by both models with data reflecting the independent
effect of Mach number is shown in Figure 65a and 65b respectively. In addition
to model prediction differences previously observed, there is a significant
difference in the solutions for the higher Mach number case (5422, dashed
curve). At this Mach number condition, My = 1.05, the inviscid blade-to-

blade analysis predicted a favorable/adverse pressure gradient bubble located
near 40% (0.4) surface distance on the suction surface. As seen in Figure 65,
both modified and unmodified solutions react to this distribution, but the
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heat transfer coefficient data illustrating the effects
of varying wall-to-gas temperature ratio.
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Figure 65. STAN5 solutions compared with C3X airfoil experimental heat
transfer coefficient data illustrating the effects of
varying exit Mach number.
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Figure 66. STAN5 solutions compared with C3X airfoil experimental heat
transfer coefficient data illustrating the effects of
varying free-stream turbulence intensity.
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modified solution clearly overestimates the effect, which in turn is washed
into the downstream solution. This particular behavior of the modified solu-
tion was traced to a problem with the K; (see Equation 60) term damping model.
Comparisons of the unmodified and modified solutions vis—a-vis free—stream
turbulence effects are shown in Figure 66a and 66b respectively. Again, the
implied influence of free-stream turbulence in the unmodified solutions is due
to differences in operating conditions and not to explicit modeling of these
effects. Again, the modified approach gives qualitatively superior predictions
but quantitative agreement could be better,

Finally, Figure 67a and 67b shows the unmodified and modified solution compared
with the experimental data reflecting the independent influence of wall-to-gas
temperature ratio. Both solutions yield the same trends and both appear to
overpredict the effect indicated in the data.

As stated in the introduction, the turbulence viscosity model defined by Equa-
tion 58 resulted in the best overall qualitative and quantitative prediction
for the four sets of airfoil heat transfer data. However, as pointed out
above, some difficulties still exist in the formulation of Equation 58. Time
did not allow a full treatment of a suction surface modeling effort based on
the concept embodied in Equation 53, but the results shown herein indicate ad-
ditional suction surface treatment is warranted.

Before closing this subsection, one final note concerning implementation should
be made. One of the most important aspects of the gy model developed here

is the use of the term (y/§), which is essentially a carry over from the origi-
nal Miyazaki and Sparrow (Ref. 34) model, Equation 8. Predicted heat transfer
levels are very sensitive to the definition used for the boundary layer thick-
ness, § . Based on extensive running experience with the STAN5 code, it was
found that the definition of & based on the location at which u(y) = 0.999

u, produced the best results. However, in testing the same model in another
numerical direct/inverse boundary layer method being developed inhouse, it was
found that to produce the same results as STAN5, the definition of 8 had to be
modified to u(y) = 0.998 u,. This redefinition is not trivial in terms of
predicted results. Therefore in the implementation procedure, a few test cases
must be used to fix the definition of 6. After that is done, predictions
should be of consistent quality.

CONCLUSIONS AND RECOMMENDATIONS

The focus of this subsection is to bring into final perspective the purpose of
the analytical effort, to review the important findings and/or conclusions,

and to make recommendations concerning application of results and areas of
future work. Once again, the objective of the analytical program was to define
and/or develop a suitable method for predicting local gas-to-blade convective
heat transfer for solid surface airfoils operating in a gas turbine environ-
ment. As discussed in the opening remarks to this chapter, the definition of
the phrase, suitable method, was based on a set of questions a gas turbine de-
signer would be justified in asking the analyst. The developmental emphasis
was therefore placed on producing a viable engineering tool that could be im-
plemented in "black-box" fashion within a gas turbine design system. The man-
ner in which the analytical program was executed followed steps a potential
designer might take in developing that capability. That is, in the first phase
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of the analytical program (Task I) the literature was reviewed for general de-
sign system applicable methodology and relevant verification data. Three so-
called state-of-the-art gas turbine design boundary layer methods were se-—
lected and evaluated against the experimental data. The summary subsection
contains the important conclusions of that work. These conclusions will not
be repeated except for the last one, which is slightly restated here:

o The general unmodified boundary layer methods evaluated in the initial
phase of the analytical program were inadequate for direct application to
the gas turbine airfoil heat transfer problem.

The many reasons supporting that conclusion were all related to the question-—
able validity of applying near—equilibrium turbulence modeling concepts (and
empiricism) to the nonequilibrium gas turbine environment.

The next step in the process of constructing a suitable convective heat trans-—
fer method was to extract from the literature modifications to an MLH turbu-
lence model approach which were either relevent to various aspects of gas tur-
bine airfoil phenomenon or had been expressly developed for the gas turbine
airfoil heat transfer problem. The specific modifications studied involved
analytical models addressing the transition process, the effects of free—stream
turbulence, and longitudinal surface curvature. This literature model modifi-
cation evaluation phase (Task III) also included a discussion on the manner in
which boundary and initial conditions should be specified to construct a com-—
plete design system tool. The important conclusions of the initial Task III
work are summarized below:

o The specification of realistic, free-stream velocity (pressure) boundary
conditions for airfoil boundary layer methods is essential for two import-
ant reasons in particular: First, numerical boundary layer solutions ob-
tained using near-wall pressure gradient dependent length scale damping
functions (such as the Van Driest exponential type) are very sensitive to
the pronounced pressure gradients characteristic of a gas turbine air-
foil. Secondly, resolution of the inviscid flow field in the vicinity of
the stagnation point is essential in determining realistic stagnation point
heat transfer levels and initial conditionms.

o The specification of realistic initial conditions (velocity and thermal
profiles) starting an airfoil surface boundary layer method is critical
because calculations are usually initiated in the near vicinity of the
stagnation point, which is of particular practical interest to the de-
signer.

o Airfoil stagnation point heat transfer and/or initial profile method,
which implicitly assume behavior characteristic of cylinders in cross
flow, are of questionable validity for direct use in a gas turbine design
system. This was found to be especially true when the effects of free-
stream turbulence were taken into account and the geometry of the surface
at the stagnation point was not circular (constant radius of curvature).

o In general, commonly available transition process models (originm, length,
and path [intermittency]) were found to be inadequate for providing a con-
sistent representation of experimental results.

o Transition origin models gave reasonable suction surface results where

natural transition appears to be a valid concept. However, transition
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origin predictions were inconclusive on the pressure surface where the
concept of natural transition appears questionable.

o Transition length models, which are solely functions of transition origin,
and path (intermittency) models, which in turn are functions of fixed ori-— -

gin and length quantities, lead to generally poor predictions on both suc-
tion and pressure surfaces. The principal failure of these models was
that completion of transition was overpredicted. (Transition was pre-
dicted to complete more rapidly than the measurements indicated.)

o Turbulence viscosity models (or MLH turbulence models), using free-stream
turbulence intensity times a scalar velocity as the velocity scale, were
found to be necessary to adequately predict the influence of free~stream
turbulence on a nominally laminar airfoil boundary layer. Models of this
type dominate the results obtained over the entire pressure surface and
along the forward regions of the suction surface up to the point where
suction surface natural transition appears to occur.

o Explicit curvature correction models of’the Beta-Richardson number length
scale type were shown to be of little value in resolving qualitative and
quantitative discrepancies.

The final step in the analytical methods development program was an attempt to
develop a better specific airfoil effective viscosity model based on the impli-
cations of all the above conclusions. The results of that effort are discussed
in the subsection "Current Modeling Efforts and Results.” The most significant
conclusions of that phase of the program are given below

o Use of a modified turbulence viscosity model, developed specifically for
airfoil applications, produced generally reasonable pressure and suction
surface predictions, although suction surface predictions downstream of
the indicated transition point are somewhat questionable.

Based on the results of the Task III evaluation, the following recommendations
are made:

o The present state-of-development of boundary layer methodology is such
that at a minimum, gas turbine airfoil design systems should include a 2-D
finite difference (differential) numerical code with modified zeroth order
MLH turbulence modeling. Any numerical 2-D finite difference code capable
of solving both the compressible momentum and energy equations in both
laminar and turbulent flow regions should be an adequate starting point.
For example the direct/inverse code developed by Kwon and Pletcher (Ref.
10) was found to yield essentially identical predictions to those made by
the STAN5 code when identical turbulence models were incorporated into
both codes.

o Boundary conditions in the form of free-stream velocity (pressure) distri-
butions should, at a minimum, be provided by an experimentally verified
blade-to-blade Euler solver valid for the flow regime of interest (sub-
sonic, transonic, and/or supersonic). The inviscid flow field prediction
technique should be capable of resolving the flow-field details over the
entire airfoil surface and especially near the stagnation point.

-~

121



o Boundary layer initial conditions, in the form of velocity and thermal
profiles, should be specified carefully. The approach suggested here
would be to solve a modified form of the stagnation point (Euler number
equal unity) similarity boundary layer equations, using results from the
inviscid blade-to-blade analysis to specify the stagnation point normal-
ized free-stream pressure gradient term, A (as defined in Equation 7).
Additionally, the molecular viscosity should be replaced by an effective
viscosity with the turbulent contribution given by Equation 9. If the
conventional simulation of the airfoil leading edge (as a cylinder in
cross flow) is used as an alternative approach, it should be cautioned

that predicted stagnation point heat transfer levels may be in consider-
able error. 1In general, our studies have indicated that cylinder-derived
solutions underpredict stagnation point heat transfer levels when free-
stream turbulence is ignored but overpredict the data when cylinder-
derived free-stream turbulence corrections are included.

o Finally, an appropriate gas turbine airfoil-unique turbulence modeling ap—-
proach must be used. Design codes based on simple MLH turbulence models,
such as those implicit in the original STAN5 code, (given by Equation 18),
will lead to generally poor airfoil surface predictions, especially on the
pressure surface. Also so-called fully laminar or fully turbulent pres-
sure surface solutions, which rely on pressure gradient corrected near-wall
length scale damping terms (e.g., Van Driest damping), were found to give
unsatisfactory pressure surface predictions when free—stream turbulence
was present and not explicitly accounted for. To help the reader place
the various approaches discussed herein in perspective, the authors have
taken the liberty of suggesting a tentative "hierarchy” of predictive ap-
proaches. These are outlined in Appendix B.

Relative to future work in this general area, the following recommendations
are offered:

o Serious attention must be given to directly modeling the turbulent heat
flux terms or eddy diffusivity for heat in the energy equation. The focus
of the present program was to simply model turbulent heat flux terms via a
constant turbulent Prandtl number (0.86). A more general and systematic
approach would be desirable.

o Continued development of higher-order turbulence modeling is necessary to
relax the dependence on near-equilibrium empiricism.

o Additional high quality heat transfer data at gas turbine type operating
conditions are required. These experiments need not be limited to airfoil
geometries but should reflect the strong pressure gradient and free—stream
turbulence intensities characteristic of the gas turbine environment.

o In the interim, preliminary design method development should proceed along

the lines suggested here or as outlined in Forest (Ref. 11). Both are
felt to effectively represent gas turbine-specific modeling efforts.
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SUMMARY OF RESULTS
The objectives of this contract, NAS 3-22761, were as follows:

O to assess the deficiencies of current (practical) analytical tools for
predicting gas-to-blade heat transfer

0 to recommend and incorporate empirically indicated changes to these tools

o to acquire airfoil heat transfer data at simulated engine conditions as
required for model verifications

o to verify, utilizing the acquired data and available literature data, that
the model changes achieved the desired results

These objectives were achieved during the course of the contract. The experi-
mental phase generated two high quality data sets for airfoil heat transfer.
The documentation of these data sets in this report should provide an excellent
verification data base for future analytical models. The analytical models
developed under this contract demonstrate a marked improvement in the ability
to predict gas turbine gas-to-blade heat transfer. The principal experimental
and analytical program results are summarized in the two following subsections.

EXPERIMENTAL PROGRAM SUMMARY

Surface heat transfer coefficient and velocity (PS/PT) distributions have been
measured for two distinctly different contemporary turbine vanes over a range

of realistic conditions. The measurements were made in a linear, steady-state,
three-vane cascade facility. The heat transfer measurement technique, similar

to that reported by Turner (Ref. 15), utilized a midspan cross section of the
vane as the fluxmeter.

All of the measured heat transfer and aerodynamic distributions appear to be
qualitatively reasonable. The test conditions were selected to differentiate
independent effects of Mys; Re, Tu, and Tw/Tg on heat transfer distribution.
Plots of the measured heat transfer distributions indicate each of these con-
trol variables affects heat transfer systematically.

The principal observations regarding the experiméntal program can be summarized
as follows:

o The measured static pressure distributions over the two airfoils tested

confirm the fundamentally different aerodynamic character of the two de-
signs.

o The suction surface heat transfer distributions on the Mark II airfoil ex-
hibit a sharp separation/re-attachment spike that is coincident with the
strong adverse pressure spike on that surface. The behavior of the heat
transfer distribution in the vicinity of the adverse pressure spike ap-
pears to be largely dependent on the details of the My distribution in
that region.

o The character of the suction surface heat transfer distributions on the

C3X airfoil (moderate downstream diffusion) is clearly transitional in
nature, showing a strong Re level dependency.
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o The character of the pressure surface heat transfer distributions is es-
sentially the same for both airfoils. In both instances, pressure surface
heat transfer distributions are largely dependent on Re, exhibiting a mod-
erate transitional trend at the higher Re.

o The overall heat transfer level on both airfoils is strongly dependent on
Re 1level.

o Airfoil surface My distribution systematically influences heat transfer
level and distribution for both airfoils. Systematic changes in level of
heat transfer are measured on both airfoils as Tw/Tg and Tu are changed.
No clear effect on the nature of transition or separation on either air-
foil (as indicated by the heat transfer distributions) is evident for the
changes in Tw/Tg and Tu considered.

ANALYTICAL PROGRAM SUMMARY

The objective of the analytical program was to define and/or develop a suit-
able method for predicting external gas—to-blade convective heat transfer co-
efficients for solid surface airfoils operating in a gas turbine environment.
The program was split into two phases. In the first phase, the literature was
reviewed to establish general candidate methods that were characteristic of
current methodology incorporated within actual gas turbine preliminary design
systems. As a result of this survey, three 2-D boundary layer methods were
chosen: an integral method, a finite difference (differential) method with a
zero—-equation mixing length hypothesis turbulence model, and the same differ-
ential method with a two-equation turbulence model. The literature was thor-
oughly reviewed to obtain relevant airfoil heat transfer experimental data to
use in a general evaluation of the three selected boundary layer methods.

Data for three airfoil experiments were finally selected. The data sets were
selected based on relevance vis-a-vis realistic gas turbine environments (i.e.,
Reynolds number effects, free-stream turbulence effects, strong pressure gra-
dient effects, etc.). Analytical/numerical solutions were compared with ex-
perimental results. Based on the finding of this task, the second phase of
the analytical program was defined and executed.

In the second phase, the differential method with MLH turbulence modeling was
further developed to improve its applicability to the airfoil heat transfer
problem. The literature was further reviewed for models that had the potential
of treating airfoil heat transfer problem phenomena more realistically. A num-
ber of transition process models, free-stream turbulence augmentation models,
and a single explicit longitudinal surface curvature correction model were se-
lected for evaluation, using an expanded data base that also contained the heat
transfer data obtained in the current program. At the end of this "modified
method” evaluation phase, a final gas turbine-specific modeling effort was ini-
tiated, motivated in part by results of the first phase and early parts of the
second phase. :

A final approach was evolved from this effort, which best correlated all ex-
perimental data sets considered in the program. Finally, specific recommenda-
tions are given relative to the structuring of a viable gas turbine airfoil
convective heat transfer prediction tool. These recommendations include spe-
cification of boundary conditions, initial conditions, and three gas turbine-
specific approaches to turbulence modeling within the framework of the zeroth
order MLH concept.
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APPENDIX A. TABULATED EXPERIMENTAL DATA

The following pages contain tabulated data for each run of both the Mark II
and C3X cascades. Data from the Mark II cascade appear first (runs 15-63),
followed by the data from the C3X cascade (rums 107-159). The data sets are
listed in order of run number, and the actual operating conditions associated
with each run were previously given in Tables VIII and IX in the subsection
entitled, "Test Conditions.'" All data are tabulated versus fraction of sur-
face arc length and fraction of axial chord. The surface arc lengths and ax-
ial chords for each airfoil were given in Table IV in the "Experimental Pro-
gram'" section.

Normalized airfoil surface temperature data and heat transfer coefficients are
tabulated for each cascade. Temperatures are normalized with respect to 811 K
(1460°R), and heat transfer coefficients are normalized with respect to 1135
watts/M2/°C (200 Btu/hr/ft2/°F). The surface static pressures are tabu-

lated on the page following the heat transfer data for each run. These data
are also tabulated versus fraction of surface arc length and fraction of axial
chord. The pressure data are expressed as the ratio of local static pressure
to inlet total pressure. The inlet total pressure for each run was given in
Tables VIII and IX in the subsection entitled "Test Conditions."
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HOLE NO.

OV ® 39 00 0 & W N -

—
o

RUN 15 PRESSURE
4321

Surface
distance
over
arc
length

«1070
«3976
« 4946
«5870
7795
«8798
9776
SUCTION SURFA
00624
0862
1302
1738
2612
«3036
3467
3886
4319
5603
07032
7731
«9160
«9879
RUN NO. 15
AVERAGE
TEMPERATURE
OEG F DEG K
138.34 332.23
128.04 326.50
138.67 332.41
152.21 336.93
115.96 316.79
107.56 315.13
1264.47 324.52
183.57 357.35
-227.18 381.58
274 .38 407.80

SURFACE
7

(@)
m

Axial

distance

over
axial
chord
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= OPNONYN SN0 OWSLWN

COCLANT FLOW DATA

15.404
15.451
17.715
20.677
19.C72
17.502
20.055
11.675

7.042

T.243

0.422E-01
0.332E-01
0.385E-01
0.457E-01
0.403E-C1
0.366E-01
0.428E-01
0.133E-01
0.839E-02
0.573E-02

0.191E-01
0.150E-01
0.175e-C1
0.207E-01
0.183E-01
Ve166E-01
04194E-01
0.601E-02
0.380E-02
0.260E-02
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HOLE NO.

—

O WV 0O N 0 U & W N =

Surface Axial
distance distance

over over

arc axial

length chord

PRESSURE SURFACE

RN, 1e .i070 0990

«3976 +%#555

04946 «5475

«5870 «6294

o 1795 « 7861

«8798 «8616

«9776 «9315

SUCTION SURFACE

«0624 «0253

«0862 «0975

«1302 «1958

«1738 «2951

2612 «4339

«3036 «47645

«3667 «51446

«3886 «5523

«4319 «5905

«5603 «6979

«7032 «8073

e 71731 «8569

e9160 « 9506

«9879 «9938

RUN NC. 16 COGLANT FL
AVERAGE

TEMPERATURE RED

DEG F DEG K X (10E=4)
243,51 39C.65 4.249
218,60 376.82 4.491
260,58 389,03 4,335
267,65 404,06 4,591
186,07 35&.74 4.510
172.17 351,02 44400
202.86 368.07 4,055
289,99 416.48 2.808
344,75 446,90 1.669
404,58 48C.14 1.575

PS/PT

[o . J¥I 1V
OSON O DN DO
—_AINO NI WO N

S NONS WO NNND LSO O=OVWOO

VRN NINSWERO O

~NOWLODY=NO
NOND O W O N W)

OW DATA

LBM/SEE
0.104E-01
0.107€-01
0.106E-01
0.115€E-01
0.104E-01
0.996E-02
0.951E-02
0.356E-02
0.223E-02
0.1640E-02

co0LA
LOW RA

NT
TE
KG/SEC
0.472E-02
0.486E-02
0.480E-C2
0.522E-02
0.471E-02
0.452E-02
0.431E-02
0.162E-02
0.101E-02
0.633E-03
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HOLE NO.

O ® N 0 ;M > W

b
(e

Surface Axial
distance distance
over over
arc axial
length chord PS/PT
RUN 17 PRESSURE SURFACE
4422 «1070 «0990 « 9937
«3976 « 4555 « 9800
«4946 «5675 « 9682
«5870 «6294 «9528
e 7795 « 71861 + 8876
«8798 «8616 «8189
09776 «9315 « 6963
SUCTION SURFACE
+06246 «0253 «9192
«0862 «0975 « 1860
¢1302 «1958 «6338
«1738 «2951 «6912
02612 +4339 «3118
«3036 «4745 « 4565
e3467 «51646 «5146
«3886 «5523 «5909
«4319 «5905 «5990
«5603 «6979 «5751
«7032 «8073 « 5574
e 1731 «8569 «5557
«9160 «9506 «5823
«9879 «9938 « 5889
RUN NC. 17 COOLANT FLOW DATA
AVERAGE
TEMPERATURE RED F
DEG F DEG K X (10E=¢) LBM/SEC
239,70 38E.54 6.188 0.151E-0C1
212.09 373.20 5.853 0.139E-01
236096 387002 50928 00144E'01
257.97 398,69 6.459 0.160E-01
179.17 354,91 €.470 0.148E-01
170.30 349,98 6.299 0.142E-01
201.60 367.37 6.082 0.142E-01
281,18 411.58 4.041 0.508E-02
4350.97 45C.36 24327 0.312E-02
407.65 481.85 2239 0.199E-02

CODOL ANT
LOW RAI

3
G/SEC

0.684E-02
0.629E-02
0.654E=-02
0.728E-02
0.67VE-02
0.646E-02
0.6646E-02
0.231E-02
0.141E-02
0.902E-03
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HOLE NO.

VO 0O N O &> W N

-
o

Surface Axial
distance distance
over over
arc axial
length chord PS/PT
RUN 23 PRESSURE SURFACE
5522 «0555 «0286 1. 0000
13083 9419 9332
$3976 +4555 <9788
«%946 «5475 « 9671
«5870 «6294 «9514
e 1795 e 71861 «8830
«8798 «B616 «8101
SUCTION SUREACE »9315 -6673
«0424 «0253 «9187
«0862 «0975 « 71864
«1302 «1958 « 6666
«1738 «2951 « 4849
«26]12 «4339 e2415
«3036 « 47645 « 2862
e36467 «514644 «3614
«3886 «5523 « 4804
«4319 «5905 «5611
«5603 «6979 «5152
6313 e 7535 «6870
« 7032 «8073 « 4637
+8449 «9053 « %205
«9160 «9506 «3898
«9879 «9938 « 3882
RUN NO. 23 COOLANT FLOW DATA
AVERAGE
TEMPERATURE RED F
DEG F DEG K X (10E=4) LBeM/SEC
221.52 378.44 10.753 0.257E-01
187.31 359,44 10,451 0«241E-01
206 .96 369.23 1C.413 0.245E-01
237.38 387.2°% 16.287 0.2¢50E-01
169.93 349.78 11.C94 0.251E-01
159,59 344,03 1C.476 0.234E-01
182.40 356.71 10.360 0.237€E-01
273,95 407.57 6.591 0.823E-02
347.12 330.74 3.825 0.511E-02
402.32 478,88 3,683 0.326E-02

0.,117e-01
0.109E-01
0.111E-01
0.114E-01
0.114E-01
0.106E-01
0.108E-01
0.373E-0¢
0.232E-02
0.148E-02
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Surface Axial

distance distance
over over
arc axial
length chord PS/PT
Rg;'z{* PRESSURE SURFACE

«0555 «0286 « 9997

«1070 «0990 29924

«2051 «26419 « 9916

«3976 «4555 «9780

«84946 «5475 «9663

«5870 «6294 + 9506

« 1795 « 7861 «8830

«8798 «8616 +8107

«9776 «9315 « 6694

SUCTION SURFACE

e 064246 «0253 -9%60

« 0862 « 0975 « 7782

¢1302 «1958 e 6602

«1738 «2951 «4790

«2612 «4339 «2651

«3036 4765 « 2951

¢3467 «e5144 «5190

«3886 «5523 « 5897

«4319 «5905 «5613

«5603 «6979 e5267

6313 ¢ 7535 +5012

« 71032 «8073 «64815

«8449 «9053 «+%338

«9160 «9506 «4002

«+ 9879 «9938 e 4152

RUN NC. 2% COCLANT FLOW DATA
AVERAGE COOLANT
TEMPERATURE RED FLOW RATE
HOLE NQO. DEG F DEG K X (10€E=-4) LBM/SEC KG/SEC

1 168.57 349.02 23.280 0.525E-01 0.238E-01
2 143,15 334,90 234357 0.511E=-01 0.232E-01
3 156,14 342,12 23.907 0.531€E-01 0e2491E-01
4 170.43 350.06 23.738 0.£36E-01 0.243E-01
5 133,36 329.46 23.¢674 0.511E-0C1 0.232E-01
6 127.15 326.01 26.428 0.524E-01 0ec37k-01
7 139,93 333,11 24.C77 Ce524E-01 0e238E-01
8 219,66 377.41 14,555 0.172€E-01 0.780E-02
9 289,82 343,44 8.809 0.112E-01 0.507€E-02
10 331.49 439,53 8.584 0.716E-02 0.325E-02
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Normalized

Normalized
temperature
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distance
over
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Surface
distance
over arc
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Surface Axial
distance distance
over over
arc axial
length chord PS/PT
RUN 25 PRESSURE SURFACE
5422 «0555 « 0286 + 9995
«1070 «0990 e9922
«2051 «2419 «9913
¢3976 «4555 «9774
%946 «56475 « 9655
«5870 «6294 « 9497
e 1795 « 71861 + 8818
«8798 «8616 + 8086
09776 «9315 « 6665
SUCTION SURFACE
«06424 <0253 +9154%
«0862 «0975 e 7771
«1302 «1958 «6597
«1738 «2951 « G786
e2612 «4339 « 2650
«3036 4745 e 2793
e3667 «51644 « 3905
«3886 «5523 «5651
+4319 «5905 « 5655
«5603 «6979 «5189
«6313 e 7535 «%943
e7032 «8073 «®729
«B8649 «9053 «4270
«9160 «9506 ¢« 3945
«9879 «9938 «3870
RUN NC. 25 COCLANT FLOW DATA
AVERAGE C
TEMPERATURE RED FL
DEG F DEG K X (10€E-4) LBM/SEC
303.47 423.97 €.646 0.173E-01
260,31 399.99 7.063 0.176E-01
280.79 411.37 7.053 0.179E-01
304.73 424467 7.C05 0.182E-01
230.37 383,35 6.886 0.166E-0C1
219.68 377.41 7.114 0.170E=-01
247.14 392.67 7.282 0.179E-01
449,31 422.86 2+565 0.372E-02
499,33 532.78 24427 0.231E-02

0.782E-0C2
0.798E-02
V.b13E-0C2
0.826E-02
0.754E~-02
0.770E-02
0.812E-02
0.270E-02
0.169E-02
0.105E=02
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Axial
distance

Normalized

Surface

distance

Normaligzed heat

over

transfer
coefficient

axial temperature
chord (Tw/811 K)

over arc
length
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HOLE NO.

O O NS W N

—
o

Surface Axial
distance distance

over over

arc axial
length chord PS/PT

RUN 39 PRESSURE SURFACE
5511 «0555 « 0286 « 9994
«1070 «0990 «9934
«2051 w2619 ¢ 9926
«3976 «6555 «9802
e 4946 «56475 « 9690
«5870 «6294 « 9538
e 1795 « 71861 +« 8868
+8798 «8616 «8139
09776 «9315 «6720
SUCTION SURFACE
e 0626 «0253 09266
« 0862 « 0975 . 7945
«1302 «1958 «67640
«1738 «2951 « 6880
e 2612 «4339 «2325
«3036 «4 745 « 2906
03667 «51466 «3637
+3886 e5523 «5075
«4319 «5905 + 5584
«5603 «6979 «5033
«6313 « 7535 « 4707
e 7032 «8073 +4580
«86649 «9053 «6147
«9160 «9506 ¢3932
«9879 «9938 +4353
RUN NCO. 39 COCLANT FLOW DATA
AVERAGE

TEMPERATURE RED F
DEG F DEG K X (10E=4) LBM/SEC
150.36 338.92 23.176 0.511E-01
145,66 336429 23,360 0.512E-01
156.54 342434 24,219 0.538E-01
119.12 321.55 24.537 0.520€E-01
112.28 317.75 23.505 0.494E-01
129.63 327.39 23,494 0.505E-01
193.14 362.67 14.457 0.166E-01
254,16 341.04 8.877 0.109E-01
?95.65 419.62 8.713 0.703E-02

CoOoL
LOW

0.232E-01
0.229E-01
0.232E-01
0.2644E-01
0.236E-01
0.224E-01
0.229E-01
0.753E-02
0.493E-02
0¢319E-0<
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transfer
coefficient

Normalized
heat

Normalized
temperature
(Tw/811 K)

distance
over
axial
chord

Axial

Surface
distance
over arc

length
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HOLE NOC.

1
2
3
4
5
6
7
8
9
10

N 40
511

156.81
139.18
150.27
159.95
124,25
118.48
140.69
201.72
266.94
302.32

PS/PT

@M OO0V OO
LS L 0DDDND~

~0
N SNDW

® 000 00000000000
(S SIS AN QYIS TU T IV Y XYW Y,

~N~NNS 2000
VWNO~NLSOSHON
A0 TN O

COOLANT FLOW DATA

Surface Axial
distance distance
over over
arc axial
length chord
PRESSURE SURFACE
«0555 « 0286
«1070 «0990
«2051 «26419
¢3976 «4555
e4946 «5475
«5870 «6294
« 71795 « 7861
«8798 «8616
9776 «9315
SUCTION SURFACE
«0424 «0253
+0862 «0975
e1302 «1958
«1738 «2951
« 2612 «4339
«3036 « 4745
«3467 «5144
«3886 «5523
«4319 «5905
«5603 «6979
«6313 « 7535
« 7032 «B8073
8449 «9053
«9160 «9506
«9879 «9938
RUN NC. 40O
VERAGE
PERATURE RED
DEG K X (10E-4)
362,49 23.406
33¢.69 22.263
338.86~ 22.045
36464,23 23.523
324.40 23.827
321.19 22.829
333,53 22.109
367.44 14,345
341.5¢4% 8.867
423,33

8.915

LBM/SEC

0.520E-01
0.484E-01
0.486E-01
0.525E-01
0.509E-01
0.484E-01
0.482E-01
0.166E-01
0.110€-01
0.724E-02

0.236E-01
0.220E-01
0.221E-01
0.238E-0C1
0.231E-01
0.219E-01
0.219E-01
0.754E-02
0.499E-02
0.328E-02
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Axial

distance

Normalized

Surface

over Normalized heat

axial
chord

distance
over arc

transfer
coefficient

temperature
(Tw/811 K)

length
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Surface Axial
distance distance
over over
arc axial
length chord PS/PT
RUN 4] PRESSURE SURFACE
4512 20555 «0286 + 9989
«1070 «0990 « 9930
«2051 .24%9 «9919
¢3976 « 4555 «9801
« 4946 «5475 «9692
«5870 6294 ¢9541
« 1795 « 71861 «8884%
«8798 «B8616 +8186
«e9776 «9315 «6921
SUCTION SURFACE
«0624 «0253 «9243
« 0862 «0975 « 7956
«1302 «1958 «6769
«1738 «2951 «4920
«2612 «4339 «2399
«3036 04745 « 6385
«3467 e5144 «5672
«3886 «5523 «5882
«%319 «5905 «5837
«5603 «6979 - «5598
«6313 « 1535 « 5450
e 1032 «8073 ¢ 5471
«86449 «9053 «5598
«9160 «9506 «5727
«9879 «9938 «5746
RUN NC. ¢1 COOLANT FLOW DATA
AVERAGE COOL ANT
TEMPERATURE RED FLOW RATE
HOLE NO. DEG F DEG K X (10E-4) LBM/SEC KG/SEC
1 230.54 383,45 9,689 0.234E-01 0.106E-01
2 203,31 366.32 9.741 0.229E-01 0.104E-01
3 220.65 377.96 9.730 0.233E-01 0.105E-01
4 239.59 388,48 9.940 0.242E=-01 0.110E-01
5 177.89 354,20 10.145 0.231E-01 0.105E-01
6 172.93 351.44 9.881 0.224E-01 0.102E-01
7 206.64% 37C.17 9.592 0.226E-01 0.102E-0C1
8 287.24 414.95 6.063 0.767€E=-02 0.3648BE-02
9 361.19 404,48 3.624 0.490E-02 0.222E-02
10 365,41 475,04 3.627 0.319E-02 0.145E-02
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Axial

distance

Normalized

Surface
distance

heat

Normalized

over
axial
chord

transfer
coefficient

over arc

temperature
(Tw/811 K)

length
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HOLE NO.

O O 0! e W N -

[
o

Surface
distance
over
arc
length

woowm
~
own

QHOOWO\Q@OOO‘\IWOOWQQNO*
~NO 2 WO PO W=LWOON Ny OO ~NFJNIWN
VOOVONWWORNTNONNS D OCONOOO

Axial

distance

over
axial
chord
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COOLANT FLOW DATA

RED
X (10E-4¢)

24.686
24.408
24.097
24.735
24.335
24.C48
24,453
14.967

9.285

RUN 42 PRESSURE SURFACE

611 .0
01

2

.3

s

5

7

.8

.9

sucTion $u
.0

.1

01

02

3

3

3

08

5

06

o7

.8

9

.9

RUN NC.

. AVERAGE
TEMPERATURE
DEG F DEG K
165,84 336,39
127.61 326,27
139,15 332,68
150,29 338,86
116,43 318.95
108.38 315,58
127.60 326,26
188.02 359,83
246,00 36C.89
287.06 4164.85

9.205

C
L

0.542E-01
0.523E-01
0.524E-01
0.546E-01
0.513E-01
0.503E-01
0.524E-01
0.171€-01
0.113E-01
0.737€-02

0
0

OoLa
W

i,
KG/SEC
0.246E-01
0.237E-01
0.236E=-01
0.247€E-01
0.233E-01
0.228E-01
0.236E-01
0.775€=02
0.511E-02
0.334E-Q2
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Axial

distance

Normal:zed

Surface

heat
transfer

over Normalized
coefficient

distance

temperature
(Tw/811 K)

axial
chord

over arc
length
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HOLE NO.

[

O OV ®© v O U 2 W N =

Surface Axial
distance distance
over over
arc axial
length chord PS/PT
RUN 43 PRESSURE SURFACE
4411 «05%5 «0286 «9991
«1070 «0990 +9933
«2051 «2%19 09924
¢3976 « 4555 « 9806
«&4946 «5475 «9699
«5870 « 62964 +9553
¢ 1795 « 7861 «8909
«8798 «8616 e8225
«9776 «9315 « 6994
SUCTION SURFACE
«0626 «0253 09249
«0862 + 0975 « 71970
«1302 «1958 «6783
«1738 «2951 « 4940
02612 «4339 02722
«3036 «4745 «4738
e3667 «5164 «5739
+3886 5523 «5892
«4319 «5905 «5913
«5603 «6979 «5716
«6313 « 1535 «5580
«71032 «8073 « 5608
«8449 «9053 «5732
«9160 «9506 « 5856
«9879 «9938 «5882
RUN NC., 43 COCLANT FLOW DATA
AVERAGE C
TEMPERATURE RED FL
DEG F DEG K X (10E=-4) LBM/SEC
148,67 337.97 24.368 0.537€-01
131.41 32&.38 2644362 0.525E-01
141.04 333,73 © 23.939 0.522E-01
153.75 34C.79 24.587 0.545E-01
116,92 32C.33 26.624 0.521E-01
111.64 317.39 24.298 0.510E-01
132.95 326.23 24,208 0.523E-01
190.71 361.32 14.93¢4 0.171E-01
252.4.52 346,88 S.172 0.112E-01
289.54 4l16.23 9.109 0.731E-02

0oL
OwW

e
KG/SEC

0.2643E-01
0.c38E-01
0.¢37E-01
0.247E-01
0.236E-01
Cec31E-01
0.237€-01
C.775E-02
0.509E-02

0.331E-02
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Axial

distance

Normalized

Surface

over Normalized heat

distance

transfer
coefficient

temperature
(Tw/811 K)

axial
chord

over arc
length

O€ DO OMONNON N P N0 T DM DO NO DO N0 DO F M MN OO PP= (N O et N O 4 F (UN AN D OV O NN O F- O\ o ot
O NN MAINN F=0 N N & DM i) NN PN D NN DN & NP 0N O i & QMO 0 (N Q0 r4 N =t MO NNO F ONDMO O N
OM MO O G DN Orif= OO =t F D ONNO 0 3 O VO IO WUN OO & N INF D NOON FIOMO OO N PN =DND RN O & =0
(N SO S MR M S O (NN 0 (VO NI AN N S NN NNALN MO AN OO PP O PP =00 000 0 00 O T O T INT

.....................0............................................'.

00 O O O~ 0D O P11 00 (A &0 0P LI NP I L =430 {00 M0 OO I DN OO O MO NG ON N = DN NN GO0 et MO~ OO
51498062%%23%7683953W%MMMOb7bﬂﬂwﬂ13852W4%67967&134100749261309909610
QO OWOM=N O N uluhVelal\ lalelel NN U\ &P et =4 © O O NN LN NNO0 OO D DO NN OO~ O et
88777777777777777777777777777777?77777777777777777777777%ﬁ777777n7w8

[ ® o 0o 0 0 0 L N

) 4O Ot (N D O ot F* vt PP L) T e o = ON =4 O (1) Q0 M LN O GNP OO = (N O =~ 00 4 740 O (0 =N D N DO MO N O =D NI DO N D M
GO~ D0 YN O OM D G M PO (MU0 & QU0 NN O OV O (NI OO O N O M (N QN =N () NG i (N NON= S NN = D& OV O
PN MO DO O F OO & =N OF =D O MO O ND T OO NO QD M Drid N O N O M =4 M N DD N MDD QNN N O~ PO N
OO DD P OO O NN FF N OO NN =t O O OO OO O OO miNNMNM O F & & & F LN LUNIND O OO M= === 00 00 DD D O

.................................‘............................O'....

O N O =N O MO F N NO N OO ON = NN OO NSNS OO O OMNMNOOF =~ OMONF SR TR TON IS OO0 O=~DO K
O WD GG rH=t O\ () F (N0 O P00 DGVt NN MM U O 4 DO VNN N Nt N =t QO O O ° OOV PDOMFODNOVOMMOUND ~N\ N
D MOMF N ONOMO P =0 NN~ 4 OO VMO DUNM O ~MN PO P e MU0 = MINO VO NN O NS O 0N MO W MIN D ONIN-G
D DO OO O VN INN T F & OO AN et =t OO OO O DO OO et NNININ N MO NN M & I TN NIND O O~ =~ 0D a0 GO QDD

O.OOOC.OOO.O..OQ...OOOOOOOQO..'0000.0..0...00...0.0.000.0..00.00.00.

"¥e12

148



HOLE NO.

W ® N O 0 & W N =

—
o

Surface Axial
distance distance
over over
arc axial
length chord PS/PT
RUN 464 PRESSURE SURFACE

4412 +0555 «0286 « 9990

«1070 «0990 « 9931

«2051 «2419 «9923

«3976 «4555 <9806

«84946 «5475 ¢ 9695

«5870 «6294 e 95647

e 7795 o 7861 « 8899

«8798 «8616 «8211

« 9776 «9315 «6990

SUCTION SURFACE

0624 «0253 «9251

«+0862 «0975 « 71976

«1302 «1958 «6793

«1738 «2951 e 4952

02612 +6339 «2879

«3036 « 4765 « 4567

«3467 «5144 «5536

«3886 «5523 « 5856

«&4319 «5905 e 5925

«5603 «6979 «5738

«6313 « 7535 «5615

« 7032 «8073 «5629

«8649 «9053 «e5750

«9160 «9506 «5871

«9879 «9938 «5916

RUN NC. 4% COOLANT FLOW DATA
AVERAGE COOLANT
TEMPERATURE RED FLOW RATE
DEG F DEG K (10E-4) LeM/SEC KG/SEC

251.08 394,86 7.144 0.176E-01 0.799E-02
219.16 377.13 6.923 0.165E-01 0.749E-02
233,83 38¢%.28 6.845 0.166E-01 0.752E-02
260.18 396.92 7.219 0.180E-01 0.615E-0Q2
189,17 360.47 7.493 0.173E-01 0.785E~-02
182.42 35€.71 7.428 0.170E-01 Qe T72E=02
217.98 37€.47 7.153 0.171E-01 De773E-02
301.42 422.82 4,528 0.581E-02 0.263E-0C2
375.12 407.64 2.694 0+.368E-02 0.167E-02
408.77 482.47 2.677 0.238BE=02 0.108E-02
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heat
transfer
coefficient

Normalized

temperature
(Tw/811 K)

Normalized

over
axial
chord

Axial

distance

Surface
distance
over arc

length
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HOLE NO.

VO 0NV SWwW N

—
(=]

UN 46
RQ311

162.85
145,04
157.03
173.59
128.83
122.10
146.25
212.79
275.28
311.93

Surface Axial
distance distance
over over
arc axial
length chord PS/PT
PRESSURE SURFACE
«0555 «0286 e 9996
«1070 +0990 «9937
02051 «2419 « 9929
3976 « 4555 « 9808
«8§946 «5475 «9701
«5870 «6294 e 9554
« 1795 « 7861 +8909
«8798 «8616 «8218
« 9776 «9315 « 6985
SUCTION SURFACE
«06426 «0253 «9254
«0862 «0975 « 1977
«1302 «1958 «+ 6788
«1738 «2951 e %946
«2612 «%339 «3319
«3036 « 47645 « 4602
e3467 «5144 «+ 5408
«3886 e5523 «e5793
«4319 «5905 « 5866
«5603 «6979 «5693
«6313 « 71535 «5573
e 7032 «8073 « 5573
«8469 «9053 «5702
«9160 «9506 «5828
«9879 «9938 «5888
RUN NC. 46 COOLANT FLOW DATA
RAGE co
RATURE RED FLO
DEG K X (10E=-¢) LEM/SEC
345,84 15.271 0.342E-01
335,95 15.409 0.338E-01
342,61 14,951 0.333E-01
351.81 15.585 0«354E-01
326.95 15,601 0.335E-01
323,20 15.555 0.331E-01
336.62 15.474 0.340E-01
373.59 9.545 0.112€E-01
365.11 5.873 0.735E-02
42E.67 5.844 0.479E=-02

0.155€~-01
0.153E-01
0.151€E-01
0.160E-01
0.152E-01
0.150E-01
0.154E-01
0.508E-02
0.333€E-02
0.217E-02
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heat
transfer
coefficient

Normalized

Normalized
temperature
(Tw/811 K)

over
axial
chord

Axial

distance

Surface
distance
over arc

length
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HOLE NO.

O 0O ~N 00w -

—
o

RL I4

N ¢
312

263,53
235.80
252.57
287.38
202.50
191.80
228,43
322.00
393.84
425.40

Surface
distance

over
arc
length

Axial

distance

PRESSURE SURFACE
55

SUCTION

«1070
02051

® @ 0000000 000 000N OGO E
DOV D NN S WWWAN = =00 C ODJNESW
=L OWRWELOOJWE L VNI ~D OO
NS WO WH=WO N MYOONI Y
VO VNWWOO~NCTNDONNEBROCONOOO

401.78
386.37
395.69
415,03
367.87
361.93
382.27
434.26
418.55
491,71

over
axial
chord

ONONLENOO
= ON \O =\ O (D

VO OWNOOWI WO OON WOONLSNLON

OOWWRNONWS N0 DOWNW N = S NNOVO

VOOVXRNO NS BN=OO O
WOWMNWNONS SWINNYD =

0

PS/PT

O OOD
VONWO

ONNONON £YN YO S2NL L

0 0 00 0 0 o0 o0

~O OCOMOVOO0Y

~NWWWODON  O=DWN
W=D NYO NN SPODMO COOS

CWONON=O

VIR RAN RN S 0800

OOV ®

COCLANT FLOW DATA

RED
(10E
5.030
5.128
4.538
5.269
5340
5.080
4,976
3.228
1.967
1.934

-4)

LEM/SEE
0.126E-01
0.125E-01
0.112E-01
0.135E-01
0.125E-01
0.118E-01
0.120E-01
0.422E-02
0.273E-02
0.174E-02

0oL
OW

e
KG/SEC

0.570E-02
0.565E-02
0.509E-02
0«611E-02
0.568E-02
0.534E-02
0.544E-02
0.191E-02
0.124E-02

0.790E-03
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transfer
coefficient

Normalized
heat

Normalized
temperature
(Tw/811 K)

Axial
distance
over
axial
chord

Surface
distance
over arc

length
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HOLE NO.

O @ N OV WN e

[
o

Surface Axial
distance distance

over over

arc axial
length ~ chord PS/PT

RUN 57 PRESSURE SURFACE
4521 «055% « 0286 « 9968
«1070 «0990 « 9906
«2051 «2419 ¢« 9902
«3976 « 4555 «9774
«+8966 «5475 + 9658
«5870 «6294 «9512
e 7795 « 7861 « 8855
«8798 «8616 «8156
091776 «9315 «6884
SUCTION SURFACE
«0424§ «0253 « 9255
« 0862 «0975 e 71979
«1302 «1958 «6786
«1738 «2951 « 4937
02612 «%339 .5318
¢3036 04745 » 3828
03467 5144 ¢ 5506
«3886 «5523 «5951]
«4319 «5905 «5860
«5603 «6979 « 5528
«6313 « 71535 e5366
« 7032 «8073 «5363
«86649 «9053 «5503
«9160 «9506 e5647
«9879 «9938 «5660
RUN NC. 57 COCLANT FLOW DATA
AVERAGE

TEMPERATURE RED F
DEG F DEG K X (10E=-4) LBM/SEC
169,87 346,74 22.918 0.518E-01
149,14 338,23 23.235 0.512E-01
161.25 344,96 24541 0.549E-01
165.93 347.55 23.187 0.521E-01
136,48 33C.08 23,636 0.511E-01
126.91 325.88 24.184 0.518E-01
151,29 339.42 22.578 0.499E-01
212429 373,31 13,745 0.161E-01
275 .65 38€.06 8.490 0.106E-01
426,97 8.409 0.687E-02

308.88

0.235E-01
0.232€-01
0.249E-01
0.236E-01
0.232E-01
0.235E-01
0.226E-01
0.731E-C2
0.482E-02
0.312E-02
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Axial

Normalized

distance

Surface

distance

Normalized heat

over

temperature transfer
coefficient

(Tw/811 K)

axial
chord

over arc
length
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Surface Axial
distance distance
over over
arc axial
length chord PS/PT
RUN 58 PRESSURE SURFACE
4522 «0555 «0286 + 9969
«1070 « 0990 « 9902
«2051 «26419 « 9898
«3976 «4555 «9770
e§946 «56175 «9657
«5870 «6294 « 9506
« 1795 « 7861 +8B4&6
19776 213 I € 113
SUCTION SURFACE * :
«06424 «0253 « 9259
«0862 «0975 « 7983
«1302 «1958 « 6794
«1738 2951 e§942
e 2612 «%339 «2383
«3036 «4745 « 3830
03467 «5144 «5573
«3886 «5523 e5957
+4319 «5905 «5873
«5603 «69179 « 5553
«6313 e 7535 «5408
18449 19093 3236
+9160 <9506 05675
« 9879 «9938 .2712
RUN NO. 58 COOLANT FLOW DATA
AVERAGE COOLANT
TEMPERATURE RED FLOW RATE
HOLE NO. DEG F DEG K X (10E=4) LBM/SEC KG/SEC
1 269.19 404.92 7040 0.177E-01 Q0.802E=02
2 236,29 386,65 7.071 0.172E-01 0.779E-02
3 253,86 39€.41 6.688 0.165E-01 0.751E-02
4 266 .84 403,62 7.396 0.185E-01 D.841E-02
5 202 .50 367.87 6.986 0.164E-01 0.743E-02
6 194,33 363,33 7.C10 0.163E-01 0.738E~-02
7 229.72 382.99 6.885 0.166E-01 Qe 754E=-02
8 314,50 43C.09 4.474 0.581E-02 0.263E-02
10 420.85 489,18 2597 0.233E-02 0e106E-02
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heat
transfer
coefficient

Normalized

Normalized
temperature
(Tw/811 K)

distance
over
axial
chord

Axial

Surface
distance
over arc

length
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HOLE NO.

N B o B R« AR * L I R VU N )

—
o

R

UN S9
5521

163.00
145,11
157.01
l161.71
128.93
119,71
139.23
201.81
256 .65
301.35

SUCTION

Surface
distance

over
arc

length
PRESSURE SURFACE
«0555

«1070

L N )

WnN

0O
n
[

~NOS WO WWOORNMNNOONI N

)
>
DVOOVNWWOR NN DONN B0 DNO OO

P LOWORWD LSOO YW £ 0V~ ~~® D

® ® 9 00 000 000000 N 0o

N0 OW NN W WWIN e QO O C O W~

59

345,93
335.99
342.60
345,21
327.00
321.88
332.72
367.49
372.83
422.79

Axial

over
axial
chord
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(o)
m
WOVNWDUON £ LWINNIND e pt OND AN O D
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distance

PS/PT

CODLPYDDO
O ONO SO OO0

WEOODP=O = OMOWV VWWNODLOWN

SWLLLENNLWNINSOIO O OOOOOOO0

WOV OV NDNIO ~ON
D = O NI O W & bt O N

® 0 00 0 000 000 00 0o

COCLANT FLOW DATA

RED
X (10E=-4)

234441
23.542
22.648
23.501
23.180
23.214
224345
14.121

8.902

8.703

0.525E-01
0.516E-01
0.504E-01
0.526E-01
0.498E-01
0.493E-01
0.486E-01
0.164E-01
0.109E-01
0.706E-02

0.238E-01
0¢234E-01
0.228E-01
0.238E-01
0.226E-01
0.223E-01
0.221E-01
0.742E-C2
0.496E-02
0.320E-02
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heat
transfer
coefficient

Normalized

Normalized
temperature
(Tw/811 K)

Axial
distance
over
axial
chord

Surface
distance
over arc

length
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HOLE NC.

O ® N 00 UV W N e

—
o

Surface Axial
distance distance
over over
arc axial
length chord PS/PT
RUN 63 PRESSURE SURFACE
4421 «0555% «0286 « 9979
«1070 «0990 «9913
«2051 «2%19 « 9908
«3976 «4555 « 9784
«8946 «56475 «9670
«5870 «6294 « 9523
«7795 « 7861 +8875
+8798 «8616 «8189
09776 «9315 « 6961
SUCTION SURFACE
e 0424 «0253 « 9259
«0862 «0975 « 7989
«1302 «1958 «6824
«1738 «2951 « 4989
02612 «4339 e 2627
«3036 «4745 e4416
«36467 «5144 «5768
«3886 e5523 «5934
«4319 «5905 «5906
«5603 «6979 «5662
+6313 « 1535 ¢5530
e 7032 «8073 «5527
«86469 «9053 «5662
«9160 «9506 «5795
«9879 «9938 «5819
RUN NC., 63 COOLANT FLOW DATA
TE:gE§:$SRE RED FE
DEG F DEG K X (10E=4) LBM/SEC
150.2¢ 33&.84 26,446 0.539E-01
135.43 33C.61 23.701 0.513E-01
144,54 335.67 23.072 0.5C5E-01
156.33 342.22 24.630 0.547€E-01
121.42 322.83 24.357 0.518€-01
113.75 318.57 264,066 0.507€E-01
133,36 329.46 23.569 0.509E-01
191.68 361.86 14,763 0.169€E-01
247,62 42C.99 9.265 0.113E-01
287.73 415.22 9.199 0.737E-02

0.245E-01
0.233E-01
0.229E-01
0.248E=01
0.235E-01
0.230E-01
0.231E-01
0.767E-02
0.511E-02
04334E=-02
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heat
transfer
coefficient

Normalized

Normalized
temperature
(Tw/811 K)

over
axial
chord

Axial

distance

Surface

distance

over arc
length
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Axial
distance

Surface
distance

over

over

PS/PT

axial
chord

arc
length
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PRE SSURE

RUN 107
5411

SUCTION

DATA

COCLANT FLOW

RUN NC. 107

HOLE NC.

0.228E-01

0.502E-01
0.527E-01
0.5C4E=-01
0.535E-01
0.527E-C1
0.534E-01
0.511E-01
0.176E-01
0.110€-01
0.558E-02

22.288
234269
22.792
24.C68
244144
22.508
22,954
15.260

8.792

348€.83

168.22

0.239E-01
0.228E-01
0.243E-01
0.239E-01
0.242E-01

346.32

169.10

336,49

151.41

3

342,30

156.46

333.99

141.51

5

366.95

197.24

0.232E-01
0.799E-02
0.499E-02
0.253E-02

158.40 343.37

7
8

198,07

365.41

40E.78

276.13

453.18 6.550

356.05

10
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heat
transfer
coefficient

Normalized

temperature
(Tw/811 K)

Normalized

over
axial
chord

Axial

distance

Surface
distance
over arc
length
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Surface Axial
distance distance
over over
arc axial
length chord
RUN 108 PRESSURE SURFACE
4411 «0001 «0
«1027 «0937
«1527 «1632
2029 «2302
«28964 «3384
«3751 «4369
«4603 «5265
«e5465 «6099
«5622 06949
« 7179 e 1570
o7614 « 717155
«8073 +8255
+8894 «8843
09745 «9416
SUCTION SURFACE
«0393 «0246
«0781 « 0697
«1176 «13642
«1569 «2181
e1962 +3058
«2358 «3816
«2750 «4409
e3447 «5200
e84145 «5844
«4838 6621
«5534 «6963
«6233 « 7485
«6880 e 7956
« 71626 «8488
8166 «8863
«9020 «942
«9505 «9723
RUN NC. 1C8
AVERAGE
TEMPERATURE RED
HOLE NC. DEG F DEG K X (1CE=4)
1 163.26 366,07 22.318
2 162.58 345,70 23.534
3 148,73 33€,00 22.%561
4 149,58 33€,.,47 23,687
5 137.44 331.73 23.545
6 189.86 36C.85 15.145
7 153,57 34C.69 23.3642
8 186.30 358.87 15.447
9 254 .54 396,78 9.509
10 327.63 437,39 7.665

PS/PT

°
0
.1V ]
[« ]

NNO=O 0L OWLI= = W= N0 O

O O D O®O OOV OO
£ O0L O =00~ DD®

= OOWN MWD DL L OMPDO O

® 000000000000 oo
SLWLONNS D

N VRN R INAIIANUIIRO O O\O\O

O ~NODYODOOW
VRV P Tl T, W Py NYeY

O NNV DO OVOOWW

COCLANT FLOW DATA

LBM/SEE
C.500E-01
0.527€-01
0.497E-01
0.522E-01
0.52CE-01
0.350E-01
0.517e-01
C.176E-01
0.117e-01
C.637E-02

CcooL
LOW

A
R

NT
ATE
KG/SEC

0.227E-C1
0.239E-01
0.225E-01
0.237e-01
0.236E-01
0.159E-01
0.234E-01
0.798E-02
0.529E-02
0.289E-02
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Axial

distance

Normalized

Surface

over Normalized heat

distance

transfer
coefficient

temperature
(Tw/811 K)

axial
chord

over arc
length
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RUN 109
4412
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Axial
distance

Surface
distance

over
axial
chord

over

arc
length

PS/PT
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PRE SSURE

109 .

RUN
4412

SUCTION

COCLANT FLOW DATA

RUN NC. 109

HOLE NO.

0.889E-02
0.764E-02
0.728BE-C2
0.787€-02
0.796E-C2
0.812E~-C2
0.758E-02
0.271E-02
0.166E-02

C.196E-01
C.168E-01
C.1€1E-01
0.173e-01
0.176E-01
0.179E-01
0.167E-01
0.596E-02
C«365E-02
0.181E-02

7.929
6.809
€.€93
7.151
7.506
6.924
6.939
§.826
2.681

395.86

252.88

396,45

253.94

375.64

2264 .05

3

385.54

234,30

36€.87

200.70

5

421.62

299.25

382,07

228,07

7

263,10

401.54

46C.60

369.41

0.822E-03

511.03 1.5€0

460.19

10
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transfer
coefficient

heat

Normalized

Normalized
temperature
(Tw/811 K)

distance
over
axial
chord

Axial

Surface
distance
over arc

length
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Axial

Surface
distance

distance

over

PS/PT

PRESSURE SURFACE
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SUCTION

COCLANT FLOW DATA

RUN NC. 110

E-¢)

HOLE NO.

0.220E-01
0.230E-01
0.223E-01
0.235€E-01
0.235€E-01
0.243E-01
0.227E-01
0.791€E-02
0.499E-C2
0.251E-02

0.486E-01
0.5C7€-01
0.493E-01
0.518E-01
0.517€-01
C.535E-01
0.501€-01
0.174E-01
0.110E-01
0.554E-02

21.%5179
22.44C
22.23¢€
22.229
22.652
22.553
22.464
15.1C6

348.27

167.22

1

35C.12

170.54

34C.66

153.52

158,53 343,44

4
5

334.94

143,23

365.09

197.49

344.01

2
8
S

10

159.54

365.37

198.00

8.€E03
6.64G4

408,25

275.18

454.25

357.99
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Axial

distance

Normalized

Surface

distance

heat
transfer
coefficient

Normalized

over
axial
chord

over arc

temperature
(Tw/811 K)

length
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Axial

distance

Surface
distance

over
axial
chord

over

arc
length

PS/PT
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PRESSURE

RUN 111
5622
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SUCTION

COCLANT FLOW DATA

RUN NC. 111

HOLE NO.

0.771E-02
C.621E-02
0.620E-02
0.658E-02
0.661E-02
0.686E-02
0.636E-02
0.225E-02

0.170E-01
C.137€E-01
0.137€-01
0.145E-01
U.1646E-01
0.151E-01
0.140E-01
0.496E-02
0.302E-02
0.170E-02

€.€38
5.233
5.499
5.747
€.C20
5.€37
5.619
3.906
2.141

415.81

288.78

417.75

292.27

2

399.15

258.80

407.29

273.45

384.36

232.17

444,68

360,75

263.13 401.55

7
8

417.18

291.26

0.137e-02
0.771€E-03

486.10

415,31

536.68 1.772

511.76

10
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Axial

distance

Normalized

Surface
distance

heat
transfer
coefficient

Normalized

over
axial
chord

temperature
(Tw/811 K)

over arc

length
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Axial
distance

Surface
distance

over

over

axial
chord PS/PT

arc
length
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PRESSURE
SUCTION

COCLANT FLOW DATA

RUN NC. 112

HOLE NO.

0.779E-02
0.658E-02
0.6364E-02
0.666E-02
0.652E-02
0.672E-02
0.633E-02
0.226E-02
0.138E-02
0.680E-03

C.172€E-01
0.145€-01
0.140E-01
0.1647E-01
0.1644E-01
0.148E-01
0.140E-01
0.499E-02
0.304E-02
0.150E-02

€.787
5.734
5.704
5.52¢4
€.C25
5S.€CE
5.€91
3.992
2.210
1.€11

409.08

276,67

409.37

277.20

2

265.10

391.5¢4

397.15

255.19

376.91

218.78

434,86

323.07

391.49

2645.01

407.58

273.97

8

46€.43

379.91

51¢€.21

469.52

10
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Axial

distance

Normalized

Surface

heat
transfer
coefficient

Normalized

over
axial
chord

distance

temperature
(Tw/811 K)

over arc

length
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HOLE NC.

WV 0 N0V sWw N

™)
o

Surface Axial

distance distanc

over over

arc axial

length chord

RUN 113 PRESSURE SURFACE
§42] «+0001 «0

01027 «0937

01527 01632

«2029 «2302

« 2894 «3384%

«3751 «®369

6422 «6949

«7179 e 1570

«7416 « 71755

«8073 «8255

«8894 «8843

«9745 «9416

SUCTION SURFACE

«0393 «0246

«0781 « 0697

e1176 01362

«1569 «2181

¢1962 «3058

«2358 «3816

2750 «4409

«3447 «5200

041645 «58644

«4 838 6621

5534 «6963

6233 « 7485

«6880 « 71956

o 71626 «86488

«8166 +8863

«9020 094627

«9505 «9723

RUN NC. 113 COCLANT FL

AVERAGE
TEMPERATURE RED
DEG F DEG K X (1CE=4)

177.56 354,02 2C.566
175.84 352.06 22.C6¢
160.99 344,81 22.183
162.08 345442 23,458
151.45 336,51 264142
200425 36€.62 23.275
165,42 347.27 22.502
198.91 365.88 14,955
261.56 40C.68 €.598
336.21 462.16 €.762

e

O i~ DD OO OO OO
NO O £ O s O D O
N OWW =N 1 &
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= et £ () OM ) \NOD 0D
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~N

CW DATA

0.469E-01
0.502E-01
0.496E-01
0.525E-Cl
0.533€E-01
0.547E-01
0.5C6E=-01
0.173€E-01
0.111E-01
0.566E-02

0.213E-01
0.228E-01
0.225E-01
0.238E-01
0.262E-01
0.2648E-01
0.229E-01
0.784E-02
0.504E-02
0.257€-02
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Axial
distance

Normalized

Surface

distance

heat

transfer
coefficient

over
axial
chord

Normalized

temperature

over arc

(Tw/811 K)

length
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Surface
distance
over
arc
length
RUN 143 PRESSURE SURFAC
5511 «0001
«0525%
«1027
01527
«2029
.§894
«3751
«8603
«6422
«7179
e 7616
«8073
«8894
097645
SUCTION SURFACE
«0393
«0781
«1176
«1569
e1962
«2358
21750
03447
%145
«5534
6233
«8166
«9020
«9505
RUN NC. 143
AVERAGE
TEMPERATURE
HOLE NO. DEG F DEG K
1 192.28 362.20
2 195.44% 363.95
3 167.75 348.57
4 176,73 353,56
5 158.01 343,16
6 228,79 382.48
7 177.60 354 .04
8 234 .25 385.51
9 -302.05 423.18
10 377.62 465.16

Axial
distance
over
axial
chord
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COCLANT FLOK DATA

RED
X (10E-4)

19.640
2C. 755
2C.530
21.C35
22.393
2C.922
21.202
13.599
7.981
6.132

Cco

LBM/SEELO
0.455E-01
0.483E-01
0.463E-0C1
0.479E-01
0.499E-01
¢.5C5E-01
0.485E-01
0.163E-01
0.102E-01
0.532E-02

0
W

LAN

RA}E
KG/SEC
0.206E-01
0.219E-01
0.210E-C1
0.217€-01
0.226E-01
0.229E-01
0.220E-01
0.740E-02
0.4664E-02
0.2641E-02
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Axial

Normalized

distance

Surface

heat

Normalized

over

distance

transfer
coefficient

axial temperature
chord (Tw/811 K)

over arc
length
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RUN 144
4511

197.89
197.86
172.30
179.43
159.91
231.37
178.80
225.70
305.88
380.93

Surface
distance

length

over
arc

Axial
distance
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PRESSURE SURFACE
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365.29
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X (10E-4)

19.909
21.133
21.115
21.499
220327
21.C74
21.542
13.865

€.034

6.237

LBM/SEC

G.464E-01
0.493E-01
0.478E-01
0.491E-01
0.498E-01
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0.492E-01
0.165E-01
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COCLANT FLOW DATA

RUN NC. 145

HOLE NO.

0.112E-01
0.115€E-01
0.112E-01
0.116E-01
0.120E-01
0.121E-01
0.117e-01
0.393€-02

C.266E-01
0.254E-01
0.247€E-01
0.255E-01

9.964
1C.263
16.210
1C.547
11.358
10.323
16.710

395.38

252.01

396.82

254 .60

2

378.01

220.74

384.61

232.63

4

0.265E-01
0.266E-01
0.258E-01
0.866E-02
0.533E-02
0.280E-02

366.27

199.62

42C.64

297.48

381.68

227.36

6.931
3,906

407.57

273,95
" 373.33

0.242E-02
0.127E-02

462.78

9
10

506.06 3.C46

451.23
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heat

transfer
coefficient

Normalized

Normalized
temperature
(Tw/811 K)

over
axial
chord

Axial

distance

Surface

distance

over arc
length
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Axial
istance
over
axial
chord
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COCLANT FLOW DATA

Surface
distance d
over
arc
length
N 148 PRESSURE SURFACE
Rggll «0001
«0525
«1027
1527
«2029
« 2894
«3751
«4603
66422
« 7179
o76414
«8073
«889¢
09745
SUCTION SURFACE
«0393
0781
«1176
«1569
01962
«2358
«2750
03447
8165
«5534
«6233
8166
«9020
+9505
RUN NC. 148
AVERAGE
TEMPERATURE RED
DEG F DEG K X (10E
189.47 36C.63 15.494
189,46 36C.63 16.162
163.55 34¢€.23 15.974
176.82 352.50 15.877
154 .87 341.41 17.071
224 .47 38C.C8 16.158
176.77 352.47 1¢.234
237.22 387.16 1C.434
299 .59 421.81 €.396
380,56 466479 4.685

-4)

C.358E-01
0.373E-01
0.358E-01
0.361E-01
0.379E-01
C.388E-01
C.369E-01
0.126E-01
0.819€-02
0.4C7E-02

J
[%2]
~
J
=]

0.162E-01
0.169E-01
0.162E-01
0.164E-01
0.172E-01
0.176E-01
0.167E-01
0.570E-02
0.371E-02
0.185E-02
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HOLE NO.
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RUN 149
4312

DEE

273.65
275.51
237.43
252 .96
213.82
326.55
245,09
321.09
400.39
489.71

Surface Axial
distance distance
over over
arc axial
length chord PS/PT
PRESSURE SURFACE
«+0001 0 «9980
+ 0525 « 0276 «9875
«1027 «0937 « 9896
01527 «1632 «9860
«2029 02302 «9854
«289¢ «3384% «9811
«3751 e 4369 «9728
«4603 «5265 «9603
6422 «6949 « 9099
e7179 « 7570 «8587
o 7614 e 1755 «8643
«8073 «8255 « 7895
«8894 +8843 « 6955
097645 «9416 «6425
SUCTION SURFACE
«0393 «0266 « 9799
0781 « 0697 «96409
«1176 «1342 «857]
«1569 «2181 «6747
«1962 «3058 «6025
«2358 «3816 «5321
«21750 «4409 «5001
034647 «5200 «5388
«§1645 «58644 «5294
e5534 «6963 «5859
«6233 « 7485 «5819
«8166 «8863 «5579
+«9020 e9627 e5627
«9505 09723 «5575
RUN NC. 149 COCLANT FLOW DATA
E§:$5RE RED FEEEL
DEG K X (10E=4) LBM/SEC
407.40 6.932 C.175E-01
408.43 €.16C 0.156E-01
387.28 6.346 0.154E-01
395,90 6.627 0.159E-01
43€.79 é€.135 0.163E-01
391.53 €.271 0«154E-01
632,76 4.184% 00546E'02
477.81 2.169 0.303E-02
527.43 1.841 Cel1764E~-02

0.793E-02
0.706E-02
0.700E-02
0.721E-02
0.747E-02
0.738E-02
0.697E-02
0.248E-02
0.137E-02
0.789E-03

185



Axial

distance

Normalized

Surface

over Normalized heat

distance

temperature transfer
(Tw/811 K) coefficient

axial
chord

over arc
length
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HOLE NO.
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RUN 154
5521

204 .80
175.56
180.96
160.07
236.42
180.34
244,60
320.95
408.95

SUCTION

Surface

dis

tance

over

arc

length
PRESSURE SURFACE
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366.37
365.15
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38¢€¢.72
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391.26
432.68
482.57
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Axial

distance
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axial
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COCLANT FLOW DATA

Bt
19.517
2C.8¢4
2C.672
21.C07
22.436
2C.784
1€.285
13.5C6

7.715

€.CCO

-4)

0.459E-C1
0.49CE-01
0.470E-01
0.481E-01
0.501E-01
0.505€E-01
0.372E-01
C.164E-01
0.1C1E-01
0.534E-02

0.208E-01
0.222E-01
0.213E-01
0.218E-01
0.227€e-01
0.,229e-01
0.169E-01
0.743E-02
0.457E-02
0.262E-02
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Axial
distance

Normalized

Surface

heat
transfer

coefficient

Normalized

distance

temperature
(Tw/811 K)
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HOLE NC.

[

O OV O~ O UV & W N

336.61
316.39
283,18
257.96
238.16
382.78
277.09
407.13
472.28
577.08

SUCTION

NWH RO L= LOyDO

L R I I A A A A T R NN R R
CONCWWE BN VDO N O~ INONON
VOOWHAUVYOON O =W N WL ON WSO

.
O OO N L WNIN et et O O C OO W I~ SWNIND
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NC. 155

442.38
431.14
412.69
42C.90
387.68
46&.03
409.31
481.56
517.75
575.97

X

Surface Axial
distance distance
over over
arc axial
length chord
PRESSURE SURFACE
«0%25 « 027
«1027 .
e1527
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CCCLANT FL
KED
(10E-4)

€.733

6.9C2

6.672

7.179

9.616

7.259

7.607

4,558

2.578

2.C97

PS/PT

.
OO
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O O = QD DWW O =y =~ D

WONNONN=ODNOVO WHEVINMPODONNENO

MO0 OC DOV V OO
V&M = )WROWN~®®

0 e o cos 0000 oe
LS8N BN
WAUNO=N SO SO0

NS OSEYNOONW S OO~ N

OW DATA

LEM/SEC

0.180E-C1
0.181E-01
0.170E-01
0.185E-01
G.196E-01
0.2C2E-C1
0.193E-01
C.64CE=-02
O.38CE-02
0.210E-02

0.817E-02
0.822E-02
0.770E-C2
0.841E-C2
0.889E-02
0.916E-02
0.873E-C2
0.290E-02
0.172E-02
0.953E-03
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heat
transfer
coefficient

Normalized

Normalized
temperature
(Tw/811 K)

distance
over
axial
chord

Axial

Surface
distance
over arc
length
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Surface Axial
distance distance
over over
arc axial
length chord PS/PT
RUN 156 PRESSURE SURFACE
4522 «0001 0 «9987
«0525 «0276 <9897
«1027 «0937 «9906
1527 «1632 «9870
«2029 «2302 «9860
« 2894 «3384 «9819
«3751 «4369 «9730
«4603 e5265 « 9605
«6422 «6949 «9103
« 7179 e 71570 « 8669
e 7416 « 7755 «8409
«8073 «8255 « 7895
«8894¢ «8843 «6766
«9745 «9416 +6510
SUCTION SURFACE
«0393 « 0246 «9797
«0781 « 0697 «9399
1176 v1342 « 8567
«1569 «2181 «6743
«1962 «3058 +6084
«2358 23816 «56484
«2750 «4409 «56405
e3467 «5200 e5421
«4165 «5844 «5291
e5534 «6963 «5940
«6233 « 7485 «5938
«8166 «8863 «5686
«9020 09427 « 5802
«9505 «9723 «5738
NC. 156 COCLANT FLOW DATA
AVE E co
) TEMPE URE REC FLO
HOLE NO. DEG F DEG K X (1CE=-4) LEM/SEC
1 242457 39C.13 €.7C3 U«166E-01
2 266.73 392.44 €.€637 Cel63E=-0Q1
3 22262 376.05 €.£98 0.158E-01
4 232.29 384,42 b.ECEG Ca166E=-C1
) 200.66 36€ .85 7624 C«174E-01
6 280,31 411,10 €.8C4 Ce173E=01
7 229.42 382.82 8.479 0.172€E-01
.8 272.61 40€ .82 4,584 0« 72E=-02
9 345,20 447,15 2514 0«335E-02
10 425.93 49¢.00 2.C63 0.186E-02

oL
n

e
KG/SEC

O.7664E-(2
0.739E-02
0.717e-02
0.753E-02
0.788E-02
0.784E=-C2
0.78CE =02
0.259E-02
0.152E-02

0.843E-(3
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heat

transfer
coefficient

Normalized

Normalized
temperature
(Tw/811 K)

Axial
distance
over
axial
chord

Surface
distance
over arc

length
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axial
chord PS/PT

arc
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PRESSURE

SUCTION

COOLANT FLOW DATA

157

RUN NC.

0.222E-01
0.221E-01
0.218E-01
0.228E-01
0.22%5E-01
0.225€-01
0.216E-C1

C.489E-01
0.488E-01
C.480E-01
0.5C4E-C1
C.497E-01
0+496E-01
C.476E-C1
0.164E-01
0.105€E-01
0.564E-02

Zl.542
21.385
21.6437
224440
224417
21.230
21.CC2
13.918

352.14

174.19

354.54

178.50

162.44 345.62

3
4

34¢€.72

164,43

34C.70

153.59

36€.21

199.51

351.48

173.00

0.744E-02
0.477€E-02

376.24

217.57

€.432
6.694%

40€.97

272.88

0.256E-02

344,38 446.69

10
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transfer
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Normalized
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Surface Axial
distance distance

over over

arc axial

length chord

RUN 158 PRESSURE SURFACE

4321 «0525 « 0276

«1027 «0937

01527 «1632

«2029 «2302

« 2894 «3384

«3751 « 4369

«84603 «e5265

v6422 «6949

«1179 e 71570

«7414 « 7755

«8073 «B8255

+8894 +8843

29745 09416

SUCTION SURFACE

«0393 «0266

«0781 « 0697

«1176 013642

«1569 «2181

e1962 «3058

«2358 «3816

« 2750 «4409

«364647 «5200

«4145 +58644

«5534 «6963

e6233 « 7685

7626 +8488

«8166 «8863

«9020 «9627

« 9505 «9723

RUN NC. 158

TEMPER A TURE REC

HUOLE NO. DEG F DEG K X (10E=-4)
1 184.99 35&,.14 1£.668
Z 187.19 359,37 16.628
3 170.28 346,97 164,642
4 173.06 351.51 16.C29
5 156.93 362,56 17.340
6 209.66 371.85 15,284
7 173.66 351.85 15.651
8 235,06 385.96 1C.099
9 284,13 413,22 6.1C3
10 359.10 454,87 4.418

« 9892

AR AN IV 1 Te To X 1V IV. o Y N0 T -2V V. N IV, IV, XV
COCCOOMNWOWONNWN S DWOOMDO®
O =WONONNWE=LNDPO WONDNOO=O SN
DOVOVNOP =D L YO S = UVINO S SN OO~

COCLANT FLCW DATA

0.368E-01
0.383E-01
0.326E-01
0«363E-01
C.386E-01
0.3€3E-01
U.355E-01
0.121E-01
0«770E=02
0.377€-02

0.167E-01
0.174E-C1
0.148E-C1
C.165E-C1
0.175E-C1
0.165E-C1
0.161E-01
0.550E-0C2
04349E-02
O0.171E-02

195



Axial

distance

Normalized

Surface

distance

heat

Normalized

over
axial
chord

transfer
coefficient

temperature
(Tw/811 K)

over arc

length
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Surface Axial
distance distance
over over
arc axial
length chord PS/PT
RUN 159 PRESSURE SURFACE
4322 «0525 « 0276 «9870
«1027 «0937 + 9885
01527 «1632 «9847
«2029 «2302 +9841
«2894 «3384 «9798
«3751 «4369 «9712
«4603 «5265 + 9589
6622 «6949 «9081
« 7179 « 7570 « 8641
o 7614 « 71755 «8370
«8073 «8255 « 1862
«889¢ «88643 6784
«9745 «9416 «66431
SUCTION SURFACE
«0393 «0246 «9775
«0781 « 0697 «9380
1176 «1362 «85417
«1569 «2181 «6753
«1962 «3058 « 5997
«2358 «3816 «5313
2750 24409 «5002
e3447 «5200 «5379
«4145 «5844 «5317
«553¢ «6963 « 5841
«6233 « 7685 «5816
«8166 +8863 «5629
«9020 09427 «5679
«9505 «9723 «5635
RULN NC. 156 COCLANT FLOW DATA
AVERAGE COOL ANT
TEMPERATLRE REC FLOW RATE
HOLE NC. DEG F DEG K X (1CE=¢) LBM/SEC KG/SEC
1 287.93 $15.33 5.256 0.134E-01 0.610€E-C2
2 289.01 415.93 4.600 0.118€E-01 0s5364E-(2
3 259,44 366,51 4,63C 0.115E=-01 0¢%22E-02
5 236,47 38¢€.63 5146 0.125E-C1 0.56€E-02
6 328.55 437.90 4.587 0.122E-01 0.552E-02
1 262439 401.15 4.799 0.120E-01 0.543E-0Q2
& 355.82 453,05 3.1C6 0.418E~-02 0+190E-02
9 392.34 473,34 1631 Ce199E-02 0.900E-03
10 478.85 521.40 1.3C5 C.122E-02 0.555E~-(C3
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APPENDIX B. RECOMMENDED ANALYTICAL PROCEDURES

Three alternative procedures are presented herein as suggested approaches to
the definition of effective viscosity for airfoil suction and pressure sur-
faces. The procedures are outlined in order of decreasing predictive capabil-
ity, based on the comparative studies discussed previously. Although company-
unique design systems may argue for a preferential order different from that
recommended here, our own experience would rank procedure No. 1 best, followed
by procedures No. 2 and No. 3, in that order.

PROCEDURE NO. 1

For both suction and pressure surfaces, the effective viscosity definition
given by Equation 54 is recommended together with the turbulence viscosity
definition given by Equations 58, 59, 60, 55a, 18c, and 19 for Ky, Ty, Ki,
Ty, £, and TUg, respectively. If the low free-stream Reynolds number term,
T; (Equation 55a), is problematic due to lack of precision in the definition
of the stagnation point pressure gradient term, A, it is recommended that T1
be set equal to 0.5. Comparative results based on this approach are shown in
Figures 58 thru 67 where, in these specific calculation, T; has been set equal
to 0.5.

PROCEDURE NO. 2

This procedure differs from the first in that different effective viscosity
formulations are defined for the two (suction and pressure) surfaces. Al-
though less appealing in terms of universality, this approach is recommended
as a workable alternative for design system applications. For pressure sur-
face calculations, it is recommended that Equation 54 be used (for effective
viscosity definition) with the turbulence viscosity defined, using Equations
57, 56, 55a, 18c, and 19 for H1y> T2, T3, £, and TU,, respectively. Note
that this procedure is very similar to No. 1 except the simpler pressure sur-
face unique model is used. Again, T; should be set to 0.5 if the stagnation
point pressure gradient determination becomes a problem. For suction surface
calculations, it is suggested that the laminar-transition-turbulent mode be
set up using the effective viscosity definition given by Equation 53. The
turbulent viscosity sy is defined here by Equation 18, which is the original
Crawford and Kays (Ref. 8) STAN5 form, including the pressure corrected Van
Driest scale damping and lag equation. The transition process intermittency
function (7%.) should be defined using a transition origin model which is a
function of free-stream turbulence and pressure gradient (e.g., Seyb's,
Dunham's, or Abu-Ghannam and Shaw's, as given by Equations 27, 30, and 31, re-
spectively). All three methods yield similar quality predictions. In the in-
terest of unified theory, it is suggested that both the transition length and
path (intermittency) function, 7Y¢, of Dhawan and Narasimha (Equations 33 and
41, respectively) be used together if the Dhawan and Narasimha method is se-
lected. The turbulence viscosity (#Ty) should only be activated in the
laminar zones. This implies that YTy = 1 when Reg < Regy and Ypy = O when
Rey 2 Reg, where Reg is the local momentum thickness Reynolds number and

Regr is the momentum thickness Reynolds number corresponding to the transi-
tion origin.
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PROCEDURE NO. 3

With this approach, the suction and pressure surfaces are again treated separ-
ately. Relative to the pressure surface, the same approach given for proced-
ure No. 2 is recommended. In the case of the suction surface, it is recommen-
ded that the flow be considered fully turbulent, i.e., ¥y = 1, Yoy = 0 over

the entire surface. It is also recommended that Equation 18 be used for defi-
nition of turbulent viscosity. Alternatively, any form may be acceptable where
the near-wall length scale damping (Van Driest damping) is a function of pres-
sure gradient with an appropriate lag equation. Note that in this approach to
suction surface prediction, the effects of free-stream turbulence are not being
explicitly modeled. The justification for using this fully turbulent, pressure
gradient-corrected, near-wall length scale damping method for gas turbine air-
foils is that realistic free-stream turbulence intensity levels of the order

of 10% are probable. Therefore, the assumption of fully turbulent flow char-
acter over the suction surface may not be unreasonable.

As an aid in establishing perspective relative to the three procedures just
outlined, predictions made by the three procedures for one selected cascade

data set are compared in Figure 68.

————--—— PROCEDURE NO.3
PROCEDURE NO.2 SEYB
———————— PROCEDURE NO.1

LAMINAR - + RUN1@S 06/23/82 4412
e 1.0
HO - 1135 watts/M2/K '
(200 Btu/hr/ft2/°F)
8 R*\ + 8
RIS
,’K\i\*‘f*\:\
St N
-t
FF—~.
8 . 7 s
ot
4 4
2 2
e o 0 ) 2 ® ¥ 4 0 K 1.®
PRESSURE SUCTION
SURFACE DISTANCE S/ARC TES2-6474

Figure 68. Predictions from three recommended procedures compared
with C3X cascade heat transfer measurement.
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APPENDIX C. STAN5 INPUT FOR RUNS 145 AND 149

Included in this appendix are four unmodified format, STANS5 input data streams.
These four blocks of data correspond to two different operating conditions from
the C3X experimental data matrix. These are Runs 145 and 149. (The operating
conditions for these runs are summarized in Table IX.) Since boundary layer
computations are performed for the region downstream of the stagnation point,
both suction and pressure surface input data streams are listed for each oper-
ating condition. Suction and pressure surface input streams for Run 145 are
given first followed by those for Run 149.

Those familiar with STAN5 should readily recognize the input sequence noting
that STAN5 variable name cards have been inserted ahead of each new data type
line to facilitate recognition. Heat transfer coefficient results obtained
using the data sets contained in this appendix with the unmodified STAN5 code
documented in Ref. 8 for Runs 145 and 149 are shown in Figure 69,

—  cem—— — (3% 4512(145) [ RUN'14S ©8/3° .82 4512
________ €3X 4412C:09> B RUN1®S 06/23/82 4412
——————— (3K 43120149 /MO S~ RUN'49 09,@1/82 4312
e 2 { \ te
NN HO= 1135 wattsM UK ! ~_,
' 2 RN
\ (200 Btur/HI°F) | e, T~
L]

e, s 3 2 2 € 2 3 3 8 7 O
PRESSURE SUCTION
SURFACE DISTANLEL S/ARC TER-6335A

Figure 69. C3X Run 145 and 149 STANS5 results obtained using data
sets in Appendix C.

Note that to reproduce modified STAN5 type predictions (see Figure 64b), the
same input streams given here are still appropriate. However, turbulence model
modifications as suggested in the main text or Appendix B must be made before
these results are reproducible.
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Eu

F, F', F""....

G, G', G""....

HO

IPGM

Mp, M1

My, M2

APPENDIX D. NOMENCLATURE

Nondimensional free-stream velocity gradient at the stagnation
point

Nondimensional effective sublayer thickness of boundary layer
Chapman-Rubesin parameter (P#/Pe me)

Density-velocity ratio (peue/peVUe )

Specific heat at constant pressure

Specific heat at constant volume

Near-wall length scale damping function, or cylinder diameter,
or cooling hole diameter

Partial transition zone length

due
Euler number X~ —%
u dx

Independent variables related to velocity in the transformed
similarity boundary layer momentum equation

Independent variables related to enthalpy in the transformed
similarity boundary layer energy equation

External airfoil heat transfer coefficient

Reference heat transfer coefficient for normalization
Static enthalpy

Initial Profile Generation Method

Dimensional free-stream velocity gradient at the stagnation
point

Turbulent kinetic energy or thermal conductivity
Characteristic reference length

Mixing length scale or total length of transition zone
Curvature corrected mixing length scale

Mach number

Local free-stream Mach number

Upstream or vane row inlet Mach number

Downstream or vane row exit Mach number
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Py, PT, PTI1

Ri

Re

Rep
Re
Rey
Reﬂ
Rey

Rexe

Rext

Rej

Rejc
Rey, RE2
Ree

Rege
Regt

St

T, T', T"

Tg, TT1
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Nusselt number

Nondimensional local free-stream pressure gradient
Prandtl number

Turbulent Prandtl number

Static pressure

Airfoil surface static pressure

Cascade inlet total pressure

Radius of curvature

Richardson number

Reynolds number

Cylinder diameter Reynolds number (Uy,D/Uy,)

Cylinder diameter turbulent Reynolds number TUg (UoD/vo)
Partial transition zone length Reynolds number (ugd/ vg)
Total transition zone length Reynolds number (ugf/ v,)
Local surface distance Reynolds number (ugx/ vg)

Surface distance Reynolds number at transition endpoint
location

Surface distance Reynolds number at transition origin location
Upstream or vane row inlet Reynolds number

True (tangent) chord upstream Reynolds number

Downstream or vane row exit Reynolds number

Boundary layer momentum thickness Reynolds number (ugf/ve)

Momentum thickness Reynolds number at transition endpoint
location

Momentum thickness Reynolds number at transition origin
location

Stanton number

Independent variables related to temperature in the
transformed similarity boundary layer equations

Cascade inlet free-stream temperature



Tw

TU, Tu

Tw/Tg

U

< US>,

y+

Greek

Wall temperature

Free-stream turbulence intensity

Local value of free-stream turbulence intensity

Upstream or vane row inlet free-stream turbulence intensity

Average value of free-stream turbulence intensity TU = 0.5
(TU , +TUg)

Wall-to-gas temperature ratio

Upstream or vane row inlet total velocity
Root-mean-square of fluctuating upstream total velocity
Streamwise component of velocity within boundary layer

Streamwise component of velocity at outer edge of boundary
layer

Boundary layer friction velocity

Velocity component normal to the wall within the boundary layer
Local airfoil surface velocity

Critical velocity

Streamwise coordinate (surface distance)

Surface distance location of transition endpoint

Surface distance location of transition origin

Normal coordinate

Nondimensional

Transformed Eu number

Specific heat ratio

Transition path (intermittency) function
Turbulence intermittency function
Boundary layer thickness

Isotropic dissipation rate
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Eddy diffusivity for heat
Eddy diffusivity for momentum
Transformed y coordinate
Boundary layer momentum thickness
Von Karman constant
Poulhausen parameter
Molecular viscosity

Turbulent viscosity
"Turbulence” viscosity
Kinematic viscosity
Transformed x coordinate
Fluid density

Wall shear stress
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