
NAVAL POSTGRADUATE SCHOOL
i • Monterey, California

AD-A280 070

DTIC

F--

DTIC QUALITY ILNSPECTI& i

THESIS
LASER ANEMOMERY AND VISCOUS COMPUTATION

OF THE FLOW THROUGH AN
ANNULAR TURBINE CASCADE

by

Joseph Derwood Spitz

March 1994

Thesis Advisor. Garth V. Hobson

Approved for public release: distribution is unlimited.

-91"'95 & All 2210 .i"Proueto-
tmll imlL)~ k.ob)k 53

94-17356

94 6 105



DISCLAIMEI NOTICE

THIS DOCUMENT IS BEST

QUALITY AVAILABLE. THE COPY

FURNISHED TO DTIC CONTAINED

A SIGNIFICANT NUMBER OF

COLOR PAGES WHICH DO NOT

REPRODUCE LEGIBLY ON BLACK

AND WHITE MICROFICHE.



Unclassified

Secuity Clauulfiatien of this pop

REPORT DOCUMENTATION PAGE
Is Report Security Classification: Unclassified lb Restrictive Markings

2% SearIVty Classification Authority 3 Distribution/Availability of Report

2b DeclassiftcatioeDowngrading Schedule Approved for public release; distribution is unlimited.
4 Perfrming Organization Report Number(s) 5 Monitoring Organization Report Number(s)

Sa Name of Perferming Organization 6b Office Symbol 7a Name of Monitoring Organization
Naval Postgraduate School (if applicable) AA Naval Postgraduate School
6c Address (city, state, and ZIP code) 7b Address (city, state, and ZIP code)
Monterey CA 93943-5000 Monterey CA 93943-5000
8a Name of Funding'Sponsoring 16b Office Symbol 9 Procurement Instrument Identification Number
Organization Naval Air Warfare Center Cif applicable) PE-31

Address (ft, sttre, and ZIP code) 10 Source of Funding Numbers
Trenton NJ 0862&0176 Program Element No ProJect No ITask No [Work Unit Accession

11 Title (include security classification) LASER ANEMOMETRY AND VISCOUS COMPUTATION OF THE FLOW
THROUGH AN ANNULAR TURBINE CASCADE (UNCLASSIFIED)
12 Personal Author(s) Spitz, Joseph D.

13a Type of Report 13b Time Covered 114 Date of Report (year, month, day) 115 Page Count
Master's Thesis 1From To March 1994 83
16 Supplementary Notation The views expressed in this thesis are those of the author and do not reflect the official
policy or position of the Department of Defense or the U.S. Government.
17 Cosati Codes 118 Subject Terms (continue on reverse if necessary and identify by block number)

Field eGroup ISubgroup RVC3D, TCGRID, Numerical Simulation, Turbine Cascade, Laser-Doppler
Velocimetry

19 Abstract (continue on reverse ifnecesaay and identify by block number)
An annular turbine cascade, designed for laser-Doppler velocimetry , was further modified to provide additional

laser and pressure probe access. The purpose of the research was to devise laser anemometry measurement
techniques in a confined annulus and improve the ability to compare numerical predictions with experimental
results. Flowfield computations were completed using a viscous flow solver, with the nunierical exit plane
coincident with experimental measurement location. A data reduction program was written to transfer non-
dimensional numerical output to the experimental coordinate system for comparison of total pressure ratio, Mach
number and flow angle. Endwall two-dimensional laser measurements were obtained through a 1.0922 millimeter
hole to a depth of approxima-ely three millimeters.

20 DistributlonAvailability of Abet-act 21 Abstract Security Classification
L unclassified/unlimited _ same as report _ urIC Unclassified

users
22a Name of Responsible Individual 22b Telephone (nclude Area Code) 22c Office Symbol
Dr. Garth V. Hobson _(408) 656-2888 CODE 31

DD FORM 1473,84 MAR 83 APR edition may be used until exhausted security classification of this pare
All other editions are obsolete Unclassified



:•.........& ••!l * •' • -

itr -4 for -ale r.l ": dir•it io mn. t..

Lamer ATmwtry aid Vio cmn iatizn
of the Flwa l7bhzu an
Amlar Tdlbine Cscasde

by

Joulph D. Spitz
Lis lmmimder, United States Navy

B.S., U•nivsity of ftchester, 1982

Suhnitted in partial fulfillment
of the -- r- for the degree of

MASTER OF SCIDNCE IN AEUENATICRL G)ED

fron the

NAVAL PtAIXPM SCHOOL
Nardi 1994

Autho~r:_ ____

Joseph D. Spitz

Approved1 by: ___ ___ ___ ___ ___ ___

U Garth V. Hcbsm, Thesis Advisor

P. Shreeve, Secaid eader

Daniel J. llins, dhainran
Department of Aercoautics and Astrcnautics



ABSTRACT

An annular turbine cascade, designed for laser-Doppler

velocimetry , was further modified to provide additional laser

and pressure probe access. The purpose of the research was to

devise laser anemometry measurement techniques in a confined

annulus and improve the ability to compare numerical

predictions with experimental results. Flowfield computations

were completed using a viscous flow solver, with the numerical

exit plane coincident with experimental measurement location.

A data reduction program was written to transfer non-

dimensional numerical output to the experimental coordinate

system for comparison of total pressure ratio, Mach number

and flow angle. Endwall two-dimensional laser measurements

were obtained through a 1.0922 millimeter hole to a depth of

approximately three millimeters.
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1. INTRODUCTION

The non-intrusive measurement of secondary flows in

annular turbines can provide insight into the design and

performance of turbomachinery. Turbine stage efficiency can

be improved with more precise understanding of the flow

mechanics and the ability to numerically predict the response

to blade redesign without manufacturing and testing.

Goldman and Seasholtz [Refs. 1-3] have conducted

continuing research in the field of laser-Doppler velocimetry

(LDV) measurement and numerical prediction in an annular

turbine cascade. Their efforts have concentrated on obtaining

comparisons ahead, in, and downstream of the blade passage.

In order to obtain their results, an extensive optical system

with correction for curved surfaces has been developed. To

obtain two-dimensional velocity, they have measured one

component ard then rotated the optics to resolve the second

component.

This report presents the results of laser-Doppler

velocimetry techniques and three-hole pressure probe

measurements in the wake of a high turning turbine nozzle.

Only radial fiber-optic probe traverses were performed.

Circumferential surveys were obtained by manually rotating the

annular cascade blade row upstream of the measuring location.

Pressure measurements were compared to numerical results

1



obtained using a three-dimensional viscous computer program.

Laser-velocisetry techniques using two-component fiber-optic

equipment ware developed for the small annulus cascade

including two-dimensional measurements of the endwall flow

through a small access hole in the outer casing.

2
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UX. ZPBIRXKMTAL SITUP

A. TEST FACXLXTY

Airflow for the annular turbine cascade experiment was

provided by a VA-312 Allis-Chalmers 12 stage axial-flow

compressor housed in the Naval Postgraduate School

Turbopropulsion Laboratory. The compressor was operated at

12,000 rpm at various discharge pressures. This air supply

was also used to generate up to Mach 0.795 through a 107.95 mm

(4.25 in) dcameter nozzle for calibration of a three-hole

pressure probe.

Upstream air pressure was metered through the use of two

dump valves and one cutoff valve prior to a plenum chamber.

Air from the plenum was directed to the test section through

flow straighteners in a 254 millimeter (10 in) steel pipe as

shown in Fijure 1. Flow stagnation pressure was measured

upstream at two locations. One combination probe was

connected to a mercury manometer board located near the dump

valve controls. This pressure-setting probe also provided a

digital readout of flow stagnation temperature. The second

probe, and the static ports in the air supply pipe, were

connected to a Scanivalve for automated pressure acquisition.

LDV seed material, atomized-glycerin particles, was

introduced through an eight millimeter (5/16 in) diameter

3



copper pipe as shown in Figure 1. Seed atomization was

accomplished using laboratory compressed air with a commercial

TSI, Inc., Six-Jet Atomizer. Laser traverse table buffet from

the exiting flow was eliminated with a prefabricated aluminum

cone (Figure 1). Flow characteristics were examined with the

cone on and off, using pressure measurements and dye injection

from the two chord inner hub static ports.

Figure 1. Supply Pipe Schematic

B. ANNULAR TURBINE CASCADE

1. GENERAL DESCRIPTION

The Annular Turbine Cascade (ATC) was developed to

provide a small-scale device for flow experiment and

computation on a transonic turbine stator. Thomas [Ref. 4]

developed the basic apparatus. Figure 2 shows a cutaway view

4



of the construction of the ATC vith a radial view of the blade

passage just upstream of the test section. Figure 3 shows the

blade geometry on a section perpendicular to the radial plane

and Figure 4 shows an end view with the wake positioning

capability. The inner hub radius was 98.81 mm (3.89 in) with

constant blade geometry to the outer radius of 116.46 mm

(4.585 in). The stator row had 31 blades with a midspan

spacing of 21.77 mm (0.857 in). Reference 4 contains the

original set of drawings used to manufacture the ATC.

Figure 2. Annular Turbine Cascade Cutaway

5
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The original ATC pressure measurement access was

located two axial chords downstream of the blade trailing

edges. Figure 5 details the old and new probe holes. The

outer casing was modified to accommodate the half-chord access

hole and is shown in conjunction with the adjustable holder.

A new set of static pressure ports was added to the inner hub

as shown. The ports were set 90 degrees apart and in axial

alignment with the original holes. Tubing was connected to

provide an average pressure tap for both hub axial locations.

Appendix A contains a complete set of the drawings used for

machining.

Adjustabe ftobe Noldes

lunge N•b 8atati PZOeUZe Tap (51 Olginal Sta~ti Port (4)

Figure 5. Pressure Measurement Changes
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3. LDV ODIFICATIONS

LDV access was changed to minimize light reflection

and improve off-axis options. The desire to ultimately obtain

a third component necessitated an offset angle for a second

fiber-optic probe. The design allowed for simple removal and

replacement of the window during operation for cleaning, and

radial access as shown in Figure 6. The position of the wake

relative to the probe volume was controlled externally by

rotating the blade row, inlet bellmouth and center body ahead

of the measurement volume. An alignment blank was used to

orient the laser traverse axis to the ATC. The 1.0922 mm

(0.043 in) diameter hole in the blank provided an endwall flow

measurement capability as shown in Figure 7.

2-D I& qpM t

Pl4xiglaaa LW Windw

Fligure 6. LDV Access Modifications
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Figure 7. Endwall Measurement Technique

C. PRESSURS PROBE

Total pressure, Mach number and flow angle measurements

were made with a three hole yaw probe [Ref 4]. All pressure

taps were connected to a Scanivalve with a ±344 kPa (±50 psi)

differential transducer. Scanivalve control and data

recording were accomplished using an HP-9000 computer system.

Appendix B contains calibration curves and a listing of the

Hewlett-Packard code used to acquire and output data.

Pressure data from the ATC were acquired with the same

hardware and software used in the probe calibration.

Previously, yaw alignment was accomplished using a "U"-

tube water manometer. Difficulty encountered with hysteresis

and the response of the water to yaw misalignment was

corrected winh the use of a differential pressure transducer.

9



D. LMBR-DOPPLBR VXUWCIMNTB

The IV system is shown schematically in Figure 8. The

Lexel Model 95 four-Watt Argon-Ion LASER was connected to a

TSI, Inc., Model 9201 ColorBurst Multicolor Beam Separator.

The beau separator split the incoming light into two beams,

with one beam passing through a Bragg cell for 40 Mhz

frequency shifting. The two beams were further split into

three polarized pairs: green (514.5 nm), blue (488 rm), and

violet (476.5). The TSI, Inc., Model 9230 ColorLink

Multicolor Receiver provided the frequency-shift signal to the

ColorBurst for beam shifting. Each beam was directed through

individual couplers for transmission to the laser probe by

fiber-optic cable. The fiber-optic probes contained receiving

optics to direct the return signals to the ColorLink.

1dP

C~tvfMR F TAVO

TRA VUS

RS-232
WC~

Figure S. WV Wiring Schematic
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The ColorLink provided photomultiplier and frequency

shifting functions. Control of shifting and photomultiplier

voltage was accomplished remotely by computer. After

conditioned by the ColorLink, the signals were sent to

individual TSI, Inc., Model 1990C signal processors where

valid Doppler signals were counted with reference to desired

characteristics set by the user. An MI-990 interface

monitored coincidence criteria (2-D measurements) and

transferred valid counter information to computer memory.

The fiber-optic probes were mounted to a Model 41583

LINTECH Traverse Table. An Applied Motion Products System

1618 Traverse Controller was used to control traverse movement

manually and by computer. [Ref. 5] All remote control of LDV

system equipment and data processing was completed through the

menu driven environment of TSI's FIND version 4.04.

R. EXPERIMENTAL PROCEDURE

I. PROBE CALIBRATION

Probe calibration and investigation of data

acquisition options were completed together. The calibration

was accomplished using a free-jet with a 107.9 mm (4.25 in)

nozzle connected to the air supply (Figure 1) used for the

annular cascade. Figure 9 shows the testing apparatus and

pressures used to calibrate the cobra probe.

The probe was aligned in yaw with a ±68.9 kPa (±10

psi) Stathan., SCO 277-10, differential pressure transducer.

11



Yaw-alignment response was an improvement over the previous

manometer arrangement. The transducer bridge output was

periodically zeroed by removing the probe from the flow. The

yaw pressure measurement was tapped from one side of the

transducer as shown in Figure 9. The Scanivalve system

recorded the five pressures shown in Figure 9. Pre-operation

tubing-leak checks were completed by trapping pressure to each

Scanivalve port in turn.

Calibration Pressures

Probe Tip #1 P, #5

#3 Free Jet Static
#4 Free Jet Total
#5 Plenum Total

Yiqu::e 9. Yaw Probe Calibration Equipment

The probe was calibrated at Mach numbers from 0.20 to

0.79 in steps of 0.1. Pitch sensitivity was investigated at

twelve positions from minus ten degrees to plus eight degrees

(Figure 9). Appendix B contains a description of the

calibration variables and shows the sensitivity of the probe

12



to pitch angle. Sixth-order polynomials were fit to the

calibration data. The zero-degree probe calibration was

auccessfully validated (Appendix B) under different

atmospheric conditions.

2. PRE*8SURN P.ONB JMAUREONTB

Wakes were surveyed by repositioning the blade passage

upstream relative to the probe. The inner hub rotated with

the blade ring as the wake was positioned for LDV or pressure

measurement. The bolt shown in Figure 4 was used to position

and hold the inner ring and stator. A total of 18 degrees

circumferential variation, in steps of one degree, was

achieved.

Cobra-probe measurements were completed as described

in the calibration section. Upstream static and stagnation,

and inner-hub static pressures were used in conjunction with

the center-port and yaw-port pressures of the probe. The

probe provided total pressure and flow angle. Mach number was

obtained from 0 (Appendix B). The desired hub-static to

upstream-stagnation pressure ratio was set using the

Scanivalve system and manual control of the air supply dump

valves. The probe was positioned radially and aligned with

the flow before pressure data were acquired. Upstream

stagnation temperature and wake flow angle were recorded

manually for each measurement location. Flow angle was read

from a vernier scale to an accuracy of plus or minus 0.2

13



degrees at span locations greater than 25 percent. Span

position was established with reference to 100 percent at the

outer wall.

3. LDV ALIGUMXNT

LDV alignment for endwall flow measurement was

attempted as shown in Figure 10. The laser mounting bracket

micrometer was set to ten millimeters for visual alignment

around the access hole as shown. Obtaining a repeatable depth

reference was not possible. This alignment technique did

provide micrometer scale coverage for data recording and

ensured the beams passed cleanly through the hole. The length

of the probe volume precluded the use of the outer surface of

the plate as a reference point.

A

=0 M bob 1.143

Lwbam pashWid= s do dp of doe mcom hole.

;7Piobe Voim (EfioIO 1.536 x 0.1095 mm)

- seeA Above

0.769 L g409

Figure 10. Endwall LDV Alignment Technique

14



Alignment for automatic traverse of the wake passage

through the window was accomplished using the alignment blank

(Figure AS). The multi-component beams were positioned in

each of the six alignment holes using manual control of the

traverse table. The coordinates were read from the digital

position indicator on the traverse controller for each hole.

Axis conversion from the traverse to the ATC was completed

using the pcsition data and the dimensions of the alignment

blank (Appenlix A). Traverse table movement could then be

programmed using the automatic traverse control menu in TSI's

FIND software.

4. ENDWALL MEASUREMENTS

Endwall flow data were acquired without the use of

automatic traverse control. The laser beams were aligned with

the half-axial-chord access hole as described above, and then

traversed manually using the probe-bracket micrometer.

Adjustments to seeding position, counter gain and

photomultiplier voltages were continually updated to maximize

data rate nnd minimize the effect of noise. Seed-wand

position was particularly important. Micrometer position

information was married to the appropriate data files in post

processing of FIND's output ASCII .PRN files using Borland

Corporation's spreadsheet program Quattro Pro version 5.0.

15



IMI. COMPUThTIONIL PLUID DTUNMIC8

A. GRID G60MRhTION

Grid generation was completed using Turbomachinery C GRID,

TCGRID,[Ref. 6]. The code was developed to build 3-D "C" or

"H" type grids for turbomachinery in the standard PLOT3D

format (NASA Ames Research Center graphics software).

Appendix C contains the namelist input file used to generate

the stator g.iometry and a discussion of the output. The inlet

bellmouth and center body as shown in Figure 4 were not

modeled for this study.

Careful manipulation of the namelist variables was

required to 3btain a smooth solution. The grid geometry was

developed to improve resolution of the endwall boundary layer.

The ability to generate a fine grid was hampered severely by

the length of wake desired in the model. Reduction of the

wake-exit plane from one axial chord downstream of the blade

trailing edges [Ref. 4] to one-half axial chord resulted in a

dramatic increase in grid resolution. The final grid

dimension was l50x31x65, up from 121x31x21. The blade surface

received an additional 29 points and the radial resolution was

improved from 21 points to 65. The smaller computational wake

length also reduced the interval between grid lines from the

trailing edge of the blade.

16



B. OOXPU7•TIONAL BCZMK

Flow solutions were completed using Rotor Viscous Code 3-D

(RVC3D). RVC3D [Ref. 7] was designed to solve three-

dimensional viscous flows in turbomachinery. The code solves

thin-layer Navier-Stokes equations in Cartesian coordinates

using an ex"licit finite difference technique. Turbulence

effects were modeled using the Cebeci-Smith option. The

restart option of the code was utilized throughout the

investigation to monitor convergence of the solution.

Appendix D contains the namelist input file used to obtain the

final solution and a description of steps required to run the

code on the Naval Postgraduate School (NPS) Cray computer.

Output solution files (fort.3) were examined using the

graphics software PLOT3D. Comparison with experiment required

data reduct:-on of the output file. Appendix E contains a

synopsis of the output file structure with data reduction

steps required for comparisons and a listing of the FORTRAN

program (plaae.f) used to accomplish the manipulation.

The fina.. solution selected for comparison was chosen for

the minimum residual and the smoother transition of a solution

across the wake cut. An area of unsteady flow became

prominent near the hub and on further analysis revealed an

area of predicted reverse flow. Figure 11 contains a

comparison between total pressure ratio results at the 50

percent span location for 1200 and 1490 iteration solutions.

17



One blade wake is shown with the wake cut in the grid clearly

evident in the plot. The closely-spaced points in the wake

cut of the TCGRID geometry has introduced a mathematical

boundary. The 1200 iteration solution exhibited the beginning

of the reverse flow area near the hub, but contained serious

discontinuities because of the solution scheme. The 1490

iteration total-pressure-ratio plot demonstrates the smoothing

that took place as the solution progressed.

CFD Solution Comparison
Total Pressure Ratio (50 % Span)

0.95 ..... ....----------........

0.85 ----------------. -----. ------.. .................................. ................

0.3 1 I I I I I

-40 -38 -36 -34 -32 -30 -28 .26
aD Wake ftotion - thetit (degrees)

Figure 11. CFD Solution Comparison, 50% Span
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IV. IUSULYr AND DIICUBOUON

A. 13U1SiU PROBU

Annular Turbine Cascade pressure measurements were

obtained at an average Reynolds number of 650000 based on

axial chord. The pressure ratio, inlet total to exit static

at the hub, was set at 0.68 to enable a proper comparison to

be made with the CFD solution. Pressure and flow angle

measurements were repeatable, with Scanivalve pressure-

acquisition standard deviations of less than 0.20 percent.

However, data obtained inside 25 percent span were at low

dynamic pressure and too difficult to resolve with the

pressure probe, and are therefore not reported. Flow

unsteadiness increased as the probe was immersed further in

from the enewall. The direction of approach to zero yaw in

the less-than-25-percent span region affected the flow angle

measurement by as much as 0.5 degrees.

Pressure and flow-angle data were taken at 18 wake

positions for 25, 50, 75 and 90 percent span locations on the

half-axial-chord wake measurement plane. Pressure data

repeatability was demonstrated along the 50 percent span

station for all wake positions, and radially at the two-chord

zero-degree wake position. Figure 12 shows the total-

pressure-ratio data obtained for the 50 percent span location.

19



The data show that there was a negligible influence of the

conical diffuser. Figure 13 shows the repeatability obtained

in radial surveys for a constant wake position at the two-

chord measurement location. The repeatability shown in

Figures 12 and 13 clearly validated the ability to reset the

desired operating pressure ratio for the experiment. Flow

angle measurements were repeated at the 90 percent span

location, and radially at the two-chord wake measurement

location as shown in Figures 14 and 15. In all cases, the

repeatability of the probe pressure measurements was

excellent, with the largest discrepancy less than 0.5 percent

in total pressure.
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a. LIM I MABUNMUIMB

Two-dimensional LDV measurements were obtained through a

1.0922 mm (0.043 in) hole to a depth of approximately three

millimeters. Initial measurements were taken with one

component (green) of the two-component probe. Figures 16 and

17 show the velocity profile and turbulence intensity results

from the fir3t attempt at endwall measurements. The 'depth'

shown in the graphs is an estimated distance from the endwall

based on the rapid loss of data rate observed at the depth

shown as 0.i mm from the endwall. The data map a boundary

layer profile to approximately 0.6 millimeters. The high

pressure ratio (0.98) provided near perfect seed conditions,

and the casing vibrations were low. The data shown for V-z do

not necessarily coincide with the exact locations of the data

for v-e because the fiber-optic probe was rotated 90 degrees

and alignment could not be maintained.

The turbulence intensity results are with respect to the

maximum velocity at the furthest measurement location into the

annulus. The significantly higher turbulence intensity in the

v-e direction is probably due to the steep gradient of the V-e

mean-flow profile in the radial direction.
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Two component LDV measurements were obtained at

approximately 15 percent higher flow velocity. Figure 18

depicts a test section 'sweep' of near-endwall velocity

measurements at a pressure ratio of 0.974. Depth reference

(in mms with respect to an unknown datum on a vernier scale)

is shown. The exact distance from the wall was not

obtainable. Flow periodicity is suggested and decreasing

velocities toward the outer casing show the endwall boundary

layer. The boundary layer is distorted due to corner vortices

and secondary flows that originate in the blade row. Flow

angle and turbulence intensity plots are included in Figures

19 through 21. Once again the turbulence intensity in the V-e

direction is higher than that in the V-z direction. Figures

18 through 23. represent automatic editing of the histograms by

the FIND software (user selection). Data outside two standard

deviations %ere discarded.

Increased flow velocity introduced higher vibration levels

and temperature increases as the test progressed. Hole

alignment was periodically verified and, occasionally, small

adjustments (less than 0.01 mm) were required.
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C. NUNIRICAL RESULTS

The CFD solution was run with the same pressure ratio

(0.68) used in the experiment. Graphical output of the

numerical results was useful in obtaining a qualitative

understanding of the flow characteristics. Figure 22 depicts

the predicted pressure ratio for the blade surface at the hub,

aid-span and tip. The suction surface curves suggest that the

position of the blade passage throat was at 0.8 of axial

chord. Figure 23 shows, with colored contours, pressure

coefficient information for the blade surface pressure

distribution. The Mach number contours shown in Figure 24

provided an initial indication of where flow characteristics

were well established. Boundary layers appear as expected,

thin near the endwall and thick near the hub. Wake curvature

in the spanwise direction is also evident in the Mach contour

plot. Difficulty in obtaining repeatable flow angles in the

experiment below 25 percent span may have been due to the

unsteady f2.ow separation which is suggested by the

computational. results for the region near the hub wall.

However, the reverse flow predicted by the code in this region

could not be verified in the experiment.
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Figure 23. PLOT3D Blade Pressure Coefficient Plot
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Figure 24. PLOT3D Exit Plane Mach Contour Plot
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D. COMPARXS)N

Three comparisons were made between numerical and

experimental results. To show the flow periodicity , the CFD

solutions were repeated over two blade passages as shown by

the solid line in the following Figures 25 through 36.

Comparisons between experiment and numerical (Appendix E)

results are presented for total pressure ratio, Mach number

and flow angle. Figures 25 through 28 show the total pressure

ratio comparison. It is noted that uncertainty in the probe

measurement of total pressure is small. The probe calibration

uncertainty enters only when comparing Mach number. Wake-

profile phase coincidence was established using the 50 percent

span Mach number data. The phase was kept constant for the

circumferential comparisons at all other spanwise locations.

Mach number (Appendix B) comparisons are contained in Figures

29 through ý2, and Figures 33 through 36 contain the flow

angle data.

CFD total pressure ratio predictions were within 10

percent of the experimental values at 25 percent span. The

difference decreased to below one percent at 90 percent span.

Mach number comparisons with measurements were within 15

percent at 25 percent span and decreased to three percent at

90 percent span. Flow angle comparisons were within five

degrees at 90 percent span with improvement to within two

degrees at 25 percent span. The reason for closer agreement
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In total pressure ratio and Mach number toward the tip and

improving agreement in flow angle toward the hub is

unexplained.
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V. CONCLUSIONS BND RECOMMENDATIONS

Experimental measurements and computational output

locations were made to coincide. Repositioning the

measurement volume to one-half axial chord downstream from the

blade trailing edges improved the computational grid

resolution. Flow solutions with the revised grid more

realistically resolved endwall boundary layer characteristics

so that future endwall LDV measurements will have a

corresponding computed solution with equivalent resolution.

Pressure probe surveys will continue to be important in

comparing experiment with CFD prediction. The cobra probe

calibration obtained was reliable and repeatable. An

extensive set of baseline data has been accumulated for future

use. The Scanivalve data acquisition system demonstrated the

ability to obtain pressure readings with a standard deviation

of less than 0.2 percent. The HP-9000 output was manually

entered into a spreadsheet program for post processing. The

time required to manually enter the output was overshadowed by

the spreadsheet data manipulation flexibility.

The most definitive comparison between CFD and probe

measurements was in the total pressure ratio. Probe

calibration error was not present in this comparison. The

total pressire ratio disagreed by ten percent at the 25

percent spar location and less than one percent at the 90
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percent location. In all cases, the computer solution

predicted a lower ratio. The difference may be attributed to

computational modeling parameters or bias introduced in the

experimental pressure ratio setting. Upstream total pressure

was measured at only one station and this value may not have

been a proper reflection of the average total pressure. Mach

number comparison characteristics followed the trend of the

total pressure ratio as expected. Flow angle comparison with

CFD was best at 25 percent span with a maximum difference of

5" at the 9C percent span location. Of all the measurement

locations, the 90 percent span location was the best defined

and flow angle measurements made there were repeatable within

0.2 degrees.

Endwall LDV through a small (1.0922 mm) casing access hole

has been demonstrated. The ability to resolve endwall

boundary layers and eventually tip flow losses appears to be

promising. Precise LDV probe-volume positioning techniques

were not obtained. The maximum pressure ratio attained for

endwall LDV was 0.974. CFD and pressure probe data were

accumulated at an operating pressure ratio of 0.68. Low data

rate, vibration of the endwall hole, and thermal expansion

problems will have to be dealt with as the operating pressure

ratio is decreased to 0.68.

Future efforts with the computational fluid dynamics

should include modeling the inlet bellmouth and center body.

The parameters selected for use in RVC3D should also be
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explored to obtain a qualitative feel for cause and effect on

the solution with particular attention to the unsteady region

of the exit flow.

Pressure data acquisition can be continued to obtain a

more complete map of the wake region. Pressure

instrumentation of a blade and passage would provide an

additional source of CFD code validation data. Data reduction

and presentation would be improved with a change in operating

system. The current Scanivalve system with the HP-9000 does

not allow file transfer to other computers for post

processing. HP-9000 limitations restrict output flexibility.

The annular turbine cascade now has off-angle LDV options

that have not been explored. Three-dimensional radial LDV

surveys of the wake passage should be attempted for comparison

with pressure measurements already obtained. Initial

indications show that the LDV probe-volume energy may not be

able to provide return signals of sufficient intensity as the

flow velocity increases. The addition of corrective optics to

the fiber-optic probe may be required.

The endwall technique developed in this study did not

provide pressure equalization across the access hole. The

pressure across the access hole should eventually be equalized

to eliminate flow through the hole and therefore any influence

the opening might have on the flow structure [Ref. 9]. The

hole acted as a natural optical noise filter and further

investigation of hole diameter influence on LDV performance is
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warranted. In order to truly understand the hole influence

and measurement reliability, the glycerin seed particle

distribution and a study of their momentum characteristics

should be undertaken. With these refinements, access to the

flow through a hole in the casing is feasible, without

changing the endwall flow characteristics.
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APPENDIX So COB3 PflOB CALXBRf.TON

The following synopsis was extracted from Appendix A of

Reference 8. Mach number or dimensionless velocity can be

related to a non-dimensional pressure coefficient, P, as

follows:

Total velocity:; V=

Dimensionless velocity: X=-Vvt

Dimensionless velocity and Mach number are related as follows:

CPT.-CT T,

TC

so that

2

or

M2= _ 2X 2

'Y-1) (1-x 2 )
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A presree coefficient for the probe aligned in yaw can be
written as

where p. and p, are probe sensor measurements. Using p, and p2

respectively, it can be shown that

P, -P-3 -f(M, Pijtch)

in the range of velocities which are of interest.

Figure Cl contains the calibration data without curve

fitting and Figure C2 shows the validation data plotted

against the sixth order and linear curve fits at zero pitch

angle. The sixth order curve fit equation is

Xý(aO+alp +a2p2 +a3p3 +a4p4 +aSO5+a6'6)xiOOOOO

with the coefficients shown in Figure BE.
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Data acquisition was accomplished using an RP-9000

ooptr system with the following program:

10 IFn•I NAE : COAAMC
20 10 1 •-SU1-. "
30 1 I2 Jz7 ALSTV
40 ,IST N WDIFE 02/03/94 BY LCER JOE SPTIZ
50 1
60 1 '/HIS PROGRAM R03R DS REDCES ME.5 9 WMSD
70 1 FR04 A Scanivalve hIM&1I TO A E HIDLE Pl=RE
80 1 O. Scanivalve POWI' •14C'S AM• AS FOILTM:
90 1
100 1 PORMf VARLAB AD AM .s... (#3 not used)
1o I V - I RED S/V
120 1 A - PW1E S/V FUIU
140 ! C HANNEL
150 1 VO - D•M READING
160 1 S$ = SCANNER~ LISM OOM
170 1 S=SCANNE#
180 ! Scanivalve #5 SEr TO ADVANCE acY
190 1 Pab - Ambiaet Pressure (psi)
200 ! Patm = At ie pressur.e...Port # 1
210 1 Pcal - Calibration preure...Port # 2
220 1 Ptot -, Referenae total press. e ... Port # 4
230 1 ]iub - Inrnr hub static pressure... Port # 5
240 1 Pstat - Upstream static pressure... Port #6
250 1 P1 = Center hole on probe...Port # 7
260 ! P23 = Yaw port pressure... Prt # 8
270 1 beta = (PI-P23)/PI
271 ! prat - Rxub/Ptlt (pressure ratio)
272 1 mach = nach(P1,Piub,Gamma)
280 1
290 OPTIOC BASE 1
300 Gauca=1.4
310 CaEAR Sa
311 PR2NTER IS CRr
320 DISP "PLEASE AT WH-LE RM• TrMI ScanivalveS"
330 PRfIN
340 VW5
350 AMI
360 GOSUB Read
370 *****************************************************************
380 PRZIN "HDT ACUISITICt FUR 7HREE HOLE YAW PROBE"
390 DIM Y(20)
400 DIN Patn(.oo), Pcal(0o,lo) ,Ptot(10,10) ,Fhub(.o,.o) ,Pstat(1O,.O)
410 Da] P.(10,10)o P23(10,1o)
420 1
430 nM" "ETER M[H, DAY, YEAR (IE. 02,05,94)" ,Y(3), Y(5), Y(7)
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431 INFU "ENTER RUN #: ", Y(9)
432 PRINTER IS 711
440 PRIM USING. "K,D,""/"",DD,""/"",DD","ITE OF RUN:",Y(3),Y(5),Y(7)
441 PRINT "DAM RUN ",Y(9)
450 PRINT
451 PRINE IS C
460 1****************************************************************
550 PRINT
560 PRITM "OMETAN FTW. WAKE: +9 70 -9 D EES. SPAN: 5 LOCATICNS
570 PRINT
571 PRINT" Zero DM on Scanivalve #5, port #1."
572 PRINT
580 PRINT" Set 20 inHg for Scanivalve calibration."
581 PRINT
582 PRINT" Adjust span for DVM = 0.009823 volts on port #2."
600 PRINT
610 PRINT" ENURE DVM ADJUSTED AND DESIRED PRESSURE RATIO SET..."
630 FUR WAKE = 1 TO 10
640 INPUT "ENTER MBIEfl PRESSURE IN in1g",Pinhg
641 Pankb=Pibg* (.4911541)
650 PRINT
660 PRINT "CHECK DESIRED SPAN AND FLOW ALI4MEUST T...
661 PRINT
662 PRINT "*****PRESS C0NTINUE WHEN READY TO TAKE DATA*****"
670 PAUSE
671 CLEAR SCREE
680 PRINT
700 FUR SPAN = 1I TO 10
710 V=-5
720 A=1
730 GOSUB Read
740 !**
750
840 !*************************************************************
850 !RECORD 'IE PRESSURE D'TA FM• THIS WAKE AND SPAN
860
870 :
880 wmUr 722;"F1RITIMOZ1 " J SETS UP HP3456A DVM
890 V=5 ! Scanivalve #5 DESIQGATED
900 S=i ! HP3495A SCANNER #1 DESIGNATED
910
912 PRINTER IS 711
913 PRINT
914 PRINT "Wake Data Grcup ", WAKE
915 PRINT "Span Location Conter ", SPAN
916 PRINT USING "/,5X,K,DMD,/,2X,K,15X,K,17X,K';"

Scanivalve #" ,V, "port", "Volts", "Psi"
919 PRINT
920 PRINTER IS CRT
921 1
922 ! REkJ) Scanivalve PORTS
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923 1
930 R A-1 TO a
940 G0B Mad
950 WIT 2.0
960 W 701;"C0 I CLEAM SCANER #1
970 WITWP 701 USING "MD ;V+9 I SCANER S11 TO READ Scanivalve

980 URIGCWR 722
990 D113 722;VO
1000 1*A~AAAA***********************
1002 PRIUNTE IS 711
1010 1 Pressure in psi
1020 IF A-1 I!M(
1021 Patmo(llE, SPAN) VO*1000
1022 PRINT USING "2X,MDD, TX,7D. ,8X,7MDDWDIX ;

P, VO, Pats (MM, SPAN)
1023 PRNE IS CRT
1024 PRINT USING "2X, DD, 7X, 7MO. DDMD, 8X, 7DD. DOW";

P,VO, Pat:(MM, SPAN)
1025 FRlNTER IS 711
1026 END IF
1027
1030 IF A=2 IM
1031 Pa (MWKE, SPAN) =VO*1000
1032 PRINT USING "2X, DOD,7X,7W.DCM)0,8X,7W.MDODD";

P,VO, Pcal (WAKE, SPAN)
1033 PRINTW IS C2U
1034 INTM USING "2X, DOD, 7X, 7W. D[OVOOD, 8X, 7D. DDDD" ;

P,VO, Pcal (WAKE, SPAN)
1035 PRINTER IS 711
1036 END IF
1037 1
1040 IF A=4 WEN
1041 Ptot (WANE, SPAN) -(VO*1000) -Patm(WAKE, SPAN) +Pa
1042 PRIM USING "2X, DD, 7X, 7M. DOODD, 8X, 7W. D[W)";

P,V0, Ptot (WAXE, SPAN)
1043 PRINER IS CRT
1044 PRINT USIM "2X, DOD, 7X, 7W. DEC1)00D, 8X, 7D. DDD"';

P,VO, Ptot (WAKE, SPAN)
1045 PRINTER IS 711
1046 END IF
1047
1050 IF A=5 TH]EN
1051 Ptub (WAKE, SPAN) - (VO*1000) -Pat (WAME, SPAN) +Pamb
1052 PRINT USING "2X, D[D, 7X, 7M. DWJOOD, 8X, 7MD. DDDD)";

P,VO, Phub (WAE, SPAN)
1053 PRINTER IS CZRT
1054 PRINT USING "2X,DOD,7X,7MD.D[OMXMD,8X,7M.DD. D";

P,VO, Pub (WAKE, SPAN)
1055 PRINTER IS 711
1056 E4D IF
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1057
1060 IF A-6 7HEN
1061 Pstat (AMME, SPMA) -(VO*lO00) -Patm(WAKE, SPAN) +Paxb
1062 PINMT USING "2X,DDD, 7X,71. 8,SX,7M.DIDM"

P,VO, Pstat (W , SPAN)
1063 PRI14M IS CRr
1064 PRWI USING "2X, ], 7X, 7D. DDNXDDMD, 8X, 7W. IJCW';

P,VO, P•tat (WKE, SPAN)
1065 RIP1NTR IS 711
1066 END IF
1067
1070 IF A=7 THEN
1071 P1 (WM, SPAN) -(VO*1000) -Pstn(WAE, SPAN) +Part
1072 PRINT USING "2X, D, 7X, 7D. [ 8X, 7M. DWI;

P,VO, P1 (WAKE, SPAN)
1073 PRINTE IS CR
1074 RRINT USING "2X, [ED, 7X, 7M. [DDD), 8X, 7M. DID)"';

P,VO, P1 (WKE, SPAN)
1075 PRINTM IS 711
1076 END IF
1077
1080 IF A=8 HEN
1081 P23 (WAKE, SPAN) = (VO*1O00) -Patm (WAKE, SPAN) +Pamb
1082 PRINT USING "2X, [ED, 7X, 7W. DDD[ED, 8X, 7W. D "W';

P,V0, P23 (WAKE, SPAN)
1083 PRINT IS CiZr
1084 PRINT USING "2X, [ED, 7X, 7W. DDDDDDD, 8X, 7D. DD"O;

P, VO, P23 (WAKE, SPAN)
1085 PRNINTR IS 711
1086
1087 prat=Riub (WAME, SPAN) /Ptot (ME, SPAN)
1088 beta::(P1(WA[,SPAN) -P23 (WAKE,SPAN) )/P1 (WAKE,SPAN)
1089 dIr (5* (Pl (MAKE, SPAN)/Phub (WAKE, SPAN) )A(1/3.5)-5)
1090 END IF
1091
1092 NEXT A
1097 PRINT "prat = ", prat
1098 PRINT l)oeta = ", beta
1099 PINT "mach f = ", oaich
1100 RIMNT IS CRT
1101 PRIN
1102 PRINT "Set Span and align probe... CDNTINUE WH READY..."
1103 PRIM
1104 PAUSE
1105 CLEAR SCREEN
1106 NEXT SPAN
1107 PRINT "Verify Wake & update Pa.b... COTINUE M READY..."
1108 PRINT
1109 PAUSE
1110 CLEAR SCREmH
1111 NEXT WKE
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M12

21114 1~p)U

1115 1 aiUPl'flE TO CI(38T10 AND PFAD B/V
1116 1 Scanivaiwe 11 HAS DM3P M4E FEAI'UR
1117 flW:WI'W1 707 USIN '#,K";V

1119 p4DwID(POv15)
1120 T1.WYMTE(PO,4)
1121 Ml-BIIWI(T1,7)
1122 P-10441+L
1123 CLEAR 707
1124 IF P-A THEN Finish
1125 WIWI'M 701; "C"
1126 CI7flU1 701 USING "D' ;V-1
1127 (X1'UrP 701; "C"
1128 MWAI .1
1129 GIY JRad
1130 Finiuh:R!YXMt
1131 EN
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"IPPNDIX C. GRID GU]AYZTION

Grid generation was completed on IRIS workstations.

TCGRID, a FORTRAN program, required the adjustment of

parameter statements to dimension arrays for the model build.

Parameter adjustment required patience. The author found the

manual helpful in most cases, however, the most useful tool

turned out to be a running summary of the namelist input for

troubleshooting. The most difficulty was observed in

obtaining a smooth solution on the suction side of the blade

geometry. The following TCGRID namelist file was utilized to

obtain the grid shown in Figures Cl and C2. Reference 4

contains the original list of blade coordinates and is not

included here.

&na=l im=150 jm1=31 km=65 itl=20 icap=18 k2d=3 merid=0 &end
&nam2 nle=16 nte=10 dsle=.018 dste=.003 dshub=.0004 dstip=.0004

dWte=.001 dsweo=-.060 dsthr=-l. damin=.0004 dsmax=-.025
d&La=.45 rcorn=.098 &erd

&nam3 iterm=100 idg= 0 0 0 0 0 0 0 aabb=.5 cd=.45 &end
&nam4 zbcy-l.5 -1.5 0.5 -1.5 -1.5 .5

rbo= 3.895 3.895 3.895 4.585 4.585 4.585 &ernd
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Figure Cl. Grid Geometry On Inner Hub Surface
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Figure C2. Grid Geometry, 3-D Perspective
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"]UN]DZZ D. RVC3D COWD ZXVU!

RVC3D runs were initially completed on IRIS workstations

at NPS. Solutions were limited to less than 500 iterations to

ensure residials were decreasing. File transfer of the fort.1

(grid) and the rvc3d.in (namelist) files to the Cray were

completed only after initial testing was completed. The

following namelist contains the commands used for the final

set of iterations to the minimum residual attainable. It is

a restart (iresti=l) from 1200 iterations with termination at

1490 iterations (imax=290).

'IASCMIC TURBINE Annular Cascade - (Restart 12-1490)'
&nll im=150 jm=31 kJ-=65 itl=20 iii=67 &end
&nl2 cl=5.5 aviscl=0.0 avisc2=0.0 avisc4=0.50 ivdt=-I

rwtg-=4 itmax=290 ir9=l epi=0.50 epj=0.60 epc=0.60 &end
n-13 ibcin=3 iboex-3 iwsmt=0 ires-1o icr-t=5o

iresti=l iresto-1l ibqpw-0 iqlin=0 &endI
&nl4 emoo--0.13 enty=0.o mrz=0.0 expt=0.0 prat=0.6800

ga=l&.4 am=0.000000 igecm-=l alex=-67.0 &end
&nl5 ilt=-3 tw=l.00 renr-6.651e6 prnr=.7 prtr=.9

visowr=.666666 srtip=0.0 czu-tm=14. jedge=31 kedge=20
iltin=2 dblh=0.0024 dblt=0.0089 &end

&nl6 iol=1 io2=165 oar=0. ixjb=0 njo=l nkr=3 jo=1
ko-5 i1 16 &end

Runs on the NPS cray were accomplished with the command

>qsub myjob.nqs

where the file myjob.nqs was as follows:

myjob.nqs

#QSUB -q reg -lT 43200 -1M 9Mw
cd cfd
rvc3d <rvc3d.in> rvc3d.out
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The RVC3D executable, grid (fort.l), restart (fort.2),

and the input namelist (rvc3d.in) were held in the

subdirectory cfd. The final solution required 13.2 hours of

Cray computer time. A plot of the residuals is shown in

Figure Dl.

RVC3D Residuals
Normalized to Maximum

1.00E-tO1

1.OE-O8: , , I ,' : l t l I l

0 200 0 800 1000 1200 1400 1600
Iteration

Figure Dl. RVC3D Residuals
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&AIPPDZ Z. RVC3D DATA RNDUCTZON

Exit plane data were reduced using the FORTRAN program

plane.f. RVC3D output the following non-dimensional values

for each grid point in the file fort.3:

q=..2.•Po~
P0co

2Pa c 2 2c 2  
0  0

Computational output was manipulated in plane.f for

comparison with experimental results. The following table

provides a coordinate system comparison.

Plot3d An~nular Cascade

Cartesian Cartesian cylindrical

x(i) - u z(i) - q2 z(i) - q2

y(i) - v y(i) - q3 V0(i)
z(i) - w xPia - 4 Vi)
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Transformation to cylindrical coordinates was conducted

using the grid location information contained in the RVC3D

grid input file fort.l.

OWi)-sin'- YWi r r(i) -V-y~ril+z-(i)3j

10 Wyi 3+ z F(7)

All angles (e) were referenced to the y axis shown in the

blade geometry plot of Figure 3. Flow angle computations were

completed using the non-dimensional q values described above

as follows:

Flow Angle T (dimensional):

Ve=- (u) sine+(v)cos Vr= (u) cos+ (v) sine V,=w

~X

Flow Angle Tr:

V,~'P Ve -- (q4 ) sine+(q 3 )cose V0d= p.c- =q2
p0 c0  POCO

red=t- I o~o

V0~

Direct comparison was possible with pressure ratio

measurements. The ratio between local, and upstream reference

total pressures was computed as follows:

-2p(CC• ,-•[•,- o C0 2 c
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* .. ~.Lp(U2 +V2 +W
P0 P0 2pO

"y (y -1) q5 (y 2 ) I(q -q 3

Mach number was obtained using the isentropic

relationship between Mach number and temperature ratio.

%1  T 1 ( 2
2+q32+q42)

%Y(Y-1 T0 -2q

Ty(y-1) [q5 -.. 1 (q2 + q3

ML= (~-1 2

The program plane.f is included here for reference. It

is an updated version of the program written by Thomas. [Ref.

4]. The new version includes a calculation of flow angles

after conversion to cylindrical coordinates for proper

comparison with experimental results.

c
"c plane. f reads rvc3d files & writes ascii files for plotting
"c exit plane mach number and flow angles
c (c,•~ariso with exper"zwnta results)
"c unit 1 - irput xyz file
"c unit 3 - irpat q file
"c unit 4 - otput residual history
"C unit 7 utput (k #1) counter, theta, pt/pO, Mach, Angle
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"c unit 8 - output (k #2) cczmter, theta, "~p, Machx, Angle
"C unit 9 - output (k # 3) counter, theta, pt/)pO, Machi, Angle
"a mit 10 - output (kc #4) oimjnter, theta, "tp, Mach, Angjle
"C unit 11 - ottput (kc #5) ocumte~r, theta, pt/pO, Madh, Angle
C

parmater (ni-150, nj-3 1, nkc.=65)
integer um
real x(ni,nj,nk),y(ni,nj,nk),z(n~i,nj,nk), gaina
real qq(5,ni,nj,nk,remi(5000,5) ,q1,q2,q,3,q4,q5,m(5)

1 vzrud(5) ,ptpO (5) ,ceg(5)
C
C k-values are hard-wired below (10%, 25%, 50%, 75%, 90%)
c (use span. f to obtain %-k equivalency)
C

data kk/21,27,33,39,45/

C read grid coordin-ateAs

read (1,*) im, jm, km
read(l,*) (((x(i,j,k) ,i=l,im) ,J=1,jm) ,k=l,km),

1 (((y(i,j,k) ,i=l,im) ,J=l,jm) ,k=1,Icm),

c read restart file

mead (3,* iiiax, juax, kmax
read (3,* fsmadi, alrka, re, time

C
idieck--iabs (im-imax) +iabs ( m-imax) +iabs (km-kmax)
if (idxeclc.rxe. ) then
write (6, 610) im, jm, kmn, imax, jmax, krnax
stop
endKif

C

C
c additional residual data

read (3, *) itl, iii ,phde,gaxia, an, nres,dwa, dum,dum, duin
red(3,*) ((resd(nr,1) ,nr--l,nres) ,i=1,5)

c Pressure side of exit wake cut...

k--kk (3)
i=1
do 10 J--jiax, 1,-1

do 15 1=1, 5
k-kk (1)

C
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c Brm desired q values for use
C

qpaW(2, i, j k)

qJuq%(3#i~j~k)

q5-qj(5,i,j,k)

c Omqxxte "tp ratio
C

ptpO (1) gamgan* (game-i) *qi (gxa-.gin**2/2)/q1* (q2**2+qI3**2kj4**2)
C
cCom~pute Tfft ratio and mach number
C

ttO (1) uwa* (gmae-i)/ql* (c5-0-5* (q2**2+q3**24q4 **2) /ql)

C
c Compute Mheta and Non-D velocities theta, r and z
C

theta (1) -asin (y (i,J, k) /(z (i,Jk) **2+y (i,J, k)**2) **0. 5)
vtnxl()m-q4*sin(texta (1) )q3*os (thta (1))
vrnd(1) -q4*cos (theta (1)) +q3*sin (theta (1))
vzndxl() q2
dog (1)--theta (1) *57.29r

C
c Comupte flow angle (degrees) using vtnd andl vzrni
C

ang (1)=atan2 (vtnd (1) Vznd (1) )*57.296
15 con ~inue

write (7,300)tum,dog (1) ,ptpo (1) YA (1) , ang (1)
write (8, 300) um,deg(2) ,ptpO (2) zm(2) , ang(2)
write (9, 300) um,dog (3) , ptpo (3) , m(3) , ang (3)
vrite(l0,300)una,deg(4) ,ptpO (4) ,m(4) ,ang(4)
write (11, 300) uma,deg (5) , ptpO (5) , m(5) , ang (5)

10 conrtintie
C
c R.~,eat above on other side of wake cut at la
c J=1 no~t used (duplicate location across wake)
c jumax not repeated (same location as j=31 at i7-l)
C

jmx=jmNx-1
i=iM
do 30 J=2, juaxu, 1

um=um+1
do 25 1=1, 5
k--kk (1)
ql=cqZ (1, 1, j, k)
q2=qr4(2,i,j,k)
q3=qj(3, i,J, k)
q4=qq(4,i,j ,k)
q5=qc (5, i,J, k)
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ptpO (1)-Ugama* (gama-l) *qI. (gJu..mu**2/2)/q1* (Cj2**24q3**2+q4**2)
tt0 (1) mgma=*(gaMa-l)/ql* (q5-O. 5* (q2**2+q3**2+q4**2) /ql)

theta(1)-asin(y(i,j~k)/(z(i,,J,k)**2-+y(i,j ,k) **2) **0.5)
vtnd(1)--q4*sin(theta(1) )4q3*cxi(thata(1))

vzrd (1) -c
deg(l)-theta(l)*57.296
ang(l)-atan2(vtrid(l) ,vznd(l))*57.296

25 continue
write(7, 300)umn,deg(l) ,ptpO(1) ,m(1) ,ang(l)
write (8, 300)um, dog (2) ptpO (2) mu(2) , ang(2)
write (9,300)um,deg(3) ,ptpO (3) nm(3) , ang (3)
write(l0,30O)num,deg(4) ,ptpO(4) ,m(4) ,arq(4)
write (11, 300)zum,dog (5) , ptpO (5) , a (5) ,arg(5)

30 continue

c residual history output to unit 4

Write(4,310) 1, (resd(1,1) ,1=1,5)
do 40 J-2,nres
ib=l0* (j-l)

40 write (4, 310) it, (resd (j, 1) ,1=l, 5)

300 fOrmat(i5,5f8.3)
310 formnat (15,5 (lx, e10.3))
610 format(' ***** Warning ***

1 I iii, jm, kmn, read frMz irjput',3i5,' do not match',/,
2 'iii, im, km, read frau restart file',3i5)
stop
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