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SECTION I 

INTRODUCTION 

Radial turbines offer greater stage work capacity than axial tur¬ 

bines. If this advantage can be coupled with a capability of accommo¬ 

dating high turbine inlet temperatures, radial turbines will permit 

appreciable simplification of small gas turbine engines for use in 

future Army vehicles. The objective of this contract is to develop a 

technology for high temperature radial turbines to a level that will 

permit a potential small-engine manufacturer to make a choice between 

the radial and axial turbine. 

A two-year, two-phase program is being conducted involving the 

design and testing of a cooled, single-stage, radial-inflow turbine with 

the following design conditions: 2300°F turbine inlet temperature, 

total-to-tota1 aerodynamic efficiency of 87.5%, gas flow of 5 lb/sec, 

and stage work parameter (-AH/0) of 42.5 Btu/lb. The first phase of the 

program involves a preliminary design of the cooled radial turbine, 

including development of cold flow data to permit design optimization. 

In the second phase, the design will be finalized, and the cooled radial 

tuibine will be fabricated and tested. The report headings used herein 

are consistent with the contractual tasks. Only Phase I tasks are 

included, as Phase II effort is not scheduled until the twelfth month 

of the contract. 

During this quarter, a seven-week UAW-CIO strike occurred at UACL. 

Union members returned to work on 25 September 1967. Because of the 

strike, two items in the program have been delayed; the in-house fabri¬ 

cation of the water rig was delayed for about seven weeks, and the detail 

design of the cold flow nozzles was delayed for about two weeks. Only 

the cold flow nozzles should affect the overall period of performance. 

Every effort will be made to minimize the time lost to the program. 
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SECTION II 
TECHNICAL DISCUSSION 

A. TASK 1 - CONTROL LAYOUT 

Fi,‘" tt'ts a of Control Layout Designated 

i..e layout that was presented as a preliminary concept in proposal 

PWA FP 67-39 has been designated as the first version of the Control 

Layout, and it is included in this report as figure 1*. Changes to this 

layout will be incorporated whenever they are indicated by any of the 

current studies or cold flow tests. Since the aerodynamic/struetural/ 

heat transfer analyses are iterating on a preliminary design, no changes 

have been made to the Control Layout during this report period. 

B. TASK 2 - AERODYNAMIC DESIGN 

Radial Turbine Terminology Defined 

Figures 2 and 3 are presented to clarify radial turbine terminology. 

Cold Flow Nozzle Aerodynamics Defined 

The aerodynamic design for the three new cold-flow nozzle sections 

was completed in August. These new nozzle sections will have 15, 20, and 

25 vanes with 0.025-in. trailing edge radii. 

The three new nozzle sections were designed as members of a con¬ 

sistent family of nozzles with the following parameters held constant: 

!• Vane span (i.e., the axial dimension for a radial vane) 

2. Radius to trailing edge center 

3. Total throat area 

4. Trailing edge thickness 

5. Angle between inlet stagnation streamline and line tangent 
to suction surface at suction surface intersection with 
leading edge radius. 

The following parameters were varied (by necessity) for the new 

designs : 

1. Wetted wall area per nozzle passage 

2. Throat aspect ratio, defined as the span divided by the 
throat dimension 

3. Trailing edge wedge angle. 

*Figures follow text 
2 
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The resulting nozzle designs have identical calculated channel 

velocity distributions, which are shown in figure 4. Note that in this 

figure the flow is accelerating on both walls with an increased accel¬ 

eration on the suction surface near the throat. In nozzle design practice 

it is not uncommon to have local diffusion at the throat on the suction 

surface, although the flow is accelerating overall. The design shown 

in figure 4 is desirable to reduce the boundary layer thickness and 

thereby improve nozzle efficiency. 

Nozzle Leading Edge Orientation Prevents Separation 

Figures 5, 6, and 7 present calculated potential flow streamlines 

for the three new nozzle sections. These figures show that the three 

sections were designed to have similar leading edge geometries, i.e., 

the leading edge is aligned with the anticipated incident flow direction. 

To illustrate the importance of correct leading edge orientation, 

potential flow streamlines have been calculated for the basic 25-vane 

nozzle with a progressively reduced chord. If vane chord were reducid 

by simply cutting back on the leading edge, leaving the rest of the vane 

untouched, the streamline pattern would look like that shown in figure 8. 

Part of the flow in passing around the leading edge would feel a rather 

high local curvature that would produce a high local velocity. This 

high velocity at the leading edge cannot be maintained, since the suction 

surface curvature decreases towards the throat, i.e., local diffusion 

takes place. When this diffusion becomes sufficiently high, a real gas 

would separate from the suction surface. While the flow would probably 

reattach before the throat due to the high overall acceleration in the 

channel, total pressure loss would be increased and flow would become 

unsteady. Figure 9 shows the leading edge cut back even further. Now 

the circulation imposed by the vane moves the leading edge stagnation 

streamline farther away from the leading edge and the flow next to the 

suction surface would certainly separate. While this vane design might 

be suitable for a turbine having a nonradial inlet flow direction, it is 

clearly not adequate for the present design. 
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Cold Flow Nozzles and Rotors Being Fabricated 

The detail designs of the cold-flow nozzles are presented in fig¬ 

ures 10, 11, and 12. The UAW strike at UACL delayed the completion of 

these designs, but the 15-vane section was released for manufacture 

in September, and the 20- and 25-vane sections were released in October. 

The new cold-flow rotors, having 10 and 12 blades, were designed 

and released for manufacture in August. As indicated by the part number 

table in figure 13, the new rotors are essentially the same as the 

existing 14-blade rotor, except for the reduced number of blades. 

Water Flow Rig Designed and Fabricated 

The design of the water visualization rig has been completed, and 

the rig has been fabricated. A layout of the complete rig is presented 

in figure 14. 

This rig incorporates a rotating mirror optical system and a high¬ 

speed movie camera to record the movement of water flow relative to a 

turbine blade. A transparent viewing port will permit the photographic 

system to follow a single rotor blade through approximately 1/4 of a 

revolution . 

The optical system follows the principle shown in the proposal. A 

fixed camera is aimed at a mirror located on the centerline and above the 

turbine wheel. This mirror rotates at 1/2 turbine speed, and the effective 

line of sight thus rotates at turbine speed along a single radial line 

on the turbine rotor. At the rim, another mirror mounted on this radial 

line (i.e., rotating with the turbine) deflects the line of sight down 

through the blades, so the camera sees an image in which the rotor blades 

are fixed and the nozzle vanes rotate. During the period in which the 

central mirror is at a usable angle, the view is the same as that of a 

camera mounted approximately 4 ft above the turbine rim, looking down 

through the blades and rotating with the turbine wheel. Surface- 

aluminized mirrors are used to eliminate multiple secondary images. 

By the use of a system in which the final viewing device is fixed, 

there are no restrictions on camera type, other than the minimum distance 

requirement of approximately 4 ft. The image could in fact be viewed 

by eye, although the intermittent presentation would make interpretation 

dif ficult. 
4 
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The camera that will be used with this rig is a Wollensak WF4 16-mm 

Fastax that is capable of speeds up to 9000 frames per second. Usable 

speed will probably be limited by light intensity (from a 1 kw lamp) 

to about 1000 frames/second. At normal projection speed of 16 frames- 

per-second this gives a time magnification of more than 60. Assuming 

12 blades and 30 rpm, a rotor blade channel passes a fixed point in 

about 1/6 second, and this event will thus be expanded to 10 seconds 

on projection. 

Water streamlines, both for the primary (driving) flow and the 

secondary (cooling) flow, will be made visible through the generation 

of tiny hydrogen bubbles. These hydrogen bubbles will be generated by- 

electrolysis of the water. Electrodes will be located both in the nozzles 

(for primary flow streamlines) and at the rotor leading edge (for secondary 

flow streamlines). Only one set of electrodes will be energized at a time 

to avoid confusion between primary and secondary streams. During our pre¬ 

proposal studies, dyed water was considered for the coolant flow, but 

this system was discarded in favor of the simpler and more reliable hydrogen 

bubble design. The hydrogen system also has the capability of producing 

time-marked flow patterns to indicate fluid velocities. This is possible 

because modulation of the electric current producing the electrolytic 

action produces a similarly modulated flow of hydrogen bubbles. 

Hot Turbine Velocity Triangles Finalized 

The mean-line design of the cooled turbine was finalized in September. 

A meridional view of the turbine rotor, the inlet and exhaust velocity 

triangles, and other design data are presented in figure 15. 

The rotor tip absolute flow angle, as shown in figure 15, is 75 deg, 

■This value was chosen as a compromise between a lower flow angle (desirable 

for 1ow rotor blade centrifugal stresses) and a higher flow angle (desirable 

for high flow acceleration within the rotor). In the proposal, the pre¬ 

liminary nozzle angle was shown as 70 deg and the nozzle span was 

0.250 in. for a flow rate of 5 lb/sec. The new flow angle of 75 deg will 

require a span increase to 0.339 in. to pass the design flow of 5 lb/sec. 

Figures 16 and 17 show how the turbine profile and velocity triangles 

are affected by changing the nozzle angle to 70 and 80 deg, respectively. 

5 
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A relative flow angle of 15 deg at the rotor inlet is shown on fig¬ 

ure 15. This value was chosen as a compromise between a large relative 

angle (corresponding to a reduced rotor diameter) that would result in 

lower centrifugal stresses, and a lower or slightly negative relative 

flow angle (corresponding to an increased rotor diameter) that would 

minimize aerodynamic losses. 

The preliminary number of blades for the cooled rotor has been 

chosen at 12. A snail number of blades is desirable to reduce hub 

stresses and the rotor cooling air required. Cold flow tests that will 

be conducted later in Phase I (Task 6) will shed additional light on 

this choice of blade number. 

The rotor exit area and the absolute flow angle (zero) shown in the 

velocity triangles of figure 15 were chosen so that the duct losses 

downstream of the turbine would be small in an engine application. 

Figure 18 shows the calculated effect on turbine total-total 

efficiency caused by changes in nozzle energy coefficient and rotor- 

efficiency. Note that an improvement in rotor efficiency of 1% produces 

a 0.46% improvement in turbine efficiency. A change of 0.01 in the 
2 

nozzle loss coefficient (1-4>N) produces a 0.38% change in turbine 

efficiency. Thus the turbine efficiency is more sensitive to the rotor 

efficiency than to nozzle efficiency (i.e., ¢^) . 

Detail Design of Hot Nozzle and Rotor in Progress 

At present, aerodynamic design of the nozzle consists of minor shape 

modifications of the basic 20-vane scheme, and the calculation of primary 

flow temperatures, pressures, and velocities as required for heat transfer 

design. The final aerodynamic design of the cooled nozzle hinges on the 

total quantity of cooling air exhausted through the nozzles and on the 

desired location for cooling air ejection, and therefore constitutes part 

of an iterative aerodynamic/heat transfer design cycle. Work on the 

second iteration is now underway (see Paragraph D, Task 4). Cold flow 

tests (Task 6) will indicate if the preliminary choice of 20 vanes 

(indicated in figure 15) is optimum. 

6 



■W^l,ynilil^!|BPI'WffljW!l{BBII 

Pratt& Whitney fiircraft 
WA FR-2 63] 

Aerodynamic design of the rotor, based on the 12-blade scheme and 

the first-iteration blade thickness distribution, is currently in progress. 

Convergence problems associated with the chosen rotor geometry have so 

far prevented the completion of the flow analysis program, but preliminary 

results are sufficiently conclusive that analysis of a somewhat shortened 

rotor with modified shroud and hub curvatures was initiated, still using 

the first-iteration blade thickness distribution. The goal is to arrive 

at the shortest rotor in which the flow remains attached: such a design 

has the smallest practical wetted area (hence lowest friction losses) 

and the smallest rotor mass. 

C. TASK 3 - STRUCTURAL AND MECHANICAL DESIGN 

Dual Analyses Being Used For Blade Thickness Distribution 

We have been using two approaches to determine the optimum blade thick¬ 

ness distribution for the cooled turbine: a graphical solution, and a new 

analytical solution. 

The graphical solution being used is a refined version of a routine 

that was used in the design of the existing 14-blade rotor. In the past, 

this method has produced rotors with satisfactory aerodynamic shapes and 

an acceptable, though conservative, structural design (e.g., the existing 

14-blade design). The graphical solution has been used for a preliminary 

assessment of the high temperature turbine. However, this method does not 

1. Accurately assess the effect of cooling passages and 
nonload-carrying structures such as pedestals 

2. Take full advantage of the increased manufacturing flexi¬ 
bility inherent with castings. 

The new analytical stress program is intended to reduce the short¬ 

comings of the graphical solution in these two areas. 

Several test calculations have been made using both types of analysis. 

The simpler interpolation routine, using two reference sections, has proved 

more suitable for the current phase of the investigation. 
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Initial Rotor Blade Thickness Distribution Defined - Stress Analysis j_n 
Progress 

The first-iteration blade thickness distribution for the cooled rotor 

was issued in September as a basis for further aerodynamic, thermal, and 

stress analysis. This thickness distribution, which is shown in figure 19, 

can accommodate the presently proposed cooling cavity. This thickness 

distribution will be optimized in the design iteration. 

The first results from the stress analysis of the complete rotor indi¬ 

cates acceptable stress levels in the hub. The blade cannot be adequately 

represented to be analyzed in the desired detail, but so far the general 

stress level from the centrifugal load is as intended. Further blade 

analysis is continuing with a finer grid. This should assist the thick¬ 

ness distribution optimization. 

Initial Mechanical Design Completed in September 

During September, a stress analysis of the shroud indicated high 

stresses near the preliminary location of the junction between the front 

shroud and nozzle platform, marked "A" on figure 20. This junction was 

modified to improve this condition. The junction was relocated downstream 

from A and cooling air was introduced midway up the shroud at B. The 

cooling air then flowed radially outward along the outside of the shroud 

and the nozzle casting, entered the cored passages in the nozzle vanes, 

and was finally ejected near the nozzle trailing edge. 

The backplate cooling air in this design was introduced through the 

nozzle support member and flowed radially inward to a series of holes in 

the heatshield adjacent to the backplate. The air then flowed radially 

outward between the heatshield and the backplate, through the cylindrical 

nozzle support member, through the outside surface of the nozzle casting, 

and finally entered the cored passage in the nozzle vane. This cooling 

air also exhausted near the nozzle trailing edge. 

Second-Iteration Mechanical Design Completed in October 

As a result of the initial heat transfer iteration (see Paragraph D, 

Task 4 - Heat Transfer Analysis), the initial mechanical design was 

modified during October. The revised configuration is shown in figure 21. 
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In this design the nozzle leading edge is cooled by the injection of 

air from the rear shroud into the vane cavity via a small standpipe welded 

into the vane nozzle casting. This small standpipe carries a series of 

small holes that direct the cooling air directly onto the inner surface 

of the leading edge of the nozzle vane. This air then passes around the 

outside of the standpipe and exhausts through a slot adjacent to the 

trailing edge as in the previous design. From a fabrication standpoint, 

this approach to cooling the nozzle vane facilitates production of the 

nozzle casting because the core of the vane is now open on one side. This 

permits more accuracy in positional control of the ceramic core used in 

the production of the hollow nozzle vane. 

Cooling air from the front shroud is directed to the mid-chord region 

of the nozzle vanes, where it mixes with the air from the impingement 

tube. The combined airstream then exhausts near the vane trailing edge. 

The cooling air for both the front and back shrouds in the second- 

iteration design is taken from a zone ahead of the combustion chamber. 

This change from the first-iteration design is desirable to reduce the 

temperature of the cooling air entering the shrouds. 

D. TASK 4 - HEAT TRANSFER ANALYSIS 

Initial Nozzle Design Reduces Complexity 

The initial heat transfer design of the high temperature nozzles was 

completed during August and is shown in figure 22. This design is the 

first of several iterations that will be performed to obtain the best 

compromise between the sometimes conflicting requirements of optimum 

mechanical and aerodynamic aesigns. This heat transfer analysis resulted 

in a simpler design than that shown in our proposal: the number of pedestal 

rows was reduced from seven (in the proposal) to three. 

The material that is being used for the nozzle analysis is the cobalt- 

base alloy WI52 (PWA 653), which was selected instead of the nickel-base 

alloy IN100 (PWA 658) to take advantage of WI52's higher melting temperature. 

9 
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Shroud Cooling Requirements Determined 

As part of the initial heat transfer analysis, the cooling air required 

for the front and rear shrouds was calculated. This analysis showed that 

3¾ airflow would be required for each, or a total of 6% airflow would be 

required for both shrouds. Since there is appreciable pressure loss 

across the shrouds, it is not feasible to exhaust the shroud cooling 

air to the high pressure region ahead of the nozzle vanes. A more logical 

location for the shroud cooling air exhaust is near the vane trailing 

edge where the static pressure is reduced. When this flow path is chosen, 

the shroud coolant can also be used to cool the nozzle vane, without additional 

nozzle coolant per se. However, this flow path would increase the temperature 

of the cooling air entering the vanes. Since it is desirable to obtain 

the cooling air from the coolest possible location, the shroud/vane cooling 

air in the second-iteration design bypasses the combustion chamber and is 

taken directly from the compressor discharge (see figure 21 and Paragraph C, 

Task 3 - Structural and Mechanical Design). 

Second-Xteration Nozzle Design Completed 

The second nozzle design, evolved during October, is presented in 

figure 23. This design differs from the first design in two respects: 

an impingement tube is used, and the trailing edge pedestals have been 

removed 

The impingement tube is used instead of the drilled holes shown on 

previous drawings for two reasons: the vane span has increased from 

0.250 to 0.339 in. and the inlet temperature of the vane coolant has 

increased from 875°F in the preliminary design to 1050°F with the new 

coolant gas path. The increased span reduces the effectiveness of the 

former design because it requires a longer distance between impingement 

streams and possibly a less-effective impingement angle. The higher coolant 

temperature reduces the heat transfer capacity of the cooling air, and 

makes the more efficient normal impingement angle desirable. 

L 
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The pedestals in the trailing edge region are removed in the second 

design because the higher airflow through the vanes does not require in¬ 

creased turbulence in this region. 

Trailing Edge Thickness Now Determined By Heat Conduction 

In the current nozzle design, the 6% airflow exhausting at the 

vane trailing edge is more than the 1.5% required to cool the airfoil 

alone, and therefore the tradeoff between vane coolant and trailing edge 

thickness as shown in our proposal is no longer pertinent to this con¬ 

figuration. The trailing edge thickness is then determined by the larger 

value of either the minimum fabricable thickness, or the minimum thick¬ 

ness required to conduct the heat from the vane to the sidewalls. Accord¬ 

ing to the casting vendors contacted during the Fabrication Study, the 

minimum thickness for a casting is 0.020-0.025 in. Results of the heat 

transfer analysis show that a minimum trailing edge thickness of 0.040 

in. is required to maintain acceptable vane metal temperatures through 

conduction to the sidewalls. This value is therefore shown on figure 23 

as the trailing edge thickness. 

First Heat Transfer Analysis of Rotor Completed 

A detailed heat transfer analysis of the rotor was completed during 

October. The resultant cooling passage, shown in figure 24, has a re¬ 

duced pedestal density. This configuration was analyzed for 37» cooling 

air entering the rotor at 860°F. Figures 25 and 26 show the steady-state 

metal temperatures on the pressure and suction sides, respectively. These 

temperatures will be used as the basis for further analysis of rotor stressi 

In addition to the cooling configuration shown in figure 24, an alterna 

tive design is being considered. In this design, the rotor tip would be 

closed and the cooling air would be forced to flow out to the tip and then 

radially inward to the star-exducer transition area where it would be 

discharged into the main stream. 

11 
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E. TASK 5 - FABRICATION STUDY 

Three Casting Vendors to Provide Nozzle and Rotor Specimens 

It has been concluded that the fabrication study outlined in our pro¬ 

posal was satisfactory insofar as the nozzles were concerned, but that a 

more informative rotor study is feasible. Instead of casting a simple 

specimen design like that shown in our proposal, a full-size radial 

turbine rotor cast in IN100 (PWA 658) would permit a more realistic 

metallurgical evaluation. Three investment casting vendors were visted 

and invited to produce sample castings as follows: 

1. One typical segment of a WI52 (PWA 653) nozzle section having 
cooled vanes 

2. Two IN100 radial turbine rotors with hollow blades in the star 
and curved blades in the exducer 

3. One IN100 radial turbine rotor with hollow blades in the star 
but with straight blades in the exducer. 

These rotors will be used to obtain metallurgical data from selected 

areas of the rotor. 

Rotor Properties to be Determined by Structural Testing 

Structural tests will be conducted in three areas of the rotor: in 

the hub, in the hub/blade interface, and in the blades. These tests will 

consist of two types: elevated-temperature tensile, and elevated-temperature 

creep-rupture. The tensile tests will be the conventional type, but 

conducted at an elevated temperature approximating that which will be 

experienced by the rotor during hot tests. The creep-rupture test will 

be essentially a creep test that is extended to failure, and will yield 

the information usually obtained from individual creep and stress-rupture 

tests. They also will be conducted at temperatures predicted for the 

cooled rotor. 

12 
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A tentative test plan has been formulated to evaluate a vendor's 

specimens as follows: 

Metallurgical Test Program 

Specimen Location Test Type Specimen Orientation 

Hub High Temperature Tensile 

High Temperature Creep-Rupture 

Hub/Blade 

Blade Exducer 

Blade Star 

High Temperature Tensile 

High Temperature Creep-Rupture 

High Temperature Tensile 

High Temperature Creep-Rupture 

High Temperature Tensile 

High Temperature Creep-Rupture 

1 Radial 
1 Tangential 

2 Radial 
2 Tangential 

2 Radial 

4 Radial 

2 Radial 

2 Radial 

4 Radial 

4 Radial 

F. TASK 6 - COLD FLOW TESTS 

Water Flow Rig Completed - Shakedown Started 

Fabrication of the water flow rig was delayed (seven weeks) more 

than any other item in the program by the UAW-CIO strike at UACL. 

However, all parts have been fabricated and the rig was assembled in 

October. Shakedown tests were started in late October, and the target 

date for the initial water rig tests has been rescheduled for November. 

This slippage is not expected to have a serious effect on the overall 

program schedule. 

Cold Flow Tests Delayed 

Cold flow tosts have been delayed by about two weeks as a result of 

str.Ke-caused delays In nozzle procurement, start of cold flow rtg 

’¡ubly has been rescheduled for late January 1968. As this Item can 

affect the overall completion date, every effort will be made to recover 

some of the lost time. 

13 
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SECTION III 
WORK PLANNED FOR NEXT REPORT PERIOD 

The aerodynamic/structural/heat transfer cycle will continue for the 

hot nozzle section, the front and rear shrouds, and the hot rotor. 

The hot test rig will be studied in detail for part-load performance 

and the test stand control system. 

The first rotor and nozzle specimens for the Fabrication Study are 

expected near the end of the next monthly report period. 

Water rig shakedown tests will be completed, and visual observations 

of the rotor flow pattern will begin. 
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Figure 18. Effects of Nozzle and Rotor Losses on Turbine DF 60054 
Efficiency 
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Figure 19. Cooled Turbine Rotor: First-Iteration Blade 
Thickness Distribution 

DF 60053 
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Figure 27. Hot Turbine Part Load Efficiency Estimated DF 60052 

From Results of Previous Tests 
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Figure 28. Hot Turbine Swallowing Capacity Estimated From DF 60051 
Results of Previous Tests 
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