
sure 7r in atmospheres. The Rej 'nolds number is proportional to 
this pressure. 

Reference [5] gives the following formula for the influence of 
Reynolds number on the efficiency of turbomachines 

1 - i?i = / R e A " 
1 - t?2 \ R e , / 

This reference gives y for several impulse turbines between 0.035 
and 0.15. The lower value 0.035 gives when T; for II = 3.5 equals 
0.60 

^n = l 
= 0.970 

which is very close to the value for H, = 0.10 and 0.04 in. as 
given in Fig. 11. Apparently the Reynolds number influence is 
comparatively small for the turbines of this investigation. 

Axial Wheel Tests. As was mentioned above some tests were also 
performed with wheels of axial outlet [2], by means of which it 
is possible to obtain both stator and rotor efficiency as well as 
other flow quantities for both stator and rotor. 

The result of the tests and calculation is given in Table 1 for 
the four turbines at "des ign" conditions. 

0 5 10 15 Cs. 
U/CS = 0.325 Pj /F^-0^5 H s 

Fig. 12 Nozzle efficiency versus C,/H, 

u/c s = 0.325 Pj/f^^-0.45 

Fig. 13 Rotor efficiency versus Cr/Hr 

The stator efficiency at varying aspect ratios is shown in Fig. 12 
and the rotor efficiency in Fig. 13. The method with the wheel 
of axial outlet gives all losses as they occur in actual turbo-
machines. The rotor efficiency thus includes, for instance, the 
leakage loss between the rotor and the surrounding ring. Be-
cause the radial clearance is the same for all turbines this leakage 
loss is a much greater part of the total losses when the blade height 
is small. 

The nozzles have been analyzed further as is shown in Fig. 14, 
where stator efficiency r;s, outlet angle at, and outlet Mach num-
ber are shown. It is seen that the outlet angle stays more or less 
constant until the pressure ratio reaches the critical value around 
0.5. After that the angle increases rapidly, while the efficiency 
stays about constant and the Mach number increases. Lower 
efficiency and Mach number, but higher outlet angle, are ob-

03 0.8 0.7 0.6 05 O.i 0.3 
p roo 

t l s oC, M, 

Fig. 14 Convergent nozzle performance 

tained for the smaller blade heights. The angles are all some-
what higher than the angle 20 deg, which is the angle to the tan-
gent of the camber line at the stator outlet. For the rotor this 
angle equals 34.5 cleg. 

The same results were obtained when the distance between the 
stator and the axial wheel was varied. 

Summary 
Four different axial turbines of impulse type with extremely 

low aspect ratios (between 0.07 and 0.70) were tested over wide 
ranges of pressure and speed ratios. 

The influence on mass rate of flow and efficiency of Reynolds 
number and axial distance between stator and rotor is given. 

Stator and rotor efficiency, Mach numbers, and flow angles as 
well as other flow quantities are obtained by means of a wheel 
with axial outlet. 

The turbine efficiency as well as stator and rotor efficiency are 
found to follow the formula 

constant 
aspect ratio 
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J. K, Dixon4 

The author presents interesting performance information on a 
turbine in which aspect ratio was varied b y changing the rotor 
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and stator blade heights. A reduction in efficiency is observed 
aa blade height is decreased. The author relates this decrement 
in efficiency to variation in aspect ratio. Others6 have observed 
that large variations in aspect ratio, affected b y changing blade 
chord length while maintaining blade heights, radii, and solidity 
ratios constant, resulted in no appreciable change in turbine 
efficiency level. I t is questioned whether the observed variation 
in efficiency should not be ascribed to varying blade height rather 
than to aspect ratio. Has the author tested similar stages having 
different chord lengths to confirm his conclusions? 

R. W . M a n n 6 

The problems of adhering to geometric similitude as one 
varies a parameter of interest (here aspect ratio) are frequently 
difficult especially when one is confronted with as complex a 
three-dimensional flow geometry with fixed and moving planar 
and curved boundaries as in a turbine. As an illustration of the 
problem which confronted Dr . Ohlsson as he reduced stator blade 
height while maintaining rotating clearances, I reconstruct f rom 
his data in Fig. 9 the relative geometry of the nozzle and rotor 
passages for the lowest aspect ratio case. 

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / 

Fig. 15 Relative geometry of nozzle and rotor flow passages for nozzle 
aspect ratio of 0 .07 

The awkwardness of this geometry raises the question of why a 
constant absolute increment of 0.025 in. was added to rotor blade 
height (over that of the stator) rather than some proportional 
part. 

Avoidance of choking at rotor inlet was presumably the reason 
for this annular area increase, but, especially for the case of the 
smallest blade height, where rotating diametral clearance could 
not be geometrically scaled, a smaller absolute rotor height would 
appear possible and desirable especially in light of the satis-
factory lower pressure-ratio performance obtained on the 0.07 
aspect-ratio turbine. 

Is there some explanation for the correspondence of one-
dimensional theory with the smallest stator height in Fig. 4 and 
the deviations of the flow for higher aspect>ratios? 

The evaluation of the effective nozzle flow angle from the tests 
with wheel of axial output are pertinent to the correspondence 
between theoretical velocity triangles for the turbine stage and 

5 Robert Y. Wong and D. E. Monroe, "Effect of Stator and Rotor 
Aspect Ratio on Transonic-Turbine Performance," NASA Memo, 
1959. 

6 Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Mem. ASME. 

the actual situation. More recent experimental work7 t o 
establish the whirl and axial components of nozzle flow using 
direct orthogonal thrust measurements and Schleiren techniques 
have suggested radical turbine nozzle designs which maintain 
nozzle flow geometry over the unavoidable variable pressure-ratio 
operation sometimes required. 

A comprehensive study as Dr. Ohlsson's is bound to raise many 
interesting questions but these in no way diminish the utility of 
his work as a guide to, and predictor of, turbine design. Since 
one of the primary goals of his S c D thesis was to investigate the 
trade-off between low-aspect ratio and partial admission when 
one is confronted with low mass flows, it is unfortunate that this 
paper does not better overlap the reference [16] on Partial Admis-
sion. 

Author's Closure 
The author wishes to thank the discussers for their interesting 

comments. 
Regarding blade height or rotor aspect ratio as the most im-

portant parameter it may be mentioned that a rotor with twice 
as big a rotor blade as that of Fig. 6 (reference [ la ] Fig 42(a) ) 
but with the stator of Fig. 7 was tested. The radial clearance 
was also twice as big. Thus the aspect ratio was the same as in 
Fig. 6. The efficiency was also the same both at design and off 
design conditions. 

The relative geometry of Fig. 15 is not quite the same as that 
of Fig. 9. The axial width of the stator blade should be slightly 
less than that of the rotor blade which is not the case in Fig. 15. 
However, this is not so important for the point Professor Mann 
wants to make. T h e diametrical clearance was chosen as 0.010 
in. for all the turbines (Table 1). This was close to the smallest 
clearance possible f rom mechanical reasons in the test equipment. 
The difference between stator and rotor length was also chosen as 
constant. This was considered as adequate f rom the point of 
view of choking at the rotor outlet. N o test results were then 
available for blade heights as low as 0.02 in. so the choking con-
ditions could not be calculated accurately. If the ratio of rotor 
and stator blade lengths had been chosen as constant, choking 
would have occurred at much higher pressure ratios p2/poo for 
turbines with lower aspect ratios. In view of the test results o b -
tained in the present investigation such a turbine is likely to have 
a somewhat better efficiency at the design point, but probably 
worse efficiency at off design conditions ( low pj/poo). 

When the nozzle is choked the radial variation of the mass 
velocity is small. A t higher pressure ratios pi/poo this radial 
variation of the mass velocity is greater and becomes greater for 
lower ratios of hub to tip radius. This is probably a reason for 
the different curves in Fig. 4. 

The question of low aspect ratio versus partial admission is 
discussed in references [16] and [ la , p. 117], 

7 E. J. Rogers, "Off-Design Performance of Axisymmetric Nozzles 
With Oblique Exit Planes," SM thesis, Department of Mechanical 
Engineering, Massachusetts Institute of Technology, Cambridge, 
Mass., June, 1961. 
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