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The design of supersonic turbine nozzles and rotors is discussed and a series of four 
supersonic turbine nozzles, which is believed to be of a new type, was built and tested. 
The ratio A/A* between the outlet flow area and the throat area varied between 3.64 and 
1. Four axial turbines with these nozzles and with the same rotor were tested over wide 
ranges of pressure and speed ratios. These turbines were of impulse type. 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. 

Introduction 
W H E N the available isentropic enthalpy drop is high 

for a turbine the peripheral speed should be as high as possible 
in order to obtain high work output in the turbine stage. Optimal 
turbine efficiency then often involves supersonic speeds both 
in the stator and in the rotor. Such high output supersonic 
turbine stages may be used as the first stage in big turbines or 
more often in small auxiliary turbines. These auxiliary turbines 
may be used for driving electric generators, pumps, and fans for 
instance in rockets, aeroplanes, or ships. 

There are certain problems such as choking and high losses due 
to compression shocks associated with supersonic flow. 

In order to study these problems, a series of small axial super-
sonic turbines were built and tested at the Gas Turbine Labora-
tory of Massachusetts Institute of Technology (M.I.T.) .2 The 
ratio of the outlet flow area to the throat area A/A* in the con-
vergent divergent nozzles varied between 3.64 and 1. The tur-
bines were tested over wide ranges of speed and pressure ratios. 
No other test results seem to have been published earlier over 
such wide ranges. 

Stator and Rotor Blade Design 
Nozzles. There exist several different kinds of supersonic 

nozzles. First the choice may be between two dimensional and 
axisymmetric nozzles. Methods of design for axisymmetric 
nozzles are given by Foelsch [la]3 and Sauer [2], These nozzles 

1 Presently with the Swedish Atomic Energy Company, Stock-
holm, Sweden. 

2 This work has been supported by the Bureau of Aeronautics, 
U. S. Navy, under Contract No. NOas 54-583-c with the Dynamic 
Analysis and Control Laboratory at M . I .T. 

3 Numbers in brackets designate References at end of paper. 
Contributed by the Gas Turbine Power Division and presented 

at the Winter Annual Meeting, New York, N. Y., November 25-30, 
1 9 6 2 , o f T H E A M E R I C A N S O C I E T Y OP M E C H A N I C A L E N G I N E E R S . 
Manuscript received at ASME Headquarters, October 26, 1961. 
Paper No. 62—WA-37. 

Fig. 1(a) Supersonic nozzle with Prandtl-Meyer corner 

Fig. 1(b) Nozzle with shortest possible symmetrical supersonic part 
capable of yielding a uniform shock-free parallel exit flow 

A 
•Jf= 1.774 

V ' '..' k-1.40 
- /20" 

Fig. 1 (c) Supersonic part of nozzle of the same type as (b) together with 
half nozzle enlarged twice 

should only be used at very low degrees of partial admission, 
where there is only one nozzle. Two or more axisymmetrical 
nozzles in a row make the flow in the rotor unfavorable. The 
end view, the projection in axial direction, of an axisymmetrical 
nozzle is elliptical and does not fit the annulus of the rotor very 
well. 

Among the two-dimensional nozzles three types will be dis-
cussed. 

Since the purpose of a supersonic turbine nozzle is both to turn 
and expand a gas, a so-called Prandtl-Meyer corner (Fig. la ) may 
be used. For each Mach number there is a corresponding turning 

— - N o m e n c l a t u r e — -

a = speed of sound 
A = flow area 

/I * = throat area 
A a = flow area at cascade outlet in plane 

perpendicular to axis 
c = absolute velocity, Fig. 8 
C = chord length 
c, = theoretical spouting velocity 
G = mass rate of flow 
II = blade height 
M = Mach number 
p = pressure 

Re = Reynolds number 

tb = trailing edge thickness 
T = absolute temperature 
s = pitch 
u = peripheral speed, Fig. 8 
w = relative velocity, Fig. 8 
a = angle, Fig. 8 
(3 = angle, Fig. 8 
7] = "static" efficiency based on p-2 

rist = "stagnation" efficiency based on 
Pm 

ip = flow coefficient 
n = poo/14.70 atm 

nc = V-/Vm 

p = density 

Subscripts 

0 = position before stator or stagnation 
condition 

1 = position after stator 
2 = position after rotor 
h = inner radius (hub) 

N = normalized to standard sea level at-
mosphere (59 F, 14.70 psi) 

r = rotor or relative to rotor 
s = isentropic or stator 
u — peripheral direction 
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angle w of the wall. The dashed line in Fig. 1(a) shows the 
last Mach line. Downstream of this line the Mach number M 
and the pressure is constant. The angle this line forms with the 
straight nozzle wall equals arcsin 1 / M . 

A symmetrical nozzle may be obtained if the nozzle wall is 
turned a>/2 at each side of the throat (Fig. 16). The rest of the 
supersonic nozzle contour is determined by means of the method of 
characteristics. Downstream of the dashed line in Fig. 1(6), the 
Mach number is constant. This type of nozzle, where the gas 
expands and turns suddenly co/2 at the nozzle throat, is the 
shortest possible nozzle capable of yielding a uniform, shock-free 
parallel exit flow. A sharp cornered nozzle of this type for M = 
2.06 was built and tested with good results by Edelman [3] at 
the Gas Turbine Laborator}' of M.I .T. A nozzle without the 
sharp corner is obtained if the wall contour is chosen as a stream-
line at some distance from the wall [16]. However, the nozzle then 
becomes longer for the same width of the throat. 

Since this nozzle is symmetrical, it may be split in the middle 
and half of it used as a nozzle (Fig. 1(c) and 2). One of the side 
walls is then straight and its minimum length is determined by 
the last Mach line, the dashed line. Downstream of this line the 
Mach number is constant. This nozzle is slightly shorter than 
the previous type. 

Boundary-Layer Considerations. In order to have small losses 
in a channel, the boundary layer should be kept as thin as possible. 
It is usually kept thin if the pressure decreases along the nozzle 
wall. As already mentioned, the pressure is kept constant down-
stream of the dashed lines in the supersonic part of the nozzles. 
Upstream of these lines the pressure decreases. Of the three 

k-1.40 

Fig. 2 Supersonic nozzle, A/A* = 3 .709 

nozzles, the last one (Fig. 1(c) and 2) has a much smaller part 
where the pressure is constant and is thus the most favorable 
from the point of view of boundary-layer considerations. It also 
has the shortest supersonic part of the three nozzles considered. 
An example of how the subsonic part may be made up from circu-
lar arcs is shown in Fig. 2. 

It was decided to build three nozzles of this type as shown in 
Figs. 2, 3, and 4 with A/A* = 3.71, 2.02, and 1.34 designed for 
air with the ratio between the specific heat at constant pressure 
and constant volume k = 1.4. These turbine nozzles are believed 
to be of a new type. 

A convergent nozzle (Fig. 5) with A/A* = 1 was also tested. 
All four nozzles had an outlet angle of 20° as shown in the 
figures. 

Supersonic Rotor Blades. Characteristic of supersonic rotor blades 
is a sharp leading edge and low pitch to chord ratio. 

The sharp leading edge prevents detached compression shocks 
from being formed ahead of the leading edge. Such shocks may 
cause big losses and block the channel so that supersonic flow is 
impossible. 

It is particularly the flow along the convex surface that is criti-
cal for the performance of a supersonic rotor channel. Expansion 
waves at channel entrance originating from the convex wall make 
the pressure drop along this surface. If the channel is wide the 
pressure decreases too much before compression waves originating 
from the concave surface are able to make the pressure on the 
convex surface rise. Thus an unfavorable pressure gradient de-
velops on the convex surface. The flow separates from the con-
vex surface and big losses occur. The supersonic channel should 
thus be narrow, which means a low pitch to chord ratio s/Cn 

usually between 0.3 and 0.4. Values for subsonic channels are 
on the other hand usually between 0.50 and 0.75. 

The conventional rotor channel of Fig. 6 with s/Cr = 0.50 and 
115° turning angle was analyzed for supersonic flow by means of 
the method of characteristics. It was found that the relative 
entrance Mach number MJr had to be greater than about 1 95 in 
order to give supersonic flow all through the channel. If Mir was 
smaller the flow became subsonic at the concave side of the chan-
nel and the method of characteristics could not be used. 

The channel was analyzed for Mir = 2.02. All waves gen-
erated by the blades are then contained inside the passage and 
no interference exists between different passages. It was found 
that the compression waves from the concave side could not 
affect the flow near the convex side until the pressure of this 
side was almost zero (and thus the Mach number almost in-
finity), thus creating a very unfavorable pressure gradient after 
this point. A more favorable pressure distribution along the 
convex wall would be obtained if the channel width were smaller 

Fig. 3 Supersonic nozzle, A/A* = 2.024 Fig. 4 Supersonic nozzle, A/A* = 1.344 

Fig. 5 Convergent nozzle 
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Fig. 6 Rotor channels 
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and possibly if some contraction were introduced in the channel. 
There does not seem to be much published on tests with super-

sonic rotor channels. However, a few channels have been tested 
by NACA [4, 5], These channels had a 90° turning angle and 
an entering Mach number of 1.71. The best of these channels had 
very low losses. 

Oswatitsch [6] has suggested the channel of Fig. 7. It con-
sists of three parte, an entrance portion and an outlet portion, 
and between is a part of constant inner and outer radius, where 
the flow is a potential vortex. It has a 130° turning angle. 

Turbines, Test Facilities, and Test Evaluation 
The turbines, test facilities, and test evaluation are described 

in detail in reference [7], Only a few of the main features will be 
given here. 

The single stage, axial turbines had an outer wheel diameter of 4 
in. They were driven by compressed air of room temperature. 
The air pressure was usually about 3.5 atmospheres (about 50 psi). 
Around the stator a ring was shrunk which also covered the 
rotor. The diametrical clearance between the ring and rotor was 
about 0.01 in. The stator and rotor were made from aluminum 
and the blades cut by an end mill. The root mean square of the 
surface roughness of wheels and nozzles was estimated to be be-
tween 60/106 and 120/106 in. 

The torque was measured on a dynamometer, which was a 
closed circuit centrifugal air compressor cooled by water. The 
torque changed when the air pressure in the dynamometer was 
varied. 

The axial width of the supersonic stators of Figs. 2, 3, and 4 was 
0.629, 0.398, and 0.336 in., respectively. The supersonic nozzle 
flow took place between concentric cylinders. The chord length 
of the convergent nozzle blades (Fig. 5) was 0.407 in. The stator 
blade height Hs = 0.10 in. The rotor of Fig. 6 was used in all 
tests. Its blade height was 0.124 in. and chord length C, = 0.285 
in. The nominal outlet angle was 34.5 deg. The aspect ratio was 
thus HJCr = 0.35. The trailing edge thickness was designed to 
reduce the flow area 16.3 percent for the supersonic nozzles and 

8.8 percent for the convergent nozzles (Fig. 5). The manu-
factured nozzles had a little thicker trailing edge, so the area ratio 
A/A* was actually a little lower than in Figs. 2, 3, and 4 as will 
be shown on later figures. 

The turbines were designed for u/ci = 0.36 (Fig. 8) and the 
nozzle outlet angle <*i = 20 deg. This means u/cs = 0.325 for im-
pulse turbines where cs is the so-called theoretical spouting ve-
locity based on the stagnation' temperature Too before the tur-
bine and the ratio between the pressure p2 after the rotor and 
stagnation pressure p00 before the stator. The turbines were thus 
not designed for maximum efficiency (u/cs = 0.47 for impulse 
turbines), but rather as a compromise between high efficiency and 
high work output per stage. 

Fig. 8 Veloci ty tr iangles 

In order to obtain both stator and rotor efficiency, a wheel of 
axial outlet was put behind the nozzle and the torque on this 
wheel was measured. By means of this torque it is possible to 
compute the tangential momentum at nozzle outlet. The tan-
gential momentum together with the mass rate of flow and outlet 
nozzle flow area Aa in a plane perpendicular to the axis give the 
stator efficiency. 

When the ordinary rotor is behind the nozzles and its torque is 
measured at the same flow conditions in the stator, it is also possi-
ble to compute the tangential momentum at the rotor outlet and 
also in the same way the rotor efficiency. 

The method of the wheel with axial outlet is described in 
reference [8]. 

After comparing the measured tangential momentum after the 
stator with that in a frictionless stator with the same outlet angle, 
it is possible to compute the pressure pi at the mean radius from 
the measured pressure pv, at the inner radius. This pressure pih 
was measured in a small hole just inside the nozzles. 

Test Results 
Mass Rate of Flow. The normalized mass rate of flow Gt\< is the 

mass rate of flow at sea level of the so-called standard atmosphere, 
where the temperature 2'0o = 519 °Il and the pressure p0o = 14.70 
psi. The ratio of the normalized mass rate of flow to its maxi-
mum value is shown in Fig. 9 versus the pressure ratio pi/poo-
The pressure ratio pu/poo is also shown in Fig. 9. 

The theoretical curve for the mass rate of flow based on one 
dimensional analysis according to Table 30 in reference [9] is also 
shown. The supersonic nozzles are all above this curve, while 
the convergent nozzle is below. 

The mass rate of flow was found to be independent of the axial 
distance between stator and rotor. In most of the tests this dis-
tance was 0.04 in. 

The flow coefficient <p = Gnmajc/0.343.4*, where A* is the 
throat area in square inches, is given in Table 1. As a comparison 
it ma}' be mentioned that the flow coefficient for a conical super-
sonic nozzle of 1 /a in. throat diameter was found to be 0.962. 

As already mentioned, the pressure p00 before the turbine was 
usually 3.5 atmospheres. Thus the ratio II = p0o/14.70 = 3.5, 
Fig. 10 shows the mass rate of flow at different II and thus at 
varying Reynolds numbers since the air temperature is constant 
(room temperature). All supersonic nozzles have the same curve 
in Fig. 10. 

Efficiency. The efficiency based on the static pressure p2 after 
the turbine is shown in Figs. 11-14 at varjdng pressure ratios II0 = 
P2/P00 and speed ratios u/a0l where u is the peripheral speed and nf0 

is the speed of sound at stagnation condition before the stator. 
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ONE DIMENSIONAL THEORY 

Fig. 9 Mass rate of flow 
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Fig. 10 Reyno lds n u m b e r ef fect on G 
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Fig. 12 Ef f i c iency , A/A* = 1.940 

Fig. 13 Ef f ic iency, A/A* = 1 .295 
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It is seen that the efficiency of the turbine with convergent 
nozzles is independent of the pressure ratio ps/poo if this is higher 
than 0.45. Just one curve—the upper one—would be expected 
from the laws of similitude for incompressible flow for all pressure 
ratios and speeds. I t is interesting to notice that there is not 
much deviation from the upper curve even for as low a pressure 
ratio as 0.25. For lower pressure ratios, the compressibility 
effects become larger and below a certain value the rotor is 
choked and the work output at constant speed no longer in-
creases. For the turbine in Fig. 14 this occurs when p^/poo is 
below 0.10. This choking of the wheel causes the efficiency to 
drop at low pressure ratios. 

Apparently there are usually no good reasons for using con-
vergent divergent nozzles, if the pressure ratio for air is below 0.3 
or if the nozzle outlet Mach number is below about 1.5. 

Transactions of the ASF/IE 
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Fig. 14 Ef f ic iency o f s m a l l i m p u l s e tu rb ine w i t h convergen t nozz les 
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Table ? 

A /A* 1 1. 295 1.940 3. 64 
Diametrical clear-

ance, in. 0. 009 0 . 007 0 .010 0. 008 
Flow coefficient, 

Gwmax 0 .984" 0. 946 0 .954 0. 944 
v ~ 0.343,4* 

0 .954 

u/c, 0. 325 0. ,325 0 .325 0. 325 
u/a0 0. ,329 0. ,416 0 .504 0. 552 
Vi/Pw 0. ,450 0, ,250 0 .100 0, ,050 
Ciu/ao = c, coson/ao 0. 833 0. ,983 1 .210 1, ,295 
Wau/ao = 

Wi cos ft/tfo 0. ,468 0, ,585 0 .681 0, ,752 
pi/pm 0. .475 0 .282 0 .1352 0 .0869 

22. ,4 22 .0 21 .5 16 .2 
Mi 0 .984 1 .206 1.599 1 .691 
ft 34 .3 35 .0 3 4 . 0 26 .9 
Mir 0 .666 0 .785 1.047 1 .017 
P2/P0IT 0 .703 0 .590 0 .370 0 .298 
ft 35 .1 32 .4 38 .0 3 4 . 4 
Mtr 0 .621 0 .786 1 .068 1 .173 
Vt 0 .847 0 .741 0 .777 0 .724 
Vr 0 .747 0 .786 0 .749 0 .739 
V 0 .621 0 .601 0 .569 0 .577 
Vtl 0 .693 0 .659 0 .635 0 .623 

CORRECTED T 

HIGHEST T] FC R i 

D SAME TRAILING EDGE THI 

0.325 

mKNES 

A. 
A» 

'TT-3.5 
1 .0 -

1 2 3 

u. 0.45 - ^ - = 0.10 U 'no 

^ 5 -rr_ PQQ 
-4 -=1 .293 K 7 ° 

A 

RE IS PROPORTIONAL TO TT 

Fig. 16 Reynolds number effect on ij 

" Possibly about 2 percent too high. 

Fig. 11 shows the performance of a turbine with the same rotor 
(Fig. 5) as the previous turbine, but with a supersonic nozzle with 
A/A* = 3.64. This turbine has maximum efficiency for only one 
pressure ratio (about 0.05) and thus a much smaller range of pres-
sure ratios, where it performs well, than has the turbine with 
convergent nozzles. 

The other two turbines with supersonic nozzles (Figs. 12 and 
13) show the same characteristics as Fig. 11, but maximum ef-
ficiency is obtained for higher pressure ratios. 

The influence on efficiency of axial distance between nozzle and 
stator was very small. 

The highest efficiency at the "design" value u/c, — 0.325 is 
shown versus A/A* in Fig. 15. I t is seen that the maximum ef-
ficiency decreases only slightly with increasing A/A*. 
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Fig. 15 Efficiency of different lurbines at "design po in t " 

The value for the convergent nozzle has been corrected for its 
trailing edge thickness, which is smaller than for the supersonic 
nozzle. The loss due to trailing edge thickness has been assumed 
to be that of a so-called Carnot shock. I t was computed using 
the momentum theorem on incompressible flow in a channel sub-
jected to a sudden area change. The theory was tested on two 
experimental values given in Fig. 12 of reference [10], p. 784, 
and agreed completely with these results. 

Fig. 16 shows the efficiency plotted versus upstream pressure II 
in atmospheres. The Reynolds number is proportional to this 
pressure. 

Axia l Wheel Tests. As was mentioned above, some tests were also 

Q9 08 0.7 0.6 0.5 0.4 0.3 0.2 01 JL 
p 

7 S 04, M, 

Q CORRECTED TO SAME t b / s FOR A/A*-=1 

Fig. 17 Supersonic nozzle performance 

performed with wheels of axial outlet [8], by means of which it is 
possible to obtain both stator and rotor efficiency, as well as other 
quantities for both stator and rotor. 

The result of the tests and calculations is given in Table 1 for 
the four turbines at "design" conditions. It is seen that the rela-
tive rotor inlet Mach number Mi r does not exceed about one. 
The outlet Mach number M 2 r may. however, be greater than one. 

The ratio pi/pi of the pressure before and after the rotor de-
creases when A/A* increases. I t is about one for the turbine 
with convergent nozzles but only Va w'hen A / A * = 3.64. T h e 
degree of reaction is thus greater when A / A * is high. 

The nozzles have been analyzed further and the result is as 
shown in Fig. 17, where stator efficiency r/„ outlet angle ai, and 
outlet Mach number are given. I t is seen that the outlet angle 
for the supersonic nozzles is often below the "design" value 20 deg, 
which indicates that the nozzles are operated at higher pressure 
ratios than the design value. Unfortunately, the axial wheel be-
came choked so no values for low enough pressure ratios were 
obtained. The efficiency shows a strong tendency to increase 
when the pressure ratio decreases and approaches its design 
value. Compression shocks at the higher pressure ratios should 
explain the lower efficiency, which becomes worse the higher the 
area ratio A / A * is. 

Reynolds number and axial distance between nozzles and wheel 
were found to have very little influence on the nozzle performance. 
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Summary 
The design of supersonic turbine nozzles and rotors is discussed 

and a series of four supersonic turbine nozzles, which are be
lieved to be of a new type, were built and tested. The ratio A/A * 
between the outlet flow area and the throat area varied between 
3.64 and 1. Four axial turbines with these nozzles and with the 
8[1me rotor were tested over wide ranges of pressure and speed 
ratios. The turbines were of impulse type. 

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

Stator and ro tor efficiency, Mach numbers, and flow angles as 
well as other flow quantities [Ire obtained by means of a wheel 
with axial outlet. 

It was found that the highest turbine efficiency at design 
condition 1t/C, = 0.325, where u is peripheral speed and c, is the 
so-called theoretical spouting velocity, decreased only slightly 
when the area ratio A/ii * increased. 

A.'\ial distance between rotol' and stator did not affect turbine 
performance. 
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