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Summary.--The cascade tests on a thick-aerofoil turbine nozzle bla~te suitable for a cooled turbine show that  it 
has a good performance over a wide incidence range up to M = 0.8. Above this value the loss coefficient rises 
and does not fall again as M = 1 is approached. Several methods of indication of the transition point have been 
tried and results show tha t  the method depending on the evaporation of crystals gives a position inconsistent with 
three other methods, i.e., lamp-black deposit, surface total-head measurement  and stethoscope search tube. 

The effect of the thick trailing edge on loss coefficient is almost that  predicted assuming zero velocity behind the 
blade trailing edge. The heat-transfer increase due to transition is probably not large, and is no worse than tha t  
on a conventional turbine section. 

1. Introduction.--Inorder to design a successful high-temperature turbine blade a considerable 
thickness toward the trailing edge is required so that  this part of the blade may be effectively 
cooled. An aerofoil-section blade with the thickness maintained well toward the trailing edge 
(Fig. 1) has, therefore, been tested in cascade as a nozzle row. The flow over the blade surfaces 
has been investigated to determine the transition point, and theoretical estimates of the effect 
of the thick trailing edge have been made, so that the heat-transfer properties and efficiency 
of such blades can be estimated. 

2. Cascade Performance.--The cascade which has been tested on No. 4 High-Speed Cascade 
Tunnel has its geometrical properties and range of tests given below 

fll = +2 deg 
~ = --59 deg 

--~ 38"6 
s/c = 0"65 
t/c = 0.185 

I = 3.0 in. 
c = 1.5 in. 

Camber = P40 

Range of Tests 

Inlet angle --35 deg to +35 deg 
Mach number 0.3 to 0-9 
Reynolds number 2.6 to 7.8 × 10 ~ 

(No turbulence factor) 

with the aerofoil shape shown in Fig. 1. 

* N.G.T.E. Memorandum M.84, received 30th December, 1950. 
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The general performance curves of the cascade are shown in Figs. 2 and 3 which have gas 
inlet angle, and inlet Mach number respectively as abscissa. These curves show that  the blade 
stalls at an inlet angle of +30 deg for Mach numbers above 0-4 and below 0.8 but this stall has 
very little effect on the gas outlet angle. The same can be said taking M as a variable ; the 
loss begins to increase fairly quickly above M = 0-8 with again little apparent effect on the 
outlet angle. 

2.1. Comparison with Other Resu l t s . - -The  cascade being considered is not unlike the cascade 
No. 4. Ref. 1, the main difference being the flat on the trailing convex surface of t he  latter 
which is made up of circular arcs and a straight line, i.e., a conventional turbine section. The 
performance of the aerofoil cascade is better than that  of the conventional cascade up to M = 0.9. 
At this speed, the loss coefficient of the aerofoil blade is rising fairly steeply but that of-the 
conventional blade is tending to decrease. This comparative performance between flat and 
curved back types of section seems t o b e  characteristic. 

Cascade details 

c T.E./c X/c rio o~ 
(in.) (deg) (deg) 

No. 4, Ref. 1 1"8 0.008 0.180 - -58 + 1 0  

Aerofoil 1- 5 0" 037 0.185 --59 + 10 

Mach number  

0.6 0"9 1.0 

g~/½p V~ 2 c~2 g)/½p V~ ~ o~., g)/½p V22 

O" 032 56 O. 040 57 O" 035 

O. 024 62 O. 040 62 ~ O. 10 

In terms of maximum lift drag ratio the aerofoil cascade is 40 per cent better than the 
conventional cascade. The aerofoil has a maximum lift drag ratio of 72 occurring at M --~ 0.7 
whereas the corresponding values for the conventional cascade are 52 at M = 0.6. 

In Ref. 2, p. 234, a curve is shown giving the effect of Mach number on outlet angle. The 
agreement between this curve and the results obtained is good for low speeds only, because 
the tendency for the outlet angle to approach cos - t  o/s as the Mach number tends to unity, 
does not occur. 

2.2. Effect of Trail ing-Edge T h i c k m s s . - - T h e  cascade two-dimensional loss consists of two 
main parts, that  due to blade-surface friction and that  due to the wake from the thick trailing 
edge. In order to determine the relative size of these quantities, a theoretical investigation 
of the friction loss and wake loss have been made. 

H.13. Squire, Ref. 3, gives a method by which the laminar boundary-layer details can be 
found once the velocity distribution over the blade surface is known. This velocity distribution 
was found by means of blade-surface static-pressure measurement and is shown in Fig. 7 together 
with the boundary-layer momentum thickness. From the momentum thickness at outlet, the 
loss corresponding to a blade with a perfectly sharp trailing edge is obtained. Then from 
Ref. 4 is found the additional loss due to a trailing edge of finite thickness, assuming zero velocity 
immediately behind the trailing edge and uniform static pressure across wake and blade passage. 
This method of loss estimation by treating friction and trailing-edge loss separately gives a total 
loss coefficient of only 86 per cent of that  actually measured and the ratio of trailing-edge loss 
to total loss is as 0.4 is to 1-0. 
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c q - - - - - - 4 . 5 d e g ;  R e = 5  × 10 ~; T.E. thickness/s = 0-056 
Theoretical friction loss coefficient = 1.2 per cent 
Additional loss due to T.E. thickness = 0.8 per cent 

Measured loss coefficient 

Total 2-0 per cent 
= 2.3 per cent 

3. Indication of Transition.--The indication of transition point or region has been carried out 
by  several different methods which are described briefly below. 

Evaporation.--In a turbulent boundary layer there is, by defin/tion, a continuous interchange 
of the air next to the surface with tha t  lying nearest the free stream, as opposed to the laminar 
boundary layer where the flow is of a shearing nature. The turbulence can, therefore, cause a 
very much greater degree of evaporation from the surface than the laminar flow and this fact 
is used to indicate regions of turbulence. 

The method (Ref. 5) is to spray on to the blade surface a solution of p-diethoxybenzene in 
petroleum which, when evaporated, deposits on the surface a layer  of small white crystals. 
These crystals are themselves volatile and if the airflow is turbulent over any part of the blade 
surface, then the greater rate of evaporation in this region will cause the crystals to disperse, 
leaving the laminar, area still covered with a whke. deposit. The complete change will occur 
in from 10 to 40 minutes depending on the crystal-layer thickness (Fig. 9). 

Lamp-Black Deposition.--It has been found tha t  an extremely thin deposit of lamp-black wilt 
be lifted from the surface in'a turbulent boundary layer and will remain unaffected in the presence 
of a laminar layer. The lamp-black was, in this instance, deposited from an acetylene flame 
and this was completely removed in approximately 10 to 20 seconds by a turbulent boundary 
leaving the laminar region blac.k, giving therefore a sharp and photographable transition line 
(Fig. 8). 

Boundary-Layer Total-Head Measurement.--A total-head tube of dimensions smaller than 
t h e b o u n d a r y  thickness will read a pressure which is dependant on the boundary-layer shape 
when placed on the blade surface facing upstream. In a laminar boundary layer where the rate 
of change of velocity normal to the blade surface (du/dn) is comparatively small the pressure 
readings will be small, whereas in a turbulent layer (du/dn) is large, and gives a correspondingly 
large total-head pressure reading. Taking for example the traverse from a laminar region to a 
turbulent region. The pitot pressure will first be small and decreasing showing a tendency 
for the boundary layer to separate. If, however, transition occurs first, the total head will rise 
steeply from the minimum point (see Fig. 4c). Contours of readings given by such a traverse, 
repeated at different positions along the blade length, give the transition region. 

Stethosc@e and Microphone Search Instruments.--A stethoscope attached to a small pitot 
tube as mentioned above, and traversed in a similar manner, will indicate a considerable change 
in the noise level and character as the pitot-tnbe moves from the laminar to the turbulent layer. 

Another device of essentially similar nature is the microphone pick-up, the output of whick 
when applied to a cathode-ray oscilloscope shows clearly the production of pressure pulses in a 
turbulent  layer. 

3.1. comparison of Methods of Indication.--All forms of the above methods have been applied 
to the turbine cascade working at moderate speed and inlet angle of - - 4 . 5  deg. There is a 
good agreement between the lamp-black, total-head tube and stethoscope methods for indicating 
the position of transition, but the evaporation method gives a somewhat different result. 
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The transition as shown by  evaporation is at x/c = 0.07 (low speed) forward from the trailing 
edge, whereas the other three methods indicate a transit ion point at x/c = 0- 12 from the trailing 
edge. A possible explanation of the effect is tha t  the growth of turbulence is slow and only 
arrives at a state where elements of the boundary layer undergo complete and continuous inter- 
change, after a definite distance, depending on the pressure gradient. 

The microphone search-tube suggests another explanation. When this instrument is placed 
on the transition line indicated by the lamp-black it registers only bursts of unsteadiness. I t  is 
possible therefore tha t  the lamp-black indicates the forward limit of intermittent  turbulence 
while the evaporation method indicates a continuous turbulent state. The microphone tests 
were carried out while this report was in preparation so conclusions on the incomplete tests 
cannot be definite. 

Fig. 4a shows the agreement between the total-head tube and lamp-black methods for 
transition indication at low speeds. Fig. 6 shows a total-head traverse in two types of turbulence 
wedge. The first type, which can be produced by a large rounded particle on the blade surface, 
has a centre portion with, apparently, a new laminar boundary layer originating from the 
particle. The second type originates from undetectable irregularities on the surface. The 
relative angle of wedge as shown is a true reproduction of those observed. 

4. The Transition Point.--4.1. The Effect of Incidence.--As will be seen from the photographs 
in Fig. 8 and 9, there is little incidence effect on the convex-surface transition point from an 
inlet angle of --34 deg to +19 deg the variation being between x/c ~ O. 12 and 0- 18 from the 
trailing edge. The concave surfaces corresponding to those mentioned above are completely 
black except for an inlet angle of --34 dog. In this instance the concave surface is devoid of 
soot from x/c = 0- 1 from the stagnation point to an indefinite line a t x/c = 0.4. This indicates 
e/trly transition followed by turbulent separation. At a high positive inlet angle (0q = 34 dog) 
a similar sequence of events occur, but  this time on the convex surface. Transition takes place 
at x/c = O. 03 from the stagnation point and separation at x/c ~ O. 70. 

4.2. The Effect of a Turbulent Inlet .--To determine this effect the cascade was mounted at 
outlet from an unlit combustion chamber. The velocity distribution at this section is shown 
in Fig. 5 together with the blade surface total-head distribution. The transition point moved 
toward the leading edge to a position x/c = 0.33 from the trailing edge (cascade tunnel value 
x/c ~ O. 12). Again the evaporation method of indicating transition gave results inconsistent 
with other methods. I t  is interesting to note in Fig. 5 that  the blade-surface total-head distribu- 
tion for a turbulent inlet is similar to tha t  obtained on the end blade of the cascade,, over the 
back of which the tunnel-wall boundary layer flows, shown in Fig. 6. 

Summary of Transition Point Results 

cq = --  4-5 deg Mach number between 0.5 and 0 . 7  
Transition-point distance from trailing edge as a proportion of the chord. 

Cascade Tunnel Inlet 

Total-head traverse over surface 
Lamp-black 
Stethoscope 
Evaporation 

x/c 
0.115 
O- 120 

approx. O- 11 
O. 065 

Combustion Chamber Inlet 

Total-head traverse over surface 
Lamp-black 
Stethoscope 
Evaporation 

x/c 
O. 30 
O. 33 

approx. O. 30 
O. 15 



4.3. Theoretical Prediction of Se~baration and Instability.--As mentioned in section 2.2 the 
velocity distribution round the blade is found from static-pressure tappings on the blade surface. 
Tile static holes themselves are 0.02 in. in diameter and eleven of these are distributed on both 
concave and convex surfaces. From the velocity distribution, the momentum thickness of the 
boundary layer is found (Ref. 3), and by using a criterion due to Thwaites ((02/v) (du/dx) = --  0.07) 
Ref. 7, the point of separation of a laminar boundary layer can be estimated. This point 
is marked on the convex-surface velocity distribution, Fig. 7, and it occurs just upstream of the 
experimental transition point. The theory does not therefore agree well with the experimental 
result although from .Fig. 4, it is evident that  the surface total-head pressure does closely approach 
the local static pressure indicating a tendency to separate. 

To estimate the transition point by theoretical methods is not easy, but using the Polhausen 
criterion the point of instabili ty can be found from the velocity and boundary-layer momentum- 
thickness distributions (Ref. 6). This point is also marked in Fig. 7 and occurs just downstream 
of the minimum pressure point. Apart  from this it has no particular experimental significance. 

5. The Effect of Turbulence "on Heat Transfer.--From the results obtained above it is evident 
tha t  turbulent  flow conditions would exist over x/c = 0.30 of the blade top surface, if used in 
an engine. This would be bad from the point of view of blade cooling as, for several reasons, 
the trailing edge is the most difficult part  of the blade in which to put a cooling passage. How- 
ever, it is fairly certain that  if evaporation from tile surface is not at a high rate, then heat 
transfer is similarly not at a high rate, it can then be inferred from the above table that  high 
heat transfer corresponding to fully developed turbulence will only exist over x/c = 0.15 of tile 
trailing edge. 

6. Conclusions.--(a) This aerofoil nozzle blade gives a good performance below an outlet 
Mach number of 0-8 over a wide range of incidence. Above M = 0.8, however, the loss 
increased fairly steeply and does not decrease with the approach of sonic speed, as with the 
conventional fiat-back type  of blade. 

(b) Below M = 0.8 the nozzle would be very suitable for an internally cooled blade o fa  high- 
temperature turbine, being comparatively thick quite far back toward the trailing edge. 

(c) Transition to tm-bulence on this blade with the cascade mounted at exit from an unlit 
combustion chamber begins at x/c = 0-33 from the trailing edge and becomes fully developed, 
i.e., high probable heat-transfer coefficient, at x/c = 0-15 from the trailing edge. This 
undesirable state of affairs exists with most turbine blades and is no worse than usual in this 
c a s e .  

(d) The loss due to tile thick trailing edge (t/s cos ~2 = 0.119) is approximately that  predicted 
assuming zero velocity immediately behind the trailing edge. In this instance the trailing 
edge contributes 0.008 to the theoretical total  loss coefficient of 0.020, i.e., 40 per cent. Although 
tile loss due to the trailing edge is a high proportion of the total loss, the value of the minimum 
total  loss itself is less than tha t  of a conventional blade of similar design. 

(e) The indication of turbulence bY the removal of lamp-black from blade has a greater physical 
significance than a method depending on evaporation under the above conditions, in that  it 
defines a critical point in the boundary-layer growth. The result given by an evaporation 
method, however, is of practical use in indicating well-developed turbulence. 
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