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Abstract

The relationship between the curvatures of the blade and the loss of performance of the compressor unit of the gas
turbine system was studied. Three blade sets of three different blade curvatures 20°, 35° and 50° were fabricated for
this investigation. The blades were tested in a manually fabricated wooden wind tunnel and points of flow separation
and vortex height on the trailing edge of each blade set were recorded. The obtained results were then analyzed with
respect to the blade velocity distribution effects, compressibility effects and blade loading effects. The analysis
indicates that the larger the blade curvature the higher the possibility of poor performance of the system.

Keywords: blade curvature, flow separation, vortex height, velocity, blade loading, stagnation, pressure, suction
surface.

1. Introduction

The profile of the gas turbine blades, be it the compressor or turbine blades, has proven to be the most sensitive area
of study in the gas turbine plant. Highly expensive brainpower and a lot of man-hours are invested in order to find
the blade configurations which will be stable and efficient within specified working angles. Blades must be designed
to have correct aerodynamic shape and also be light, tough, and not prone to excessive noise and excessive
vibrations. Blades must also be designed to achieve substantial pressure differentials per stage. All these mentioned
have direct or indirect relationships to the profile of the blade.

In actual situation, the profile of the compressor and the turbine differ. Higher pressure differentials per stage are
achieved in the turbine unit than in the compressor hence fewer stages of turbines are required to drive the
compressor unit. The turbine blade profile exhibits deeper curvatures than that of the compressor. This is because the
air flow in the compressor is more sensitive to the curvature of the blade profile than it is in the turbine blade profile
and if deep curvatures are attempted, the ensuing effects are generally undesirable. Studies have shown that if such
curvature is attempted in the compressor blade profile, air flow will tend to separate from the blade surface leading to
turbulence, reduced pressure rise, stalling of the compressor with a concurrent loss of engine power and lowered
efficiency of the system [1], all which could be termed loss of performance. Theoretically, deeper curvatures should
give higher system performance but in the actual situation, loss of performance of the system occurs. For example,
stalling of the compressor airfoil blade (which is a loss of performance parameter) results when flow separation
occurs over a major portion of the airfoil’s suction surface. If the angle of attack of an airfoil is increased, the
stagnation point moves back along the pressure surface of the airfoil. The flow on the suction surface then must
accelerate sharply to round the nose of the airfoil. The minimum pressure becomes lower, and it moves forward on
the suction surface. A severe adverse pressure gradient appears following the point of minimum pressure; finally, it
causes the flow to separate completely from the suction surface inducing form drag and the airfoil stalls [2, 3]. A
detailed presentation of the review of the studies on stalling and surging of the compressor could be found in Ref.

[4].

There are other influences in the system which lead to the poor performance for example, according to Cardamone in
Ref. [5] the state of the boundary layer influences, in a major way, the loss development and this loss development
directly bears on poor performance of the system.

You and Moin in Ref. [6] presented that flow separation on an airfoil surface is related to the aerodynamic design of
the airfoil profile; and that the nature of flow separation on an airfoil is closely related to the performance of the
system. From the presentations of Refs. [5, 6] and Hulse et al [7] flow boundary layer separation is related to the
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airfoil profile and the performance of the system. Ref. [7] and Bertagnolio et al [8] were able to relate that the blade
type affects sound generation by the blade while showing that noise level is also a form of performance measure of
the system. They presented that the variations of the separation point along fixed blades, in turn, produce changes in
the form of their wake and contribute to the discrete-frequency interaction noise from the rotor.

Indeed, several studies have been carried out on the performance of the axial compressor blade but the studies have
concentrated more on the stalling and surging of the axial compressor. But again it has been stated that careful design
of compressor blading is necessary to prevent wasteful losses and minimize stalling [9].

To the perception of the author, the effect of the curvature, even to its possible contribution to the stalling and
surging of the compressor has not been shown in simple terms for easier understanding. This write-up therefore aims
at presenting the relationship between the curvatures of the blade and the loss of performance of the gas turbine
system. The effect of the curvature with respect to this loss of system performance was surmised in this paper from
the testing of blades with different curvatures. This was done by investigating the relationship between curvatures of
the blade with respect to the point of flow separation and vortex height on the trailing edge and subsequently relating
them to the velocity distribution effects and blade loading effects due to compressibility effects on the axial type
system. This study was carried out by fabrication of model blade cascades at three different blade angles of 20°, 35°
and 50°. Each cascade was tested and the results obtained were analyzed. The paper is meant to give the reader a
basic idea of the effects of blade curvature in the loss of performance of the gas turbine system.

2. Experimental Approach
2.1 Evaluation of the blade profile

According to Cohen [10] two major requirements of a blade row, whether rotor and stator, are to turn the air through
the required angle (f; — ;) in case of the rotor and (o, — a3) in the case of the stator; and secondly, carry out
diffusing process with optimum efficiency i.e. with minimum loss of stagnation pressure. Consequently, the angle at
which the air flows across the blades is critical to the performance of the compressor [11]. One fact remains that air
will not leave a blade precisely in the direction indicated by the blade outlet angle, factors like velocity of the air and
pressure ratio will affect the exit point. For this reason, to obtain a good performance over a range of operating
conditions, it is wise not to make the blade angle equal to the design value of the relative air angle.

According to Cohen [10] the design of blades is much of an art. The design of the blade starts with the sketch of the
base profile like as in Fig. 1, from which the blade shape is obtained. The base profile can be constructed or can be
determined from the Joukowski transformation of a given circle. It can be defined as the basic shape of an airfoil
with a straight camber line (where the camber length equals the chord) as shown in Fig. 2(a) [10].

For subsonic flows, it is necessary to use airfoil section blading to obtain a high efficiency but for increased Mach
number flows, blade sections based on parabolas are more effective [10]. For this work, the experiment was carried
out in subsonic flow therefore; the base profile with the airfoil shape was used for the blade design. The rotor and
stator blades have the same profile and camber arc but are arranged as shown in Fig. 2(b). The base profile generally
used for gas turbine blade shape design is the NACA 4-digit series [12]. Details about the design of blades abound in
literatures such as in Refs. [10, 12, 13, and 14] but that is not the point of this paper; therefore, this will not be fully
discussed.

2.2 The blade design

The ordinates of the base profile ¢; and ¢, are given at definite positions along the camber-line as shown in Fig. 2(a).
With the ordinates known the value of the Yy and ¥, are computed as

_tn><l
100

Y,.Y, (1

where t,= already specified ordinates in Fig. 2(a) as #; and ¢,
n =1 and 2 for upper and lower sections of the profile respectively

I = camber length (chord).
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According to Perkins and Hage [12], in the design of the blade, the centre of the leading edge radius is usually
obtained by drawing a line through the end of the chord with slope equal to slope of camber line at 0.5 percent of
chord and laying off the leading edge radius along this line. The position of maximum thickness is always 30 percent
of the chord [10, 15]. The ratio of maximum thickness and chord (#/c) for blade shapes is generally 10 percent [16].
Following this, the Y values (¥yand ¥;) were computed and laid off at calculated points on the X axis.

A chord length of 70mm and a blade height of 100mm were chosen for the sake of handling and the size of the wind
tunnel that will be used for the testing. A suitable pitch/chord ratio (s/c) of 0.57 (to achieve a high air deflection) [10]
and a stagger angle of 34° were chosen. The choices were made based on the actual data from blade samples
obtained from gas turbine blades of Afam Power Station Port Harcourt Nigeria which were Asea Brown Boveri gas
turbines whose deflection curves agreed with the typical design deflection curve presented in Ref. [10]. Since the
blades were to be curved, a circular arc camber line was assumed and the blades were constructed for 6 = 20°, 35°
and 50°. The blades operate in cascades with notation as shown in Fig. 3. Figure 4 shows the constructed blades
(three sets) which were used for the subsequent tests.

2.3 The low speed wind tunnel (smoke tunnel)

The experiment warranted setting up a special test rig to test the designed blades. A special wind tunnel - an open
circuit (or Eiffel) type tunnel was constructed. Because of the size and nature of the experiment, a smoke tunnel was
found suitable for the tests [17]. Smoke was introduced ahead of the model being tested. Very low flow speeds were
employed for the test to produce a laminar flow into the test section and to avoid the diffusion of the smoke. The
wind tunnel was made of wood. It consisted of a smoke pot, a circular duct, rectangular plenum, a rectangular duct
with adjustable section (inflow duct), transparent Perspex top, an exit duct, a rectangular chimney and a suction fan.
Except the suction fan, every other equipment was locally fabricated with either wood or paper. The arrangement of
the wind tunnel is as shown in Fig. 5.

Figure 6 shows front and plan view of the constructed smoke tunnel with a set of blades being tested. The smoke was
generated by burning spent engine oil (SAE 40) on embers in a smoke pot and was channeled into the inflow duct
through a circular duct. The size of the inflow duct of the tunnel was adjusted such that air (smoke) entered each set
of blades at its designed S, angle. The air (smoke) was drawn in through suction by the fan placed at the end of the
chimney. The fan speeds were measured with a Kestrel 3000 digital meter capable of measuring air velocity,
temperature, and humidity. Provision was not made for the variation of the spacing between the blades. The
observation of the behaviour of air through the blades was visual hence the use of smoke as the fluid medium.

3.Methodology

The tests were carried out with the smoke moving at subsonic speed. Different low speeds were used according to
the fan suction speed settings. The speeds were:

(1) N. speed (NS) —3.3m/s

(ii) Speed 1 (S1)—5.2m/s

(iii) Speed 2 (S2) — 10.0m/s
Each blade set was placed between the adjustable duct and the exit chimney. The fan (at a given speed) sucked the
smoke through the set of blades. The behaviour of the smoke through the set of blades was observed through the
Perspex cover. The points of separation from the leading edge of the blade were recorded as well as the height of the
vortex formed on the suction surface at the trailing edge. These were done for the three different fan speeds at three

different incidence angles (denoted as in Fig 7) and the results recorded. The average values of each set were
obtained and were used in the subsequent plot. Although four different sets of plot namely:

(i) Vortex vs separation graph
(ii) Variation of angle vs average separation graph
(iii) Speed vs average separation graph

(iv) Average vortex vs speed graph (for the 20° @ (-10°) result only)
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could be used to describe the results of the experiment, just one set vortex vs separation graph (Fig. 8) is enough for
explanations, therefore only that was shown in this paper.

4, Results and Discussions

Separation of flow occurs when the boundary layer has traveled far enough against an adverse pressure gradient such
that its energy level drops to a level that the boundary layer speed relative to the object falls almost to zero, the flow
then detaches from the object and leaves in form of vortices and eddies. From this study, the point of this separation
was found to be affected by, amongst other parameters, the velocity of the flow.

The values of the distance of the points of separation from the leading edge of the blade and the heights of the vortex
formed on the suction surface at the trailing edge were recorded and plotted as shown in the Figs. 8 - 10.

Comparing the graphs in sets for the specified angles of 20°, 35° and 50° @ (i = 0°); then 20°, 35° and 50° @ (i =
+10°) and 20°, 35° and 50° @ (i = -10°); for the vortex height vs separation point graph (Fig. 8), it could be seen that
as the camber angle was decreased or increased, the point at which separation started on the blade decreased or
increased respectively. The vortex height also increased or decreased along with the camber angle’s increment or
decrement respectively. For each angle series for example, 50° @ (i = 0°, +10° and -10°), it could be observed that a
variation in the angle of attack of the air on the blade (Fig.9) affected the behaviour of the air in the blade set. A
general trend was observed that as the angle of attack varied from 0°, the point of separation got closer to the leading
edge (Fig.10). It was also observed that the negative series (-10°) gave lower separation points but also gave the
lowest vortex heights (Figs. 8 and 9), but for the 20° @ (-10°) the air separated on hitting the leading edge of the
blade resulting in higher vortex than would be expected given the foregoing trend.

A study of the effect of air speed variations with respect to each blade showed that the lower the speed, the higher the
separation point or higher the speed, the lower the point of separation.

In the 50° @ (-10°), a reversal of trend was noticed; instead of separation point decreasing with increasing speed, it
rather increased with increasing speed (Fig. 9a). The separation point despite this reversal was still lower than that of
the specified angle 50° @ (0°). This may have arisen due to the air hitting the blade at an angle such that the laminar
boundary layer separated. According to Cardamone [5] and Anderson et al [18] in the presence of adverse pressure
gradients, if the laminar boundary layer separates, transition may take place in a shear layer over the separation
bubble. Since a turbulent shear layer has much higher diffusion capability than a laminar one, the flow reattaches
usually shortly after transition. This may have been the reason for the trend in the 50° @ (-10°).

It was also observed that for any given speed the flow stayed longer on the blade suction surface before separation on
the shallower curved blades (Figs. 9 and 10). Vortex heights increased as the speeds were increased leading to
turbulent wakes.

Apart from the abnormal behaviour of the air in the 50° @ (-10°) blade position, it was observed that generally as the
speed was increased the air gradually lost its ability to negotiate curves and then separated from the blade. The
degree of separation and formation of vortex depended on the degree of curvature of the blade and also the angle of
attack. This effect could be explained by the work of Perkins and Hage in Ref. [12]. They presented that the degree
of separation on an aerodynamic body is largely dependent on the magnitude of the unfavourable pressure gradient to
the rear of the point of minimum pressure or maximum surface velocity. Therefore, if the pressure gradient, dp/dx,
along the surface from this point is equal to or less than zero, then no separation exists. But when the pressure
gradient is gradual, the separation occurs so near the rear of the body such that only a very small turbulent wake is
produced and the boundary layer is extremely thin everywhere. The drag created by such a body is small and arises
mostly from skin friction. If the pressure gradient is high, separation occurs well forward of the rear stagnation point
and a turbulent wake exists which alters the potential-flow picture and pressure distribution.

4.1 The consequences of the curvatures

The consequences of a large blade curvature could be seen when the stagnation pressure ratio in a blade row given as
Eq. (2) [1] is looked at.
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where p;; and p; are the stagnation pressures at stations 1 (ahead) and 2 (aft) of the cascade.

From the equation, it could be seen that achieving a large stagnation pressure in the cascade can only be done by
having a large curvature but it introduces two deleterious effects — velocity distribution and blade loading effects. A
large stagnation pressure will also introduce a large adverse static pressure gradient which leads to boundary layer
separation on the blade.

4.1.1 The velocity distribution effect due to the blade curvature

Since the air passing over an airfoil will accelerate to a higher velocity on the convex surface and in a stationary row,
this will give rise to a drop in static pressure. This convex surface is termed the suction side of the blade. The
concave side will experience a deceleration of the flow and a rise in static pressure hence it is termed the pressure
side (Fig 7). Given similar conditions, the velocity distribution through the passage between the pressure side and the
suction side will be as presented in Refs. [10, 19] as shown in Fig.11. The maximum velocity on the suction surface
will occur at around 10 — 15 percent of the chord from the leading edge after which it falls steadily until the outlet
velocity is reached. It was found that relatively thick surface boundary layers resulting in high losses occur in regions
where rapid changes of velocity occur, i.e. in regions of high velocity gradient. From Fig. 7, this would most likely
occur on the suction surface of the blade. Then increasing the convex nature of the suction surface would increase
the velocity gradient further leading to a serious loss due to friction and breakdown of flow with its attendant drop in
stagnation pressure.

4.1.2 Blade loading effects

A large blade curvature will lead to a high blade aerodynamic loading and low values of minimum static pressure on

the blade suction side [1] and compressibility effects affect the blade loading in that they change the pressure
distributions along the blade so that the blade loadings may become excessive. This pressure distribution is related to
the permissible deflection in the blade. For a given peripheral speed, the pressure rise obtained in a stage is a
function of a coefficient of deflection 7z, which for a particular degree of reaction depends on the permissible
deflection 4p of the flow in the cascades [20]. This was shown by Carter [21] and Zweifel [22].

Let us consider the study done by Carter based on observations of an N.G.T.E.[23] profile test data as shown in
Fig.12, measured in a 5 in — low speed cascade tunnel of NACA for subsonic flow; here § = 48 = 18.6°, the static
pressures p on the profile was obtained by means of the pressure coefficients cp. The values of ¢p at stations (1) and
(2) are given as:

_DPa— D (3)
cp, =——
P (p/z)Vlz

_Po—P 4)
cp, =—=——~<
" (p/2)V22

where p,; and p;; are the total stagnation pressures ahead and aft of the cascade velocities V; and ¥, respectively. For
an incompressible flow with friction, it is possible to express the frictional losses by the drop of the absolute
stagnation pressures at the stations ahead (1) and aft (2) of the cascade. This reduction in absolute stagnation pressure
is identical with that of the relative total pressure pgg, since the stream surfaces are coaxial cylinders. The loss
through a cascade has also been related to the ideal velocity head which could be produced by a frictionless process
between the stagnation pressure p,; and the static pressure p,. However, if the velocity diagram Fig.13 [24] is to
represent the actual velocities that occur for a process with friction, then the pressure coefficient ¢p will be given as

Psri ~ Psr2 _ Psi ~ Psa ®)
cp(S) = =
© (()/Z)Pz2 (D/Z)sz
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Neglecting geopotential energy differences, the difference in relative pressures can be given as

2 2

Pspi = Psgpa =Py — P + (p/2>(Vl -V, ) (6)
Combining Egs. (5) and (6) we have

P, =P :(p/z)(Vlz —sz)—f(p/Z)sz (7N
The normal force F on the blade can then be represented as

2 .
F=spl, AV, —&(p 12y, > S0 LaSnb. (8)
Cos” 3,

Neglecting the second term we have that

F ~spV, AV, )
Introducing the solidity o = blade chord/blade spacing

o=(c/s)s (10)
and if we express the normal force in terms of the lift coefficient C; which is dimensionless, then

__F (11)
(/2. ¢

Combining Egs. (9) and (11) then

c, =240 (12)

oV,

From Fig.13 C; can then be expressed as

C, =£[tan[ﬁ’l — tan /3, Jcos 3, (13)

o

From Eq. (13) the link between the permissible deflection and the pressure distribution could be deduced via the lift
coefficient. It could also be deduced that the force on the blade depends on the pressure gradient on the suction side
of the blade which in turn is affected by the degree of fluid deflection. Therefore, increasing the blade curvature ends
up increasing the blade loading.

5. Conclusions

The relationship between the curvatures of the blade and the loss of performance of the gas turbine system has been
studied. The discussions have shown that as the curvature was increased from 20° to 50°, the points of separations
receded and vortex heights increased and consequently, the detrimental factors that lead to stall and surge in the
system were accentuated. Blade aerodynamic loading and the velocity gradient increased with increasing curvature
leading to a serious loss due to friction and breakdown of flow with its attendant drop in stagnation pressure.
Following these, it can then be concluded that large blade curvature in compressors lead to early flow separations
with its adverse effects in the whole compressor system. Therefore, designing blades with large curvatures will lead
to loss of performance in the compressor system.
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Fig. 2: (a) The blade base profile. (b) The rotor and stator layout in blade design.
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Fig. 7: The blade test nomenclature.
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Fig. 8: A plot of Point of Separation against Vortex Height for the (a) 8 = 20°,
(b) =35"and (c) & = 50° blade sets ati =0°.
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Fig. 9: A plot of Vortex Height vs. Point of Separation.
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Fig. 11: Typical velocity distribution through the passage of a cascade set [10, 19].
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Fig. 12: Measured pressure distribution on profile NGTE 10C4/30C50 in cascade [23].
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Fig. 13: Velocity diagram of axial flow compressor cascade [24].
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