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Abstract

The present study shows that the whirl has a considerable effect on most parameters. At
the tip, the normalized relative velocity angle decreased by 100% of its value at the root for
free-vortex and 91.2% for forced-vortex. Also, the normalized whirl and relative velocities
decreased by 25.1% & 23%, respectively for free-vortex flow and 18.9% & 32.5% for
forced-vortex. For the same conditions, the normalized temperature of ideal gas was higher
than that of ideal air by 1.36-2.2% and of actual flow was higher than of ideal flow by 0.°Y-
0.A£9% due to friction. In addition, the normalized pressure of actual flow was higher than
that of ideal flow by 1.96-3.17%, of forced-vortex was higher than of free-vortex by 0.28-
0.56% and of ideal gas was higher than of idea air by 0.19-0.52%. Moreover, the
normalized density of actual flow was higher than that of ideal flow by 1.42-2.32% and of
ideal air was higher than of ideal gas by 1.15-1.64%. The normalized temperature, pressure
and density increased over the radius by 5.6%, 22.5% and 16%, respectively. Further, the
relative Mach number of ideal gas was higher than that of ideal air by 1.38-1.79% and of
ideal flow than of actual flow by 0.26-0.42%. At the root, such Mach of forced-vortex was
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higher than that of free-vortex by 3.63% while it was lower by 9.2% at the tip. Such Mach
for free-vortex decreased by 31.2% and 30.7% over the radius for ideal air and idea gas,
respectively while for forced-vortex flow the decrease were 44.2% and 43.7%. All
computed Mach number values at the root, 0.577-0.606, were less than the upper
recommended, 0.75.

Keywords. Axial gas turbine stage, free/forced-vortex positive whirl, different parameters.

INTRODUCTION

Free and forced vortex whirl of ideal and actual flows of ideal air and ideal gas were
used to compute the operating parameters at nozzle blades exit of an axial gas turbine stage.
The radial changes were ignored in the annulus of an axial gas turbine stage. Thus, such
assumption is reasonable for short blades with root to tip radius ratio greater than 0.8. This
istypical infront stages of a gas turbine (Cohen et al. 2001; Logan 1993; Y ahya 1983). The
last stages have low radius ratio of 0.4 (Mattingly 1996) to pass high mass flux in a small
overall diameter engines. The taper of the annulus causes the streamline surfaces of
revolution not to be parallél to the rotor axis. Hence, the actual flow has a very small radia
velocity component compared with the axial and whirl components (Cohen et al. 2001).

The flow at nozzle blades exit is given a positive whirl velocity in impeller direction of
rotation. This whirl flow results are due to nozzle blades angle at exit. Thus, the static
temperature and static pressure change with the radius. Thereby, the flow experiences a
small radial changes. With low radius ratio blades, the peripheral speed changes much
between the root and tip. Hence, the velocity diagrams and the resulting gas angles vary
too. The change of such temperature and pressure vary the density and, in turn, the
magnitudes of velocity vectors change. Therefore, a further change of velocity triangles
occurs (Kerrebrock 1992; Yahya 1983). As a result, the gas angles at the mean radius
become far from those at the root or tip of the blade row, but the elements of gas between
blade rows are in radia equilibrium (Cohen et a. 2001). For high efficiency operation, the
gas angles must approximately match the blade angles at all radii. This resultsin a twisted
vortex balding (Cohen et al. 2001).

Computation of mass flow rate through an axial gas turbine stage was done by different
methods using free-vortex flow (Najjar & Akeel 2007). The parabolic density profile from
root to tip of such study gave the most accurate mass flow rate. The absolute velocity angle
and axial velocity were constants along the nozzle blades exit for forced-vortex and for
free-vortex flows, respectively (Cohen et al. 2001; Dixon 2006). The velocity triangles at
the nozzle blades exit of the actual flow were not much affected by friction in such nozzles
(Cohen et al. 2001). The upper recommended value of the relative Mach number at the root
should not exceed 0.75 in an axial gas turbine stage (Cohen et al. 2001). Calculations of
performance and design parameters in turbomachinery were done using radial equilibrium
and streamline curvature methods (Macchi 1984; Smith 1966).

The present objective is to investigate the effect of free-vortex and forced-vortex

positive whirl of actual and ideal flows using ideal air and ideal gas on the design,
operation and performance parameters at nozzle blades exit of an axial gas turbine stage.
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THEORETICAL ANALYSIS

In the present study, the equations for design, operation and performance parameters
besides their solutions are at convergent nozzle blades exit of an axial gas turbine stage.
The flow from nozzles exit enters the rotor, which generates the power. To compute this
power, the specific work from the rotor should be calculated at a convenient radius and
multiplied by the correct mass flow rate (Nagjjar & Akeel 2007). The correct flow rate is
an important parameter for design, operation and performance of gas turbine. Introducing
a positive whirl velocity, C,,, a nozzle blades exit changes the static pressure, P,, and
static temperature, T, there. Hence, P, and absolute velocity, C,, vary from root to tip,
see Fig. 1. Thus, the density, p,, changes there too.
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Fig. 1: Variation of P, and C; across the annulus of a turbine stage with free-vortex-flow.

Forced-vortex flow has constant absolute velocity angle, o, = azm = constant, along
nozzle blades exit and the axial velocity, C, there is given by (Cohen et al. 2001; Dixon
2006)

--Si n2 (a2m)
(0]
C,=Cyom? )

g

where, aom IS oy at the mean radius, rom = (rar + r2)/2, Coom iS Cq at o, Iz is the radius, ry
and ry are the root and tip radii, respectively. In free-vortex whirl flow Cy = Com at rp and
a, isgiven by (Cohen et al. 2001; Dixon 2006)

U
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i
In both free-vortex and forced-vortex positive whirl flows, the relative velocity angle, b, is
related to azm by (Dixon 2006; Sayers 1990)
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where, Um = W I iS the peripheral speed at ron, and w is the angular velocity. The relative
velocity, V»,, Cyz and C, may be found using Fig. 2. Thus, we have
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Since there is no work done in nozzles thus, To1 = Tg> Where, To; and Tg, are the
stagnation temperatures at inlet and exit of nozzle blades, respectively. For idea flow using
ideal air or ideal gas, the operation parameters Ty, Py, 12 and performance one (relative
Mach number, M) for free-vortex or forced-vortex positive whirl flows are given by

& =1- Cg (7)
T02 2CPT02

v
P &, o (8)
Py T s
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Pa _ P / Ta 9)
P Po/ T

and
M, =——v2__ (10)

VYRoT,

where, the subscript | denotes the ideal flow, C, is the mean specific heat at constant
pressure, Py, is the stagnation pressure, vy is the specific heats ratio, r; is the stagnation
density and Ry is the ideal gas constant. For actual flow, it is assumed that the velocity
triangles are negligibly affected by friction in nozzle blades (Cohen et a. 2001). Thus, Tza,
Poa, p,, @nd Moa are affected and for free-vortex or forced-vortex positive whirl using
ideal air or ideal gas. They are

L L (11)
To To
--L
h — £2A gy-l (12)
P gToz @
Paa = PZA/TZA (13)
P Po/ Tn
and
Moy =2 (14)
YRy Toa

where, the subscript A denotes the actual flow and A, is the nozzle loss coefficient.

COMPUTATION PROCEDURE

Calculations were done for free-vortex and forced-vortex positive whirl actual flow (I ,
= 5%) and ideal flow of ideal air (y = 1.4) and ideal gas (y = 1.333) at nozzle blades exit of
an axial gas turbine stage (Cohen et al. 2001).

Solution of Egs. (2) to (6) gives the design (a2, b2) and operating parameters (Cy2, Co
and V) using free-vortex positive whirl flow. As well, solution of Egs. (1) and (3) to (6)
produces the same parameters with the operating parameter C,, replaces the design
parameter a, for forced-vortex positive whirl flow. The variation of such parameters with
the radius depends only on introduced free-vortex or forced-vortex positive whirl flow. In
addition, solution of Egs. (7) to (14) gives the other operating parameters (Tz, P2, r2) as
well as the performance parameter My, for ideal flow and (Tza, Pza, I 24 @nd M3,) for actual
flow using free-vortex and forced-vortex positive whirl of ideal air and ideal gas. Design,
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operation and performance parameters were computed at nozzle blades exit from ry to ry; of
an axial gas turbine stage.

The computed parameters were normalized except for M, which is already
dimensionless. The normalized parameters are oz, = ao/Bom, Ban = P2/Bamy Cazn = Cao/ Caom,
Con = Co/Caom, Cuwzn = Cw2/Caom, Von = V2/Caom, Ton = TolToz, Pon = Po/Po2 and p2n = pa/po.
Such normalized parameters and M, vary with the normalized rz, 1y = ra/ra, from ry to ra.
Thus, the present results become more general and applicable for other geometries and
operating conditions.

The particulars required for the present computations were chosen for an axial gas
turbine stage used in a business aircraft engine (Cohen et al. 2001). Such data are ry =
0.185m, ry = 0.247 m, ozm = 58.383°, Bom = 20°, N = 250 rps, Caom = 272 m/s, Tz = 1100
K, A = 0.05, (Cp)c = 1.148 kJ/(kg.K) and (y)c = 1.333. These data were also documented
(Bathie 1996; Logan 1993; Wilson & Korakianitis 1998).

RESULTSAND DISCUSSION

At nozzle blades exit, Fig. 3 shows the variation of the design parameters oz, and Ban
besides the operating ones Cy,, Cpn, Von and Cypn With r,. These parameters decrease
gradually with r, from root to tip. oz, of forced-vortex and Cyn of free-vortex flows are
constant over r, thus, they are not presented. At the tip, ay, of free-vortex flow decreased
with r, by 12.1% based on its value at ry. The rate of decrease of oy, with r, was much
lower than that for B2, besides oz, was always bigger than B2, over r,. The rate of decrease
of Ban with ry, for free-vortex flow was higher than that for forced-vortex. B2, of free-vortex
was bigger than that for forced-vortex at the root and the opposite was true at the tip. Also,
B2n decreased with r, by 100% for free-vortex flow and 91.2% for forced-vortex. Thus, V,
was axial at the tip for free-vortex flow while it was 8.8% far from axial there for forced-
vortex. In addition, C,, of forced-vortex and free-vortex flows almost coincide and each
decreased with r, by 19%. C,, was always bigger than the other velocities over r,,. The rate
of decrease of Cyn for free-vortex was higher than that for forced-vortex flow. Cy, for
free-vortex was bigger than that for forced-vortex at the root and the opposite was true at
the tip. Moreover, Cy,, decreased with r, by 25.1% for free-vortex and 18.9% for forced-
vortex flow. Further, V2, decreased with r, by 23% for free-vortex and 32.5% for forced-
vortex. Va, of free-vortex flow was bigger than V,, of forced-vortex at the root and the
opposite was true at the tip. Furthermore, C, for forced-vortex flow decreased with r,, by
18.9% whileitsvalue was 1 at rom thus, Ca, equalsto Caon.

At nozzle blades exit, Fig. 4 shows that the operating parameter T, increases gradually
with r, from root to tip. For the same conditions, T, values of ideal gas were higher than
those of ideal air by an average of 2.2% based on the value of ideal air at the root and
1.36% at the tip. Further, T, values of actual flow were higher than those of ideal flow by
an average of 0.84% based on the value of ideal flow at the root and 0.53% at the tip due to
friction in nozzle blades. The difference in T,, decreased in the first case and dlightly
decreased in the second with r,. In addition, T, values of forced-vortex flow were higher
than those of free-vortex by an average of 0.16 % based on the value of free-vortex at the
root and 0.09% at the tip. In this case, the difference in Ty, slightly decreased asr,, increases
up to zero at rom, then dlightly increased. Moreover, T2, increased by an average of to 5.6%
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based on the value at the root over r,. Thus, the mgjor effect on T,, was due to r, variation
and the second was if ideal gas replacesideal air while such effect was small if actual flow
replaces ideal flow and was negligible if forced-vortex replaces free-vortex flow.
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Fig. 3: Variation of several normalized parameters with r, at nozzle blades exit.
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Fig. 4: Variation of T, with r,, at nozzle blades exit.
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At nozzle blades exit, Fig. 5 indicates that the operating parameter P,, increases
gradually with r, from root to tip. For the same conditions, P2, values of actual flow were
higher than those of ideal flow by an average of 3.17% based on ideal flow value at the root
and 1.96% at the tip. Besides, P,, values of ideal gas were higher than those of ideal air by
an average of 0.52% based on ideal air value at the root and 0.19% at the tip. The difference
in P, decreased in the first case and dlightly decreased in the second with ry,. In addition,
P, values of forced-vortex flow were higher than those of free-vortex by an average of
0.56% based on free-vortex flow value at the root and 0.28% at the tip. The difference in
P, of this case dlightly decreased with r, to zero at o, then dlightly increased. Moreover,
P>, increased by an average of 22.5% based on the value at root over r,. Thus, the major
effect on P,, was due to r, variation and the second was if actual flow replaces ideal flow
while the effect if forced-vortex flow replaces free-vortex and ideal gas replaces ideal air
was small.
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Fig. 5: Variation of P,, with r, at nozzle blades exit.

At nozzle blades exit, Fig. 6 reflects that the operating parameter r ,, increases gradually
with r, from root to tip. For the same conditions, r », values of actual flow were higher than
those of ideal flow by an average of 2.32% based on ideal flow value at the root and 1.42%
at the tip. Also, r o, values of ideal air were higher than those of ideal gas by an average of
1.64% based on ideal air value at the root and 1.15% at the tip. The difference in r o,
decreased in the first case and dightly decreased in the second with r,. In addition, r 2,
values of forced-vortex flow were higher than those of free-vortex by an average of 0.41%
based on free-vortex flow value at the root and 0.2 at the tip. In this case, the difference in
r on lightly decreased as r, increases up to zero at r,m, then slightly increased. Moreover, r o,
increased with r, by an average of 16% based on the value at root over r,. Thus, the major
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effect on r o, was due to r, variation, the second was if actual flow replaces ideal flow and
the third was if ideal air replacesidea gas while if forced-vortex flow replaces free-vortex

the effect was small.
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Fig. 6: Variation of r o, with r, at nozzle blades exit.

At nozzle blades exit, Fig. 7 shows that the main important performance parameter M,
decreases gradually with r, from root to tip. For the same conditions, M, values of ideal gas
were higher than those of ideal air by an average of 1.38% based on the value of ideal air at
the root, 1.64% at ro, and 1.79% at the tip. In this case, the difference in M, increased with
. Aswell, M, values of ideal flow were higher than those of actual flow by an average of
0.42% based on the value of ideal flow at the root and 0.26% at the tip. In this case, the
difference in M, decreased with r,. In addition and at the root, M, values of forced-vortex
flow were higher than those of free-vortex flow by 3.63% based on the value of free-vortex.
Moreover and at the tip, M, values of free-vortex flow were higher than those of forced-
vortex flow by 9.2% based on the value of free-vortex. At rom, M2 values of free-vortex
flow were exactly the same as those of forced-vortex for ideal gas and the same was true for
ideal air but with a lower value. Further, M, values for free-vortex decreased by 31.2% and
30.7% based on the value at rom over ry, for ideal air and ideal gas, respectively while for
forced-vortex flow the decrease were 44.2% and 43.7%. In this case, the difference in M
decreased with r, up to zero at ry, for each of the idea gas and ideal air then increased.
Thus, the mgor effect on M, was due to r, variation, the second was if forced-vortex
replaces free-vortex and the third was if ideal gas replaces idea air, while if ideal flow
replaces actual flow the effect was small. All the computed M, values at the root, 0.577-
0.606, were less than the upper recommended, 0.75.
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Fig. 7: Variation of M, with r, at nozzle blades exit.

CONCLUSIONS

The present study reflected that there is a remarkable effect of whirl on most
parameters. At the tip, the normalized relative velocity angle decreased by 100% of its
value at the root; for free-vortex thus, it was axial; and 91.2% for forced-vortex thereby, it
was 8.8% far from axial. In addition, the normalized positive whirl and relative velocities
decreased by 25.1% and 23%, respectively for free-vortex whirl flow besides 18.9% and
32.5% for forced-vortex.

For the same conditions, the normalized temperature of ideal gas was higher than that
of ideal air by 1.36-2.2% and of actual flow was higher than that of ideal flow by 0.53-
0.84% due to friction. Besides that, the normalized pressure of actual flow was higher than
that of ideal flow by 1.96-3.17%, of forced-vortex was higher than of free-vortex by 0.28-
0.56% and of ideal gas was higher than that of ideal air by 0.19-0.52%. In addition, the
normalized density of actual flow was higher than that of ideal flow by 1.42-2.32% and of
ideal air was higher than that of ideal gas by 1.15-1.64%. The normalized temperature,
pressure and density increased with the normalized radius by 5.6%, 22.5% and 16%,
respectively. Moreover, the relative Mach number of ideal gas was higher than that of ideal
air by 1.38-1.79% and of ideal flow was higher than that of actual flow by 0.26-0.42%. At
the root and the same conditions, such Mach of forced-vortex was higher than that of free-
vortex by 3.63% while it was lower by 9.2% at the tip. At the mean radius, the Mach
number value of free-vortex was exactly the same as that of forced-vortex for ideal gas and
the same was true for ideal air with the ideal gas value was higher than that of idea air.
Such Mach values for free-vortex decreased by 31.2% and 30.7% over the normalized
radius for ideal air and ideal gas, respectively, while the decrease was 44.2% and 43.7% for
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forced-vortex flow. All computed Mach values at the root, 0.577-0.606, were less than the
upper recommended, 0.75.

NOMENCLATURE

C, . absolute velocity, m/s

Con . normalized C,, Cz/ Caom

Co : axid veocity, m/s

Caon . normalized Cao, Caz/ Caom

Com : Cgpatrm m/s

Cp : mean specific heat at constant pressure, kJ/(kg.K)
Cw2 . positive whirl velocity, m/s
Cwon normalized Cua, sz/ Com

M,  : relative Mach number

N . rotor rotational speed, rps

P : stagnation pressure, kPa

P, . static pressure, kPa

Pon : normalized P,, Po/Pgy

Ro :  ideal gas constant, kJ/(kg.K)

M : normalized ry, rofro

ry : radius, m

m  : meanradius, (r, +1,)/2, m

For . root radius, m

Fot . tipradius, m

Tz : stagnation temperature, K

T, . static temperature, K

Ton . normalized To, Tz/Toz

Uom :  periphera speed at rom, m/s

Vo . relative velocity, m/s

Von : normalized Vs, Vo/Com
GREEK SYMBOLS

o2 . absolute velocity angle, degrees
Oon : normalized oy, a2/Bom

Opm . o al o, degrees

B2 . relative velocity angle, degrees
B2n  :  normalized B2, Bo/Pom

Bam :  Poatram, degrees

Y . specific heat ratio

A @ nozzlelosscoefficient, (T,, - T, )/(To - Ta)
ree : Stagnation density, kg/m®

p2  : density, kg/m®

P2n . normalized P2, pz/poz

o : angular velocity, s*
SUBSCRIPTS

1,23 : atnozzlebladesinlet, exit and at rotor exit
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A : actuad flow
G . ideal gas
[ : idedl flow

ABBREVIATIONS

Fr . free-vortex flow

FrAA : freevortex actual flow of ideal air
FrAG : free-vortex actua flow of ideal gas
FrlA : freevortex ideal flow of ideal air
FriIG : freevortex ideal flow of ideal gas
Fo . forced-vortex flow

FoAA : forced-vortex actual flow of ideal air
FOAG : forced-vortex actual flow of ideal gas
FolA : forced-vortex ideal flow of ideal air
FolG : forced-vortex ideal flow of ideal gas
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