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Fig. 1 Vortical wake predicted by vortical flow analysis.
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Fig. 2 Time history of vortex shedding.
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Fig. 3 Unsteady lift components predicted by vortical flow analysis.
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Fig. 4 Unsteady lift compared with transonic flow solution.

edge, and the flow picture would be distorted. Figure 2 shows
the strengths of the wake vortices plotted against the time. In
Fig. 3, the unsteady lift components induced by the three
vortical regions are plotted separately. These curves show that
the most important factor in this blade-vortex interaction
is the vortex shedding process. Figure 4 shows the total
vortex-induced unsteady lift as compared to the viscous flow
solutions given by McCroskey and Goorjian7 and by Sankar
and Tang.8 The good agreement between the present results
and those of others from viscous flow solvers indicates that
the present vortex flow model simulates high-Reynolds num-
ber attached unsteady flows very accurately.

Conclusion
A vortex flow model for the problem of two-dimensional

blade-vortex interaction has been established, and closed-form

solutions for the vortex-induced unsteady force are derived. A
new trailing-edge flow model (unsteady Kutta condition) is
introduced; this trailing-edge flow model is physically more
meaningful than the conventional stagnation point method. It
has been established that the present approach can accurately
predict the vortex-induced unsteady force without tedious
computations.
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Recirculation Structure of the
Coannular Swirling Jets in a Gombustor

Y. C. Chao*
National Cheng Kung University,

Tainan, Taiwan, Republic of China

Introduction

S WIRL is used extensively in gas turbine combustors to
achieve high-combustion efficiency, stable combustion

over a wide range of operation, good temperature trans-
verse quantity, and minimum size. In the study of swirling
flows, the term "vortex breakdown" refers to the formation
of a recirculation zone on the axis of flow.1 The swirl-induced
recirculation zone is an important phenomenon of combustor
research.

Previous experiments and computations2"4 have focused
upon single or multiple swirling jets generated by swirl tubes in
combustors. Recently, So et al.5 observed that the swirling
flowfield generated by vane swirler possesses two recirculation
regions in the center of the test model, one very close to the
swirler hub and one further downstream. They could not ex-
plain the reason why there are two recirculations coexisting.
Due to the fact that the first recirculation is very small com-
pared to the second, and the axial velocity between these two
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recirculations is low, they attributed this phenomenon to ex-
perimental error. However, we believe that the first recircula-
tion is strongly related to the central hub. In order to examine
this phenomenon and to closely simulate the double-s wirier ar-
rangement6 in a modern combust or, in this Note swirl is gen-
erated by. two coannular vane s wirier s located at the entrance,
with a central hub in the location of the fuel injector in an
actual combustor (see Fig. 1). The relative direction of the
swirl imparted to the two jets in a coannular configuration, to-
gether with the possible wake flow phenomenon due to the
central hub, will affect the recirculation structure in a very
complicated manner.

Experiments
The overall experimental setup consists of a blower (7.5

Hp), a settling chamber, two sets of annular varie swirlers, and
a model combustor test section (see Fig. I). A five-hole pitot
probe is employed to measure the mean velocity, static
pressure, and flow direction for this complicated three-
dimensional. (A five-hole pitot probe has been successfully
used as a three-dimensional measuring tool in swirling flow
problems.)3'7 Two sets of experiments are performed. The
first set (Cases A, B, C, D, and E in Table 1) starts from the
maximum counterswirl condition, with the magnitude of the
outer swirl gradually decreased until the maximum coswirl
condition is reached/The second set of experiments (Cases G,
A, E, and F in Table 1) is similar to the first one, except that
the magnitude of the inner swirl is decreased. Variations in the
inlet Reynolds number, based on maximum inlet axial velocity
(7in = 30 m/s and inlet diameter, lie between 2xl05 and
2.5 xlO5 .

The overall swirl intensity issued from the double-swirler
can be characterized by the swirl number S=G^/(GXR), ac-
cording to Bee"r and Chigier,8 where R is the swirler exit radius
and G^ and Gx- are the axial flux of angular and axial
momenta, respectively. The absolute values of the swirl
numbers for various inner and outer swirler arrangements are
shown in Table 1. The swirl number sequence in decreasing
order is the following: cases F, E, A, G, D, B, and C.

Results and Discussion
Results of the measured axial velocity component of case E

and the reversed flow regions of the first set of experiments are
shown in Fig. 2. The dotted line in the axial velocity plot is the
locus of the zero axial components which indicates the
reversed flow regions. Case E (S = 0.55) presents the typical
flowfield of the strong swirl flow. For strong swirl flows, the
central vortex breakdown occurs and, due to the presence of
the strong swirl-induced adverse pressure gradient,3 the cen-
tral vortex breakdown moves upstream and stabilizes itself at
the swirler hub. No corner recirculation zone is observed. The
tangential velocity distribution9 develops into Rankin vortex8

in the region Jt/D>1.0, corresponding to the region imme-
diately downstream of the recirculation zone. On the other
hand, case D (S = 0.33) shows the characteristics of the weak
swirl flow: central vortex breakdown may (this case) or may
not (cases B and C with lower swirl number) occur, the central
vortex breakdown is stabilized in the middle of the test sec-
tion, corner recirculation zone is notable, and there is no ob-
vious Rankin vortex for tangential component distribution.9
Apparently, cases B, C, and D belong to the weak swirl flow
category and cases G, A, E, and F belong to the strong swirl
flow.9 Case C, 15 deg inner and 0 deg outer vane angles and
S = 0.032, is the lowest swirl number case that is very similar to
the nonswirl parallel jet over a central hub. The central recir-
culation region is close to the hub and extends only to
x/D = 0.17, which is very close to the size of the nonswirl wake
bubble. The development of the axial velocity component (not
shown) in the test section resembles the nonswirl parallel jet.
As the swirl number is increased in case B (S-0.27), the cen-
tral wake bubble is elongated to x/D = 0.35. The swirl number
is further increased in case D; the size of the reversed flow re-

Table 1 Flow arrangements
B D

15 -15 -15 -15 -45 -45
Inner vane
angle deg -15

Outer vane
angle deg 45 30 0 -30 -45 -45 45
Swirl no.

|S| 0.49 0.27 0.032 0.33 0.55 0.64 0.4

_ _ —— D'=20 — -

INNER SWIRL VANES

OUTER SWIRL VANES.
GUIDE VANES

Fig. 1 Test section geometry (dimensions in cm).
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Fig. 2 Axial velocity component of typical strong swirl flow case E
and the reversed flow regions of cases A, B, C, D, and E.

gidn is first reduced at x/D = 0.3 and then increased to become
another bubble. The bottleneck-like shape of the reversed flow
region is believed to consist of two recirculation zones of dif-
ferent characteristics; one is the separation wake bubble gener-
ated by the hub, the other is the recirculation zone due to the
swirling vortex breakdown. For strong swirl cases of G, A, E,
and F, the shape and size of the reversed flow regions look
almost the same, except that the thickness of the tail is dif-
ferent.9 A question arises naturally: in the cases of high swirl
strength, does the central recirculation zone possess two cells?
To investigate the detailed structure of the central recircula-
tion zone, fine measurement of the velocity is made in the
near-hub region. The resultant U-V flow direction at each
measurement station (in order to avoid possible schematic
confusion, the magnitude of the U-V velocity is not shown) is
shown in Fig. 3 for cases D and E. Again the dotted lines in-
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Fig. 3 Flow directions on the symmetric plane of cases D and E.
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Fig. 4 Comparison of the pressure coefficient distribution along the
central axis of cases D and E and the case of flow behind a flat plate
normal to the stream.

dicate the reversed flow regions. It is obvious that case D has
two cells, with the first smaller cell oriented downward toward
the central axis. Due to swirling vortex breakdown, the second
cell is parallel to the axis. Thus, these two cells stabilize each
other and form a bottleneck-like shape of recirculation. Com-
plicated unsteady flow is observed between the first and se-
cond cells. Surprisingly, case E also possesses two cells in the
recirculation zone. However, unlike case D, the first smaller
cell is oriented upward away from the central axis due to
adverse pressure force. Flow between these two cells is compli-
cated and unsteady. The distribution of center line pressure
coefficient Cp = (p-poa)/(pU2

in/2) of cases D and E, together
with that of the flow behind a flat plate normal to stream,10

are plotted in Fig. 4. The typical wake low pressure "trough"
of the nonswirl wake bubble has also been noticed for both
cases. The minimum static pressure is reached in 1 <x/H<2,
and then the pressure is recovered in the "reattaching" region.
Finally, the pressure reaches the plateau and the first recircula-
tion is completed at x/H=30, which corresponds to
;t/D = 0.3, the onset of the second cell in Fig. 4. Behind the
plateau, the pressure shows a completely different trend, indi-
cating different flow characteristics. This also confirms the
conjecture of two-cell structure of the wake bubble and central
vortex breakdown recirculation made above.
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Solutions of One-Dimensional
Steady Nozzle Flow Revisited

Meng-Sing Liou*
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Introduction

THE differential equations for one-dimensional steady
nozzle flows are easily integrated to give equations

connecting any two states of the flow considered. Despite the
simplicity of their forms, little has been elaborated on the
solutions of the equations in the literature.1'5 In the discussion
of the well-known pressure/Mach number distribution curves
corresponding to varying back pressure in a divergent or
convergent-divergent nozzle (Fig. 1), the proper parameters
needed, and their functional relationship, are often obscured
because it was not clear how the curve was constructed.
Heretofore, to find loss of total pressure (and entropy
increase) across a shock wave in a nozzle, one employed a trial
and error procedure in which the shock wave location was
iterated until the calculated exit pressure agreed with the
specified value; then the change in total pressure immediately
followed. Although the procedure is straightforward, it is
nonetheless tedious and requires knowing the area distribution
of the nozzle. Alternatively, a transcendental equation was
solved via iteration or tabulation [pp. 211-212, Eq. (4.105)
and Example 4.8 in Ref. 5]. The effect of the variables
involved, however, is often buried.

In this paper we show a formulation which eliminates any
iteration process for obtaining the entropy increase in the
nozzle and leads to simple solution of a quadratic equation.
Consequently, the proper parameters are explicitly seen in the
equation and their effects on the solution are easily deter-
mined. Moreover, since only one root of the equation is
physically admissible, it follows that the entropy production is
uniquely determined. Hence, the shock wave is uniquely
determined by this set of parameters. This point is particularly
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