





















































































































































































































































For the inner swirl flow (Fig. 4.22), the tangential turbulent velocity distribu-
tions do not show any special trends. At the inlet it is somewhat similar to the
axial turbulent velocity, but lower in magnitudes. However it decays more rapidly,
apparently within the boundary layer.

Again identity can be observed in both axial and tangential turbulent velocity
distributions at the inlet for the outer swirl flows with the same swirl angle but
in opposite direction. This proves once again that the design of the combustion
system is successful. Therefore, it can be concluded that this swirling flow combus-
tion system is suitable for studying the effects of coswirl and counterswirl on the

combustion.

4.3.2 Results of Inner Swirl Combined with Fuel Jet

Measured mean and turbulent axial and tangential velocity distributions of the inner
swirl flow combined with fuel jet are reported in Figs. 4.23 through 4.26. Fig. 4.23
shows the mean axial velocity profiles. The effect of fuel flow on the inlet condition
can be seen clearly (refer to Fig. 4.13). At the inlet, the magnitude of the back
flow velocity is reduced and the profile becomes flat in a region roughly equal to the
diameter of the fuel pipe. The axial development shows little influence of the fuel
jet due to its low momentum in this experiment. The same behavior is noted in the
mean tangential velocity profile at the inlet (Fig. 4.25). Very low swirl velocity is
found in the central part of the flow. The rest of the velocity profiles downstream
are just the same as those of the inner swirl flow. The size of the recirculation zone,

its length and diameter, has changed very little.
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Figure 4.23 Mean axial velocity profiles of inner swirl low comhinad
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Figure 4.24 Axial turbulent velocity profiles of inner swirl combined with fuel jet
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Both axial and tangential turbulent velocity profiles (Figs. 4.24 and 4.26) are
identical to their counterpart in the inner swirl flow (Figs. 4.13 and 4.21). There
are no high turbulence regions in the interjet area, as expected. Comparing the
results of this experiment and those of the inner swirl flow, it is felt that most
of the fuel flows around the recirculation zone and only small portion runs into a

small upstream region of the recirculating flow. Other researchers [32] have obtained

similar results.

4.3.3 Results of Coswirl and Counterswirl Flows

In this part, the results of all combined three flows, fuel, inner swirl and outer swirl
jets, with outer swirl angles of ¢ = 60° and ¢ = —60° respectively are discussed.
Mean and turbulent axial and tangential velocity profiles are presented in Figs. 4.27
through 4.34.

Fig. 4.27 shows the axial mean velocity profiles with the coswirl. A large central
recirculation zone as in the outer swirl flow, with higher reverse velocity exists. The
recirculation starts upstream of the first station and ends downstream of the fifth
station. At the inlet, the maximum velocity appears at the interjet region where the
inner and outer flow are locally matched. The outer flow across the annular area is
almost uniform. The small velocity peak in the interjet shear layer is smoothed out
soon by turbulent diffusion. The axial development is similar to that in the outer
swirl flow (Figs. 4.9 and 4.11).

Regarding to counterswirl case, the most surprising result is a much smaller size
of central recirculation zone compared with that in coswirl case (Fig. 4.31). The

diameters of the recirculation zones in these two flow conditions are quit the same.
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However the length in counterswirl is only about one half of that in coswirl. This
result is totally different from those of confined swirling flows reported by Vu and
Gouldin [30] and Gouldin et al. [14]. Their hot-wire and LDV measurements show
that the recirculation zone exists only in counterswirl and as changing counterswirl
to coswirl, the recirculation zone is reduced. It is understood that different boundary
conditions can lead to different flow fields. However Ramos [24] has obtained the
recirculation zone under coswirl in a similar arrangement used by Gouldin et al..
Why this experiment and Gouldin et al.’s show a completely opposite trend is not
clear. The reason may be, besides the difference in boundary conditions, such as the
inlet conditions, the relative strength between inner and outer flows, the velocity
profiles of each single flow, and turbulence production and transportation. More
experimental work is needed to determine the factors that control the flow field.

Figs. 4.28 and 4.32 present the axial turbulent velocity profiles for coswirl and
counterswirl cases respectively. Pronounced peaks can be seen in the interjet shear
layer between the inner and outer jets. The turbulence levels are low inside the
recirculation zones and the minimums are located in the outer jet. Though the
magnitudes of turbulent velocities for coswirl and counterswirl are almost same, a
wider interjet shear layer apparently exists for counterswirl, which implies stronger
interactions. Also the interjet shear layer grows faster in counterswirl case than in
coswirl case.

Completely different mean tangential velocity profiles are exhibited for coswirl
and counterswirl cases in Figs. 4.29 and 4.33. In the coswirl case, the velocity
distributions are like those of the outer swirl flow with ¢ = |60°|. Basically the flow

at the vortex core is under solid body rotation. The flow development along axial
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direction is gradual. In the counterswirl case, in the first station, the abrupt change
in flow direction obviously appears across the mixing region and there is a very low
level of swirl at the core region. This low swirl region has been seen with the flow
of the inner swirl jet plus the fuel jet (Fig. 4.25). In this case the swirl becomes
even lower, since less tangential momentum of inner jet is transported to the fuel
flow due to the counteraction of inner and outer jets. Unlike the coswirl case, there
is no appreciable region of solid body rotation. The peaks in the mixing region
are smoothed out quickly because of strong shearing interactions between inner and
outer swirls. It is the swirl counteraction which causes a smaller size of recirculation
zone in counterswirl compared to coswirl. The swirl counteraction greatly reduces
the swirl to an extent which is not enough to induce high adverse axial pressure
gradients to maintain the reversed flow in a large region. The loss of swirl level can
be seen clearly in Fig. 4.33, as the tangential velocities and diameter of the inner
jet diminish from 21 m/s, 50 mm at z/D = 0.08 to 6 m/s, 20 mm at z/D = 0.6
respectively. In counterswirl, at /D = 1.13, the tangential profile shows the zero
velocity off the center line. It is believed that this originates from the unsymmetry
of the inner jet (Figs. 4.23 and 4.25).

Comparing the tangential turbulent velocities of the coswirl and the counterswirl
cases, much higher turbulence levels exist in the counterswirl case than in the coswirl
case, which is more remarkble in the interjet shear layer (Figs. 4.30 and 4.34).
Again a wider mixing layer is seen in the counterswirl case. All these indicate
more intensive tangential momentum exchanges between jets in the counterswirl
case than in the coswirl case. It is thought that in these two coaxial swirling flows,

the intensity of tangential momentum exchange determines the development of flow
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fields. It is interesting to make comparison between tangential and axial turbulent
velocities in both flow conditions. For the coswirl case, higher turbulence levels
are found in the axial profiles than in the tangential profiles. In contrast, higher
turbulence levels are found in the tangential profiles than in the axial profiles in the
counterswirl case. This difference results in the change of the recirculation zone in
the counterswirl case. In swirling flows, the recirculation zone is the result of adverse
axial pressure gradients induced by the swirl. For coswirl flows, since the momentum
exchange mainly takes place in axial component, subsequently tangential velocity
profiles change very little, therefore the recirculation zone remains nearly the same
as is in those isolated flows. Whereas, the intense tangential momentum exchanges
alters the axial pressure gradient broadly in counterswirl flows, which is responsible

for the diminution of the recirculation zone.
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Figure 4.28 Axial turbulent velocity profiles of coswirl flow with swirl angle ¢ = 60°
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Figure 4.30 Tangential turbulent velocity profiles of coswirl flow with swirl angle
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Chapter 5

Conclusion

In this project, a swirling flow combustor with many flexibilities for research pur-
poses is designed and constructed along with an integral laser Doppler velocimeter.
Performances of the combustion system and LDV system are checked. Influence of
coswirl and counterswirl on flow fields is investigated.

The LDV system has been checked against a hot-wire anemometer and oth-
ers, which indicates that the system is working properly. Coupled with frequency
shifting, the LDV system has been used successfully for making measurements in
turbulent swirling flows with flow reversal.

The swirling flow combustor produces symmetric velocity profiles with the outer
swirl flow. Identical symmetric velocity profiles are found when outer swirl angle
1s set to equal but opposite sign values. The design of the combustor has proved
to be successful. This system can generate both coswirl and counterswirl with
variable swirl strengths and their effects on the flow field and the combustion can

be investigated on the system. Also premixed and non-premixed combustion can be
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achieved and studied. Together with the LDV system, the swirling flow combustion
system is very useful for experimental research in turbulent flows and for providing
reliable experimental data for the turBulent combustion model developments.
LDV measurements of unconfined coswirl and counterswirl flows with the swirl
angle ¢ = |60°| show that a recirculation zone exists in both flow conditions. In the
counterswirl case, the size of the recirculation zone is much smaller than that in the
coswirl case. Turbulence levels are found to be highest in the interjet shear layer,
relatively low within the recirculation zone and minimum in the outer flow regions
for both coswirl and counterswirl conditions. Tangential turbulent velocities are
higher under the counterswirl than for the coswirl, while axial turbulent velocities
are comparable for both coswirl and counterswirl flows. More tangential than axial
turbulence is generated under the counterswirl condition, the opposite occurs under
the coswirl condition. The difference in turbulence generation and transportation
between the coswirl flow and the counterswirl flow is thought to be responsible for

the difference in flow fields for the corresponding flow conditions.
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