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Table 1 Computational condition
Grid system Grid (A) Grid (B)

Grid points N; X N, X N, [20X10X10|80X40X40
Time step 0.05 0.025
Total residual at convergence 0.01 0.015
CPU time for one time step [s] 2 100
Duct length L 4
Output measurement plane /,,, 0.3
Pressure difference Ap 0.0649
Standard Reynolds number R,, 9000
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0

(a) Grid (A)

(b) Grid (B)

Fig. 3 Mean velocity vector field
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FEEDBACK CONTROL OF TURBULENT FLOW FIELD
USING STATE OBSERVER

T. Hayase and S. Hayashi
Institute of Fluid Science
Tohoku University, Sendai, Japan

The present report deals with a fundamental study on the feedback control of
turbulent flow fields using the state observer in estimating the flow field. A nu-
merical experiment was performed for the feedback control of the turbulent flow
through a duct of square cross-section to suppress the velocity fluctuation and re-
duce the frictional loss. As a feedback control strategy, suction and blowing to
counteract the fluctuating flow velocity was applied through nozzles on the duct
wall. The fluctuation velocity component was estimated through the state ob-
server by using a limited number of measurement data of the controlled flow. The
computational result revealed that the present control system with the state observer
achieved up to 33% frictional loss reduction in comparison with that of the full
state feedback

INTRODUCTION

Turbulent flow control in engineering field is important in both enhancement of
the turbulent transport and reduction of the turbulent shear stress. Many studies
have been performed on the passive control of turbulent flows, such as riblets or
other boundary layer control'. Recently the research on the more effective feed-
back control is appearing based on development of the computer capability and
availability of distributed-actuators and sensors. Choi et al.? performed a numeri-
cal experiment for the feedback control of the wall velocity of a turbulent channel

; i Vi
Velocimeter Micro-valves

DY

flow

e RGN : i'\_—f\/—" 1 \s

—>»| Observer {—»| Control law

Fig. 1 Feedback control of turbulent flow with state observer
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flow showing a significant reduction of the wall friction. On the feedback control
of turbulent flows, the real time information of the local flow structure is essential.
Instead of mounting a lot of sensors in the flow field, the present study deals with
an application of the observer to estimate the required information of the turbulent
flow field”.

Figure 1 shows a schematic of the control system treated here. The controlled
system is a turbulent flow through a square duct and the turbulent shear stress is to
be reduced through appropriate suction or blowing through nozzles on the wall.
The control signal for each micro-valve is determined on the local flow condition,
which is estimated by the observer based on the velocity measurement on the up-
stream plane. This paper deals with a numerical experiment on the effectiveness
of the present feedback control system with the observer to reduce the turbulent
shear stress and the resultant flow resistance.

STATE OBSERVER OF TURBULENT FLOW

In this section validity of the state observer is discussed numerically. A fully
developed turbulent flow solution in a square duct is used as the standard solution,
which simulates the controlled real flow. For the standard solution, the periodical
velocity condition and the constant pressure difference Ap are assumed between the
upstream and the downstream boundaries.

Brief explanation of the numerical procedure is given here. The Navier-Stokes
equation and the equation of continuity for incompressible and viscous fluid flow
are discretized through the finite volume method on the three-dimensional equidis-
tant staggered grid system. The resultant set of finite difference equations is
solved through the SIMPLER-based iterative procedure”.

The computational condition is summarized in Table 1. In the following all
the values are expressed in dimensionless form using the side length of the square
cross section, the mean axial velocity and the density of the fluid. The constant

Table 1 Computational condition

Null initial velocity

Pipe length / 4 ks gigften s Sumpires
Pressure difference Ap 0.0649 '& L |(u)s
Reynolds number R, 9000 B.C. - &
Grid points N, xN,xN; 20x10x10 i
Grid spacing _h;xhyxh; 0.2x0.1x0.1 | G5

Standard soluti
Time step A, 0.05 m_xllo(l’hysicalsf?ol\lwl)ofb

Total residual at convergence 0.01

CPU time for one time step [s] [ 2 Fig. 2 Structure of the state observer
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pressure difference Ap corresponding
to the Reynolds number of 9000 is
assumed between the upstream and
the downstream boundaries of the duct

Standard solution
(Physical flow model)

with the length of 4.
-l 2 Observer  Simulation | The block diagran.l of the state gb-
Ko=1 K0 | server for the numerical confirmation
P SRS T i S is shown in Fig. 2. It is noted that
SED IR THOD 0Rh 055, GUBETRIYARRT the real flow to be controlled is mod-
t eled by the standard numerical solu-
Fig. 3 Convergence of observer tion. In this setup, the time-

dependent flow simulation is started
from the initial condition of null ve-
locity field. The output signal is defined as the axial velocity component on the
cross section at the upstream boundary. At each time step, the output error of the
simulation from the standard solution is computed and fed back to the pressure
boundary condition. The pressure difference dp; proportional to the estimation
error is added to the input pressure difference 4p at each point on the boundary in
order to accelerate or decelerate the fluid to reduce the estimation error as,
& jk = Koe k2
Ap;k =Ap+5pjk (]3k=19’10)

For several values of the observer gain Ko, variations of the axial velocity com-
ponent at the center of the upstream boundary plane are plotted in Figs. 3. The
bold line in the figure shows the result of the standard solution, i. e. the model of
the controlled flow. The others are the results of the state observer where com-
putations are started from the initial condition of null velocity field at /=0. The
broken line in Fig. 3 for the observer gain Kp =0 corresponds to the ordinary flow
simulation without the feedback. Simulation results for appropriate values of the
observer gain rapidly converge to the standard solution. After the transition, the
result of the state observer properly tracks the perturbation of the standard solution.

(D

FEEDBACK CONTROL WITH OBSERVER

The result of the numerical experiment for the feedback control of the turbulent
duct flow is given in the following. Nozzles of 0.2x0.2 square cross-section were
placed on the duct wall with a distance of 0.2 in x;-direction and 0.1 in the other
directions to apply the control flow. We adopted the control law due to Choi et
al.? with which the control flow is determined to counteract the flow velocity at
some distance from the wall as,

Upiow = KCuap ° (2)

where u3,,, denotes the control flow velocity, K¢ the feedback control gain, and u,,
the approaching flow velocity. '
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Fig. 4 Variation of mean velocity
(Kce=1)

Fig. 5 Mean velocity with ob-
server gain (Kc=1)

Variation of the mean flow velocity is shown in Fig. 4. The mean flow does
not change in the case of no-control, since the initial condition is assumed as a de-
veloped turbulent flow solution. The upper most result of the feedback control
based on the accurate flow information shows almost 25% increase in the flow rate,
while the other results in which the flow state is estimated with the observer reveal
less significant improvement.

The settled mean axial velocity is plotted with the observer gain in Fig. 5,
showing the optimum observer gain of 12 gives the increase of the flow rate up to
40% of that of the feedback control without the estimation error.

CONCLUSIONS

This study performed a numerical experiment on the feedback control of the
turbulent flow through a square duct with a state observer. With the control flow
through nozzles on the duct wall to counteract the approaching flow, the mean axial
velocity is increased in 25 % for the ideal case of no estimation error, or in 10% for
the case of the optimum observer gain.
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