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Abstract In many actively controlled processes, such as active flow or combustion
control, a set of actuation parameters has to be specified, ranging from actuation
frequency to pulse width to geometrical parameters such as actuator spacing. As
a specific example, impingement cooling is considered here. Finding the optimal
parameters for impingement cooling with steady-state measurements is a time con-
suming process because of the necessary time to reach thermal equilibrium. This
work presents an algorithm for fast extremum seeking to reduce the amount of time
needed. It is inspired by an Extremum Seeking Controller, which is a simple but
powerful feedback control technique. The first results using this concept are promis-
ing, as the magnitude of the optimal pulse frequency for the cooling efficiency of
pulsed impingement jets could be found with sufficient precision in a short period
of time. The main advantages of this concept are the simple execution on a test rig,
its versatility, and the fact that almost no information about the investigated system
is necessary.
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1 Introduction

The efficiency of gas turbines is steadily being improved by increasing their pressure
ratio and the turbine inlet temperature. An increased inlet temperature is acceptable
because cooling mechanisms are improved and more resistent blade materials are
used, such as superalloys and ceramic thermal barrier coatings [4]. However, despite
significant achievements in the field of materials research, additional blade cooling
concepts, such as film cooling, are needed for temperatures higher than 1300 ◦C.
In addition to film cooling, impingement cooling inside the turbine blades leads to
higher local heat transfer rates compared to conventional convective cooling.

By dynamically forcing the impingement jets, it is possible to further improve the
cooling effect via the generation of strong vortex structures that possess increased
convective heat transfer capability, which results in higher local convective heat
transfer coefficients [7–11, 14].

In this paper, an impingement cooling test rig [3, 5]with a 7×7 impingement array
is considered (see Fig. 1). One challenge for an encompassing study is the large num-
ber of possible actuation parameters. This results in a time-consuming optimization
procedure to find the best combination of parameters. Traditionally, the influence of
individual actuation parameters is revealed by steady-state measurements for which
it is mandatory to wait until the test rig is in a state of thermal equillibrium. For the
specific task considered here, this leads to a measurement time of up to 30min for
each possible combination of actuation parameters. Therefore, an alternative method

Fig. 1 a Schematic of the experimental setup. b Impingement locations with side walls and induced
cross-flow from the top. Reproduced from [3]
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is proposed that makes it possible to locate extrema in a shorter period of time. The
presented concept is inspired by a well-known closed-loop controller, namely the
Extremum Seeking Controller (ESC). Generally, an ESC drives a system to an opti-
mal operating point without much knowledge about the system. More specifically,
no mathematical model of the process is required but just the knowledge that an
extremum exists. However, some estimate of its response time must be known [2]. A
closed-loop ESC will find the next local optimum in a steady-state map of a system
and will remain in its vicinity. While this suffices for many applications, the goal
of the present contribution is to produce an estimate of the complete map, possibly
comprising several local extrema. Fewer precise steady-state measurements near the
located optima can then be performed to obtain detailed information about the best
heat transfer conditions.

In this work, this idea will be exploited to find a relationship between the actuation
parameters of a pulsed jet and the realizedheat transfer coefficients.More specifically,
the optimal actuation frequency f of the pulsed jets and its impact on the cooling
effect is studied.

The paper is organized as follows. Section2 introduces the experimental setup.
The concept of using an ESC-like algorithm in fast map estimation is detailed in
Sect. 3. Results are presented in Sect. 4, and conclusions are drawn in Sect. 5.

2 Experimental Setup

The experimental setup for this work is based on previous investigations by Haucke
and Berthold [3, 5]. A schematic of the setup is given in Fig. 1a. As shown, the
nozzles are arranged in a 7 × 7 inline array on a nozzle plate. The nozzles have
an exit diameter of D = 12mm and a distance of S = 60mm to the next nozzles.
The impingement distance between the nozzles and the target plate is H = 36mm.
The target plate consists of a thin steel foil (600 × 600 × 0.05mm) and a wooden
impingement plate (1m× 1m × 12mm). Three sides of the foil are enclosed by
side walls that induce a cross-flow, which superimposes the pulsed jets and therefore
reduces the efficiency of the impingement cooling.

The edges of the foil are sealed, and a vacuum is applied to press the heat foil to
the impingement plate. The steel foil itself is connected to a constant current power
source. Because the foil being a resistor, it serves as a heat source for the setup.

Under the center line of the impingement jets (Fig. 1b) and between the heat foil
and the impingement plate, 15 Pt100 temperature sensors are integrated to measure
the temperature distribution in a straight line. For each jet, a Pt100 sensor is placed
under the center of the impingement location. Additional sensors are mounted in the
middle between two adjacent jets.1

The precision of the class A Pt100 sensors is based on DIN EN 60751. Therefore,
the measurement error of the sensors is lower than 0.25◦C in the temperature range
Ti = {20◦C . . . 40◦C} considered here. Additionally, a Pt100 sensor is placed in

1Thermocouples instead of Pt100 sensors would allow for an even higher bandwidth if necessary.
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Fig. 2 Setup of a
valve-nozzle combination in
the 7 × 7 nozzle array [3]
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the center nozzle to measure the temperature of the cooling air, Tjet(t). In [3, 5],
a thermography liquid crystal (TLC) foil is used for temperature measurements on
the plate. Because measuring with a TLC foil is based on the evaluation of image
analytical data, it is more difficult to obtain information about transient behavior.

To generate pulsed jets, every nozzle is equipped with a fast switching solenoid
valve (FESTO MHJ9-QS-4-MF), as shown in Fig. 2. The permissible maximum
normalized volume flow of the valves is VN = 160 lN/min, and the maximum state
switching frequency is fst,max = 1000Hz. The air mass flow is supplied by an in-
house compressor. A mass flow control unit is plugged in between each of the seven
lines of valves and the compressor. The control unit adjusts the desired amount of
cooling air and directs it to an air divider. The latter splits the flow equally into seven
smaller flows for the corresponding valve line. In this setup, the operating point for the
mass flow control unit is set so that the resulting averaged Reynolds number for each
nozzle is Re ≈ 7200, calculated with respect to the mean jet velocity. The frequency
of the pulsed jets is determined by a square wave signal of an Field Programmable
Gate Array (FPGA) frequency generator, making it possible to precisely change the
frequency with a high resolution whereby the valves open and close dynamically
with a duty cycle of 50%.

3 Concept

As mentioned, the applied concept for the fast map estimation is inspired by the
basic ESC algorithm, which has been successfully implemented in various systems
[6, 13] and which will be described in some detail below. The main advantage of
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the ESC is the possibility of driving a dynamic system to an optimal operating point
despite the fact that no further information is needed besides a rough estimate of
the dominant time constant of the system. This will now be exploited in an open-
loop manner to estimate the gradient of an unknown map. Thus, local extrema can
be found. To keep the contribution compact, the explanation will be built on the
task of increasing cooling efficiency, which is investigated in this paper, instead of
separate treatments of the general and specific cases. Cooling efficiency depends on
the actuation frequency f of the pulsed jets, that is, an optimal value for this actuation
frequency is sought.

As anoutput of the considered system, an average temperature differenceΔT (t) =
T (t) − Tjet(t) is introduced. Here, T (t) is the arithmetic mean of the Pt100 measure-
ments (see Sect. 2), while Tjet(t) is the temperature of the cooling jet. For a steady
state, this difference is denoted by ΔTs.

The central idea of ESC is explained in Fig. 3. Assume that the system input f (t)
is on the left of the map’s minimum and f (t) is perturbed by af sin(ωt) with the
perturbation amplitude af and the perturbation frequency ω. The output ΔTs then
has a shape similar to a negative sine wave, which means a phase shift of 180◦ in
comparison to the perturbation af sin(ωt). The amplitude of the output is roughly the
input amplitude af multiplied by the unknown local gradient of the map, d(ΔTs)/d f .
However, if an input is applied to the right of the minimum, the same input signal
would cause an output signal similar to a positive sine wave, that is, with a zero phase
shift. Therefore, due to a harmonic input perturbation, an output phase shift yields
information whether a minimum exists towards lower or larger input values.

In a classical (closed-loop) ESC, the output signal would be further processed
to obtain an estimate of the size of the slope of the map to then apply a gradient-
based optimization that drives the input to the optimal value. For this, the excitation
frequency has to be small enough to obtain a steady-state input–output relationship

Fig. 3 Phase switch of the
output ΔTs in a steady-state
map when moving across an
extremum
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[2]. In the case considered here, the loop will not be closed, but the input f will
be continiously increased in addition to the harmonic perturbation to scan the com-
plete input range. Moreover, to speed up evaluation, this scan will not be performed
in a quasi-steady manner so that dynamic effects will appear. That is, additional,
unwanted phase shifts between the input and output will be observed.

The concept for fast map estimation is sketched in Fig. 4. The process itself can
either be described by its steady-state map or by a block in the corresponding block
diagram representing the dynamic behavior of the system (see Fig. 4). Note that
both blocks are unknown. In this paper, the steady-state map characterizes the gain
from the input signal, which is the pulse frequency f (t) of the jets, to the average
temperature difference ΔT (t). When the corresponding thermal equillibrium T s is
reached, it results in a steady temperature difference ΔTs.

To generate the input, the on–off solenoid valves are operated periodically with
a frequency f (t) that is ramped up (mf t) and perturbed harmonically, that is, the
excitation frequency reads as follows:

f (t) = af sin(ωt) + mf t. (1)

Now, as a first-order approximation, the output of the processΔT (t) can be described
as:

ΔT (t) ≈ ΔTs + af
d(ΔTs)

d f
sin(ωt). (2)

If the map was linear and the excitation of the system quasi-steady, equality would
result in Eq. (2). The measured temperature differenceΔT (t) is then bandpass (BP)-
filtered with zero phase shift to cut off the steady part ΔTs. For that, a fourth-order

Fig. 4 Concept of fast open-loop extremum seeking
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BP filter with identical upper and lower corner frequencies equal to the perturbation
frequency ω is applied, as in:

GBP(s) =
(

2ωs

( s + ω)2

)2

, (3)

where s is the Laplace variable. A fourth-order BP is chosen to obtain a larger roll-off
of its gain for other frequencies. For zero initial conditions, the BP-filtered data can
be described as follows:

ΔTBP(t) ≈ af
d(ΔTs)

d f
sin(ωt). (4)

After this step, ΔTBP(t) is demodulated with the perturbation signal. The demod-
ulated signal ΔTDem(t) can be described with the following expression, where the
first term on the right-hand side will vary with time when the actuation frequency is
ramped up:

ΔTDem(t) = sin(ωt)ΔTBP(t) ≈ af
2

d(ΔTs)

d f︸ ︷︷ ︸
non-periodic

− af
2

d(ΔTs)

d f
cos(2ωt)

︸ ︷︷ ︸
periodic

. (5)

After the demodulation, the signal has a non-periodic and a periodic part with dou-
bled frequency. The latter can be filtered out with a lowpass (LP) filter, such as a
Butterworth filter. The outcome of filtering can be improved by using an acausal
filter, as all calculations are performed after the experiment is finished. As a result,
the LP output ΔTLP(t) mainly consists of the non-periodic part

ΔTLP(t) ≈ af
2

d(ΔTs)

d f
. (6)

The factor af/2 can be removed easily by proper scaling. To finally obtain an esti-
mate ΔT̂s = ΔT̂s( f ), the gradient d(ΔTs)/d f must be integrated with respect to the
frequency f . In the experiment, however, only an integration over time is possible.
To that end,

ΔT̂s( f ) = 2

af

∫
ΔTLP d f ≈

∫
d(ΔTs)

d f
d f (7)

is reformulated as

ΔT̂s( f ) ≈
∫

d(ΔTs)

d f

d f

dt
dt. (8)



374 B. Fietzke et al.

The time derivative of f contains a constant and a fast harmonic part (see Eq. (1)).
The latter was only introduced to obtain fast local gradient information and leads to
high-frequency oscillation of the integrated result. Therefore, only the slope of the
ramp mf is used for the time derivative. Hence,

ΔT̂s( f ) ≈ mf

∫
d(ΔTs)

d f
dt. (9)

is obtained. Low values of the estimated temperature differenceΔT̂s( f ) between the
cooling jets and the heated foil indicate actuation frequencies resulting in a large
heat transfer.

4 Results

At the start of every measurement series, the frequency of the pulsed jets is set to a
constant value of 200Hz to reach steady-state. The ramp then starts and continues
until f = 1000Hz is reached. In Fig. 5, an example with af = 20Hz, ω = 0.2 rad/s,
and a ramp duration of 30min, that is, mf = 0.4Hz/s, is displayed. The measured
unsteady temperature of the cooling air Tjet(t) is shown in panel b). To decrease
the influence of this unwanted dynamic, Tjet(t) is LP-filtered, resulting in smoother
progress. In addition, the plate’s mean temperature T (t) is displayed. To evaluate
the cooling efficiency, the temperature difference between T (t) and the filtered data
Tjet,LP(t) is used:

ΔT (t) = T (t) − Tjet,LP(t). (10)

This is shown at the bottom of Fig. 5. The lowest difference is seen for t ≈ 1550 s
when f ≈ 770Hz. However, this is not the optimal frequency, as will be shown
below.

As mentioned in the previous section and as a result of the non-quasi-steady
excitation, the output signal ΔT (t) lags with respect to the input signal f (t)
due to the dynamic behavior of the process. Additionally, this lag depends on
whether the process is left or right of an extremum (see discussion of Fig. 3).
This can be illustrated by comparing the perturbation sin(ω t) with ΔT (t) or, as
the BP features a zero phase shift, with the normalized output signal of the BP
ΔT̃BP(t) = ΔTBP(t)/max(ΔTBP(t)), as done at the top of Fig. 6. Note that in this
Figure, t=0 marks the start of the sine ramp, so the first ∼200s to reach steady-state
are cut off.

Assuming the process is left of a minimum of the unknown map, then, according
to Fig. 3, the temporal minimum of the output signal should coincide with a temporal
maximum of the input. As this is not exactly the case in the first part of Fig. 6 (up to
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Fig. 5 a Ramp of sinusoidal
frequency with af = 20Hz
and ω = 0.2 rad/s starting at
200Hz and reaching 1000Hz
in 30min. Waiting times at
both the beginning and the
end are introduced as well.
b Temperature of the cooling
air, original and LP-filtered.
c Averaged temperature of
the heat foil’s center line.
d Difference between
averaged temperature T (t)
and LP-filtered jet
temperature Tjet,LP(t)
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90 s), the difference can be attributed to the unknown phase shift caused by the slow
response of ΔT (t).

However, for the experiment shown in Fig. 6, it is obvious that the process moves
to the right of the minimum somewhere in the time span from 90 to 100 s, as, follow-
ing the arguments for Fig. 3, a maximal output value is now near a maximal input
value. As a result, estimating the phase shift would require the information from the
map, which is not available at this point. To resolve the problem, the phase shift is
determined from squared signals:

α = sin(ωt)2 (11)

β = ΔT 2
BP(t), (12)

as now both the maxima and minima of the signal will result in a maximum. The
phase shift can now easily be estimated for those time frames where the process
crosses an extremum on the map. To that end, the cross-correlation Rα,β(τ ) between
α and β is calculated, where Rα,β(τ ) is a function of the time shift variable τ . The
maximum value of Rα,β(τ ) determines the average time shift τsh of the process.
Since α is periodic, only a frame of the period length of α is considered for this
determination:

R̃α,β(τ ) = Rα,β(τ )

Rα,β(0)
. (13)
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Fig. 6 Top: Phase
comparison between the
perturbation and the
normalized BP output.
Bottom: Phase comparison
after phase correction. t = 0
describes the start of the sine
ramp
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At the bottom of Fig. 6, the phase-corrected signal, obtained with this procedure, is
displayed. The extrema of the phase-corrected signal are better aligned with the sine
extrema. R̃α,β(τsh) is around 50% higher than before phase correction. Comparing
minimum–minimum and minimum–maximum pairs in the time traces, the process
seems to be left of a map’s local minimum for 0 < t < 90 s and 190 < t < 250 s but
right of a map’s local minimum for 100 < t < 160 s and 260 < t < 300 s.

The results of themap estimation exploring the ESC algorithm are displayed in the
upper panel of Fig. 7. Estimated maps are shown with three different perturbation
frequencies ω, a perturbation amplitude af = 20Hz, and a sine ramp duration of
30min. Note that the map is normalized:

Δ
ˆ̃Ts = ΔT̂s

ΔT̂s( f = 200Hz)
. (14)

For all three settings, the location of the estimated optimum is near 700Hz, which
is significantly different from the apparent optimum in Fig. 5; this is likely due to
dynamic effects. It must be pointed out that, taking the waiting time before and after
the ramp into account, each of these experiments lasted around 40min. For com-
parison, at the bottom of Fig. 7, the averaged and normalized Nusselt number Ñuav2

of the impingement test rig is given. In general, the Nusselt number characterizes
the relationship between convective and conductive heat transfer. The data for the
Nusselt number determination is obtained with the same impingement parameters
but using a TLC foil and a camera system for temperature measurement ([3] for
more details). The determination of each individual data point lasted 30min in the
steady-state approach, that is, on the coarse measurement grid, the expenditure of
time increased by a factor of almost 7.

Compared to the estimated optimal frequency obtained through ESC map esti-
mation, the optimal frequency in the Nusselt number map is nearly the same. The
minimum of the temperature difference ΔTs(t) between the steel foil and the cool-
ing air should always go hand in hand with the maximum of the Nusselt number.

2To obtain a normalization, the calculated Nusselt number is divided by the Nusselt number deter-
mined from an experiment with steady, non-pulsed impingement jets. In both the steady and the
non-steady cases, identical average massflow rates are used.
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Fig. 7 Top: Estimated
steady-state map for
different perturbation
frequencies. Bottom: Nusselt
number of the heat transfer
for impingement cooling
calculated based on
steady-state measurements
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As crossing any extremum in the map results in a phase shift of 180◦, such extrema
with respect to the actuation frequency are likely to have rather high precision. How-
ever, ΔT̂s has to be obtained from the integration of a noisy gradient. Therefore, this
estimate is deemed rather uncertain.

5 Conclusion

Adapting the ESC algorithm for open-loop fast map estimation results in a concept
that delivers promising estimates of the locations of extrema on a steady-state map.
The big advantage of this concept is the simple execution on the test rig and a
robustness to a variation of the algorithm’s parameters. Moreover, there are few
requirements with respect to the knowledge about the system under study.

Three different perturbation frequencies were tested. In all cases, optima were
found near an optimum that was confirmed by time-consuming steady-state mea-
surements. An increase in the sine ramp duration from 30 to 45min resulted in no
significant differences in the found locations. In contrast, there is no indication that a
sine ramp with a shorter duration than 30min would result in significantly different
locations. Hence, a ramp with shorter duration could further increase the time-saving
potential. This will be part of future studies.

Even with a 30-min ramp, the saving of time is crucial compared to steady-state
measurements using a TLC foil. While in steady-state measurements a measurement
point needs around 30min, it is possible to scan the whole frequency range with one
sine ramp at the same time. As the ESC approach only yields an estimate, its results
can be used in a second step to precisely characterize an optimum with the classical
approach, as was done here with a fine steady-state measurement grid (see Fig. 7).
Another promising idea is to extend the concept for a multidimensional parameter
variation, as has already been done in terms of closed-loop ESC [1, 2, 12].
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