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A method is presented that allows the determination of the net heat flux to surfaces from in-depth thermocouple
measurements, which holds also for actively cooled environments such as transpiration cooled surfaces using porous
materials. A heat flux determination from in-depth thermocouples is of particular interest in high-temperature and
chemically reactive environments such as combustion or fusion chambers and thermal protection systems. However,
the classical analytical approaches are very difficult to apply in those environments. The main problems are the
unknown mounting of the thermocouple and the cooling gas mass flow that leads to an increased internal heat
transfer. In the paper the noninteger system identification method is applied to a transpiration cooled system. A
thermocouple mounted in the porous structure measures temperature rise due to laser-induced radiative surface
heat flux. The identification procedure shows that knowing cooling gas mass flow through the porous structure is
sufficient to determine heat flux from the temperature data with an accuracy <16 %. It is shown that the heat transfer
at the surface does not disturb the method. This approach is useful for many applications of actively cooled
structures, for example turbine blade measurements, combustion chamber diagnostic, or even fusion chamber wall
measurements, where very high heat fluxes can only be withstood by actively cooled structures. An outlook is given

that shows that this approach can be used also to determine the internal heat transfer.

1. Introduction

CTIVE cooling mechanisms are used in many applications for
thermal protection of surfaces in combustion chambers, rocket
nozzles, gas turbine blades, and only recently structures of reentry
vehicles [1-4]. The basic principle is to inject a cooling fluid close to
the wall to reduce the wall heat load. In literature, the three different
effects, i.e., film, transpiration, or effusion cooling, are named to
occur in actively cooled structures. These cooling mechanisms,
however, complicate the problem of the determination of a heat
transfer coefficient to the wall and thus a calculation of the heat flux to
the wall becomes challenging. Although transpiration cooling has
been proven theoretically as an effective cooling mechanism by
many investigators, its technological application became recently of
particular interest with the invention of high-temperature porous
material [2]. The progress in material development allows a very new
approach to high-temperature environments. From rocket engine
combustion chambers and nozzles to turbine blades, from thermal
protection systems for reentry vehicles to fusion chamber walls, in all
these modern high-temperature environments, transpiration cooling
is currently in the focus of research to overcome the principle
problem of exceeding the wall temperature limit [4-8].
Regenerative cooling is state of the art in rocket engines. Liquid
fuel is used to cool the nozzle and the heated fuel is injected in the
combustion chamber at higher temperature, which again increases
the combustion efficiency. Results of numerical analysis show that
the efficiency of regenerative cooling compared with transpiration
cooling can lower the wall temperature by more than 30%. Tran-
spiration cooling means that the fuel is injected through the wall into
the combustion chamber or nozzle. This is advantageous because a
layer of relatively cool fuel close to the wall protects the wall [5].
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With the invention of high-temperature porous media for rocket
engines, those numerically proved improvements could be verified
by experimental tests [3].

For high-speed aircraft, material and cooling issues for both
airframe and engine are the key elements which force the designer to
limit the flight Mach number [9].

All these engineering problems face the fact that the heat flux at the
surface is a design critical value yet difficult to measure. In the high
heat flux regimes, a direct measurement is not applicable, since no
sensor is available to measure directly at the surface. The only
solution is therefore, a temperature measurement using in-depth
temperature sensors. However, an inverse method has to be applied to
determine surface heat flux. In the case of a transpiration cooling
environment, however, the often applied one-dimensional analytical
calculation is prone to error: The thermocouple position is of
particular importance in this approach and particularly in a porous
material very difficult to know with sufficient precision. Moreover,
the porosity has to be known, which complicates this analytical
problem further because there is not only the dependency from heat
capacity, heat conductivity (both values needed for the porous
material), but also from the material specific parameter of porosity. A
numerical approach lacks a precise information of porosity of the
material which is impossible to know for a particular sensor system.
Finally, for such complex materials, the thermophysical properties
are not known and difficult to determine. A recent publication of Shi
and Wang presents a solution for this inverse problem [10]. Here, the
accuracy of the method again depends strongly on the accuracy of the
information about the specific heat capacity, heat conductivity, and
coolant temperature.

In this paper, an approach based on the calibration of the real
environment will be presented. For the analysis of the calibration
measurement, the noninteger system identification (NISI) approach
is applied to a transpiration cooled environment. Using basic cali-
bration experiments, the transpiration cooling is inherently covered
by the NISI calibration process. It is shown for the first time that the
knowledge of the coolant mass flow is sufficient to determine the
surface heat flux.

1L

The basic approach of the NISI method is solving the inverse heat
conduction problem by a noninteger system identification approach.

Theory
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This method has first been published by Battaglia et al. [11]. System
identification in general is the empirical mathematical description of
the dependency of one physical quantity to one or more other
quantities by means of characteristic measurements. In the present
case, the measured temperature signal 7(f, x = b) at the measure-
ment location b in the material is related to the net heat flux g(z, x =
0) at the surface using fractional derivative expansions of the
temperature and the heat flux data together with a priori unknown
coefficients. These coefficients are identified in a calibration step.
Heat flux is then determined from the inverse analysis of the tem-
perature data. The NISI approach so far assumes linear behavior. For
the present investigation, namely to proof the principal applicability
of this method to cooled surfaces, the high-temperature effect was
neglected. Thus, the linearity is given. The experimental setup was
chosen to cover the time scales of interest (about 30 s) for the different
applications.

Considering a one-dimensional heat equation and constant
thermophysical properties, the heat equation becomes

2
Ten= w20 m

ot
where p, c,,, and A are the density, the heat capacity, and the heat
conductivity of the material, respectively; 7 is the temperature and x
is the coordinate of the dimension. The partial differential Eq. (1) can
be solved via Laplace transformation. The transformation leads to the
ordinary differential equation

d?T(x, s)

K
i ;T(x, §)=0 )

where s is the Laplace variable and here, a = A /(poc,,) is the thermal
diffusivity. The solution using an exponential approach leads to
T(x,s) = K,(s)e™ "V + K,(s)e* v/ 3)
The constants K, and K, are defined by the boundary conditions of
the problem. In case of the one-dimensional semi-infinite heat

conduction problem, the parameter K, = 0 and the solution of the
problem in the Laplace domain is

T(x, s) 1
P(s) s \/kpc
The heat flux signal ¢(s) is transferred by the function H(s) to a
temperature signal. For problems with higher complexity, i.e.,

without the assumption of one-dimensional semi-infinite heat
conduction, this transfer function can be written as the expansion

H(x,s) = v “)
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The order of the exponent of s in the Laplace domain is the order of
the differentiation in the time domain. According to the extension of
this model function by Battaglia et al. [11], the general transfer
function in the Laplace domain is of the form

Zflz“)Logo ﬂn Sn/Z
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H(x,s) = ®)

H(s) =
which translates to
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in the time domain. Battaglia et al. [11] showed that this model holds
for many analytically known problems and only recently, Lohle et. al.
[12,13] applied this method successfully to null-point calorimetry.
As can be seen from Eq. (7), the system is characterized for x > 0 by
the model parameters «,, and S, and the noninteger differentiations
D"/2 1t turns out that for most problems, a small number of

parameters is sufficient. In the case of the semi-infinite half space, the
amount of parameters is about five [13]. The advantage of this
theoretical approach is that in Eq. (7), the thermophysical properties
are inherently integrated. For one particular application, the
knowledge of the parameters fully characterizes the sensor system
and allows a determination of the surface heat flux from a tem-
perature measurement inside the material. So far the only crucial
assumption is that this is a linear function. Thus, the thermophysical
properties have to be constant or the model parameters have to be
determined at the distinct experimental condition, e.g., at higher tem-
peratures. However, particularly for the use of composite materials,
this approach offers some advantages: the knowledge of thermo-
physical properties are not required and thus also a possible
anisotropy of these values are not of interest. Secondly, this iden-
tification method does not depend on the spatial diffusion of heat in
the solid, thus one-dimensional or three-dimensional heat diffu-
sion does not result in a higher complexity of the NISI procedure.

From the experimental standpoint, the system identification
procedure means the determination of the unknown coefficients «,,
and B, using an appropriate measurement setup. Using these few
calibration measurements, the system shall be calibrated for any
other case. A system is completely characterized by its impulse
response [14]. However, even a short laser radiation heat pulse does
not cover the requirement of an impulse in the sense of the Dirac
definition [13]. Therefore, a calibration measurement is performed
where pulses of different lengths, usually defined in a pseudorandom
series, are applied, which cover the range of pulses expected for the
experimental condition to be investigated. In other words, each pulse
duration corresponds to a certain frequency of the investigated
system. With a theoretical Dirac impulse, all frequencies would be
covered. Hence, the calibration using different frequencies that cover
at least the range of measurement frequencies successfully char-
acterizes the system, i.e., the objective is to have the power spectral
density of the theoretical Dirac. The impulse response can then be
calculated afterward from the calibrated system.

The implementation of the NISI approach in a usable computer
code is described in detail by Battaglia et al. [11] and Gardarein et al.
[15]. In general it is a least-square method to rebuild the temperature
signal according to the known heat flux to identify the model
parameters. The noninteger derivatives are calculated using an
algorithm by Podlubny [16].

III. Experimental Setup

The experimental principle is to perform a calibration measure-
ment using laser radiation to determine the unknown model param-
eters «,, and §,,. The absorption and emission characteristics of the
system to be identified have to be known beforehand since the
measurement is related to the net heat flux. In principle, a system is
fully characterized by its impulse or step response, where the step
response is the derivation of the impulse response [14]. Both a step
and a Dirac impulse are not feasible to be experimentally realized.

Figure 1 shows the experimental setup. The calibration step within
the present study is performed using a diode laser system as the

Fig. 1 Experimental setup for calibration.
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radiation heat flux source. The laser system is a commercial system
from Laserline GmbH of type LDF. It consists of stapled laser diode
assemblies that are driven by a front panel. The power level and
timing can be programmed with a simple programming language
integrated in the laser system software. The laser output is fed via a
fiber optic cable to the laser head, where collimating optics are
attached. Additionally, a focusing lens system can be added. In the
present case it has only been used to vary the laser spot dimension.
Finally, only the collimating lens system has been used to cover the
biggest possible area on the porous sample. The laser output covers
then an area of 42 mm in diameter. Figure 1 shows the laser head as
mounted in front of the actively cooled structure. The laser spot
energy profile could not be measured within this study. It is assumed
that, due to the fiber optical setup, the laser profile is a flat top profile.
The laser energy has been measured separately using a calorimetric
sensor provided by DLR, German Aerospace Center. The real laser
heating has been observed using a fast photo diode (Thorlabs
DET200) and after testing the measured photo diode voltage signals
have been related to the measured calorimetric energy values. The
emissivity of the material has been taken into account (¢ = 0.85) to
get the net heat flux into the structure. This approach has also been
tested during the calorimetric energy measurements for consistency.

The actively cooled structure is squared and has an edge length of
50 mm. Itis pressed in a metallic support where from the backside the
cooling gas is fed into a reservoir below the ceramic structure. From
this reservoir it is assumed that the gas is homogeneously pressed
through the porous material (see Fig. 2). Depending on the porous
channels through the material, the gas flowing out of the surface
passed a more or less long path within the material. From optical
inspection it is assumed that the outflow is very homogeneous.
However, this is not of particular importance for the application of the
present method, since a possible discontinuity in the coolant gas flow
at the surface due to material inhomogeneities is taken into account
by the calibration step.

The thermocouple is a shielded 1 mm type K thermocouple which
is fed through the reservoir. It is glued into a hole in the ceramic
structure using a two-component ceramic adhesive. Because of
experimental constraints for the cooling gas flow, a mounting of the
thermocouples parallel to the isotherms was not feasible. Although
this leads to less accuracy in the temperature measurement, the effect
itself is included in the NISI calibration method. Data acquisition has
been realized using a AD210 high-performance isolation amplifier
and a LeCroy Wavesurfer 24Xs oscilloscope for analogue digital
conversion. All data, i.e., temperature and diode, are stored on the
same time base using the oscilloscope. All cables are shielded and
the shielding is grounded on the same potential as the oscilloscope.
The material has been characterized for porosity, heat conductivity,
and heat capacity. However, these data were not available nor
required for the present investigation. From pure visible inspection,
the fibers seem to be arranged in-plane, which therefore should be the
direction of higher heat conductivity. The porosity of these materials,
defined as the volume percentage of air with respect to the overall
volume, is usually rather low, i.e., <30% [17]. Consequently, it can
be assumed that the heat conduction is primarily driven by the solid
structure. The results show that this assumption is reasonable from
the point of view of the NISI approach.

(t)

Porous material
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Fig. 2 Sketch of the setup.

IV. Results

Figure 3 shows two exemplary data sets. As can be seen, each heat
flux pulse is very constant. A fluctuation of about 5 kW /m? can be
seen. This, however, is due to the data acquisition noise of the
oscilloscope. The laser system itself is not able to generate such fast
fluctuations in a 5 kW/m? range. This holds for all performed
measurements. The measured temperature is significantly lowered
due to the active cooling. In between the pulses is a low heat flux,
which is due to the diode laser power system. The high power supply
is in a standby modus where a small amount of diode laser power
(~20 kW /m?) is already emitted. This modus guarantees short rise
times for the actual heat pulses.

The sample rate of the measurement data is 500 Hz. As mentioned,
the identification of the transfer function is conducted by least-square
fitting to the acquired temperature profile. Since the relative change
in temperature induced by a surface heat flux is independent of the
absolute temperature value, a baseline for the analysis of the signal
has to be defined. Thus, preprocessing of the measurement data is
required before the existing algorithm can be applied. The tem-
perature signal is leveled so as the value at the start of the
measurement is 0. Consequently, the present signal-to-noise ratio of
the data decreases from about 42 dB to 21 dB. To dampen the now
relevant influence of noise on the identification process, a low pass
filter is applied. The chosen filter is a running window Gaussian
frequency filter. The cutoff frequency is set at 1 Hz, assuming that
changes are larger than 1 Hz. Following the filter application, a
measurement data reduction down to 25 Hz is performed.

To keep the computational costs acceptable, the amount of
thermophysical parameters that characterize the system has to be
finite. In the present case, the amount of parameters is limited to 13,
resulting in a transfer function of the form
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Fig. 3 Calibration data (temperature and calibration heat flux)
without flow and with 0.5 g/s gas mass flow.
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Fig. 4 Temperature curve and least-square fitted data for identifi-
cation.
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Fig. 6 Calibration heat flux and identified heat flux using the NISI
approach.
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Within the time frame of the measurement, these limitations provide
reasonable determination of the system behavior. Figure 4 shows
exemplary the result of the calibration without active cooling
compared with the measured temperature progression. The calcu-
lated impulse response, characterizing the system for 0 g/s cooling
gas mass flow, is shown in Fig. 5. An inversion can be performed
using the identified system, i.e., the impulse response (see Fig. 5) and
the measured temperature profile are used which should result in the
calibration heat flux profile. Figure 6 shows this for the case
presented in Fig. 4. The identified parameters of the transfer function
for oy = 1 are presented in Table 1. The accuracy of the fit is always
better than 0.7 for the o; and 10~5 for the §;. As can be seen, the very

short peaks of only 80 ms length are not rebuilt. However, this is not
astonishing since the system does not react on these very short pulses
as can be seen from Fig. 2. Here, the short pulse does not result in a
significant temperature rise at the measurement location. This is due
to the heat conduction behavior of the material. The heat diffuses,
according to the thermophysical properties, faster in the direction of
the higher heat conductivity. Assuming an orthotropic behavior heat
conduction in fiber direction is faster. Thus, the thermocouple below
the surface is not affected by this short time heat flux.

The presented steps for the 0 g/s have been performed in the same
manner for different gas mass flow conditions. Although not
presented, the least-square fits are as good as the one presented. The
calculated impulse responses for the different gas mass flows are
shown in Fig. 6. With higher cooling gas mass flows, the amplitude of
the impulse response is consequently reduced. Thus, the surface heat
flux is reduced with increasing cooling gas mass flow. Since radiation
heat flux is used this effect can not be based on a surface heat flux
change by influencing the calibration heat flux, e.g., by higher
convection due to higher gas mass flow. The method uses the net heat
flux and convection is obviously not of importance [18]. However, to
investigate this effect, numerical simulations with different surface
heat transfer coefficients /2 have been conducted. This simulation is
intended to investigate whether the higher blowing ratio results
theoretically in higher convection close to the surface due to this
higher gas mass flow through the wall which would then affect the
calibration. Boundary conditions are chosen to match semi-infinite,
one-dimensional behavior. The NISI method has been applied to this
computer model and the impulse response is identified for different
heat transfer coefficient settings at the surface of the computer model.
Figure 7 shows the result. As can be seen, in a reasonable domain of
heat transfer coefficients, which is 0 </ < 100 W/(m?K), the
impulse response is not affected. This means that there is no effect of
surface convection. Thus, the cooling of the present investigation is
based on internal convection of the cooling gas mass flow.

The starting time of the rise of the impulse response is a direct
measure for the penetration time, i.e., the time it takes until a thermo-
couple at a distance x from the surface in the material reacts on a
surface heat flux. Analytically, the penetration time for semi-infinite

media is
. 2
I, = (73,6 A.) ©
ocp

For typical room temperature values of the thermophysical properties
for carbon fiber ceramics, the penetration time is of the order of
milliseconds [19]. In Fig. 8, a change in penetration time is not seen
for the different cooling gas mass flows. This shows, that the main
heat conduction path is heat conduction in the solid. Thus, the time it
takes to reach the thermocouple is for all cases the same. The gas
cooling then means that it transports more heat with increasing gas
flow while the heat conduction from the surface to the sensor remains
unchanged. The behavior is similar to studies where the sensor
remains at the same position, but the material’s heat capacity
increases.

Table 1 Parameters of the transfer function for varying cooling gas mass flows

m 0.000 g/s 0.108 g/s 0.201 g/s 0.298 g/s 0.609 g/s 0.702 g/s
o) 0.5651 0.7179 0.7012 0.2355 —0.0895 —0.3348
oy 4.0706 3.7428 3.3747 3.5834 3.2909 3.3245
Bo 2.20e —3 2.10e —3 2.00e — 3 1.60e — 3 1.20e — 3 1.06e — 4
B, —4.10e—3 —4.00e—3 —3.80e—3 —3.00e—3 —2.10e — 3 —2.69¢ — 4
B 3.50e —3 3.40e — 3 3.30e —3 2.50e —3 1.70e — 3 2.99%9 — 4
B; —1.70e —3 —1.70e — 3 —1.70e — 3 —1.20e — 3 —7.6le — 4 —1.90e — 4
B 5.68¢ — 4 5.72e —4 5.77¢ —4 3.87e—4 2.19¢ — 4 7.65¢ — 5
Bs —124e—4 —126e—4 —13le—4 —8.15¢—5 —4.12¢ — 5 —2.0le—5
Bs 1.83e—5 1.87e—5 1.98¢ — 5 1.15¢ -5 5.02e—6 3.48¢ —6
B, —173¢e—6 —178¢—6 —194e—6 —1.03e—6 —3.77e —17 —3.80e —7
Bs 9.6le — 8 9.8%9¢ — 8 1.1le —7 5.45¢ — 8 1.54¢ — 8 2.40e — 8
By —238¢—9 —245¢—-9 —-283¢-9 —127¢e—9 —2.45¢—10 —6.65¢— 10
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Fig. 7 Impulse responses for increasing heat transfer coefficient /# at
the surface.
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Fig. 8 Impulse responses for different coolant gas mass flows.

V. Conclusions

The paper presents the very first results of the application of the
NISI method to transpiration cooled ceramic material to determine
the surface heat flux from in-depth thermocouple measurement. In
contrast to analytical and numerical methods, the advantage of the
NISI method is that neither the thermophysical properties nor the
exact position of the thermocouple have to be known, since a
calibration measurement is performed that takes these values into
account. Within the present investigation, this method has been
extended to actively cooled structures, exemplary using a porous
ceramic material with gaseous cooling gas mass flow. The NISI
method treats the heat conduction problem as a control oriented
system. A heat flux at the boundary surface leads to a temperature rise
of a sensor inside the material. It has been shown within this paper
that the impulse response fully characterizes the sensor system also
for a problem including porous materials. The impulse response is
significantly influenced by a varying cooling gas mass flow. The
amplitude reduces when the cooling gas mass flow is increased.
Numerical simulations show that surface convection does not affect
the method and is not of relevance for this problem. Because the
impulse response is not delayed with increasing cooling gas mass
flow, it is shown that the penetration time is not affected by the
cooling and, therefore, the main heat conduction occurs in the solid
while the cooling leads to a heat transport to the outer surface, similar
to solid materials with increasing heat capacity. As an outlook, this
method could be applied to determine the thermophysical properties
of these materials. If a well-defined geometry were set up with
defined boundary conditions, the internal heat transfer could be
determined from the calibration measurements.
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