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Abstract

We present a new approach in theory and experiment to automatically adjust the transpiration cooling
to the actual thermal load, i.e. the Cooling Adjustment for Transpiration Systems (CATS). This approach
bases on the real-time determination of surface heat flux at the transpiration cooled wall. The heat
flux is essentially calculated from a non-intrusive measurement of pressure in the plenum, i.e. the
region between mass flow controller and porous wall. This pressure heat flux transformation additionally
attenuates a destabilizing positive feedback loop, where the transpiration cooling controller’s output (i.e.
mass flow rate) strongly influences its input (i.e. plenum pressure). We describe the identification of the
model parameters for the heat flux determination, which are found and verified by a calibration approach.
CATS was demonstrated in the plasma wind tunnel PWK4 at the Institute of Space Systems, Stuttgart.
The results show the CATS performance, which proves the usefulness of the proposed approach to
automatically adjust the transpiration cooling to the actual thermal load.
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Nomenclature

Latin

A – Area
a – Model parameter
b – Model parameter
c – Model parameter
cp – Heat capacity

hv – Volumetric heat transfer coefficient
KD – Darcy permeability coefficient
KF – Forchheimer permeability coefficient
L – Porous sample thickness
ṁ – Mass flow rate
p – Pressure
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Pos – Probe position in PWK experiment
q̇ – Surface heat flux
R – Specific gas constant for an ideal gas
T – Temperature
t – Time
v – Darcy velocity
V – Volume
x – Spatial variable

Greek

λ – Thermal conductivity
µ – Dynamic viscosity
ρ – Density

Φ – Porosity

Subscripts

∞ – Ambient
det – Determined
eff – Effective property for porous material
f – Fluid
fc – Flow controller
in – Input
pl – Plenum
ps – Porous sample
s – Solid
set – Set point

1. Introduction

Transpiration cooling is an active thermal protection technique for aerospace applications [1–3]. Here
a gaseous or liquid coolant is fed through a porous wall into the hot gas region. This has two effects.
Firstly, the wall is actively cooled by the coolant itself [4]. Secondly, the coolant mixes into the boundary
layer and by that reduces the boundary layer temperature, leading to a lower convective surface heat
flux [1, 5, 6]. Both effects are boosted when increasing the coolant mass flow rate [1, 5–7]. However,
a high mass flow rate also produces undesirable effects. A large coolant consumption necessitates a
large coolant supply, thus more vehicle mass and volume. Also, the vehicle’s drag increases with mass
flow rate, which might be disadvantageous when it comes to sharp leading edges [8]. It furthermore
triggers the onset of boundary layer transition earlier and shortens its extend resulting downstream
in overshoots and higher heat transfer rates. Ideally the coolant mass flow rate is adjusted during
flight to a level that is optimal for the actual thermal load. In order to achieve this, we developed the
Cooling Adjustment for Transpiration Systems (CATS) technology. This technology will be tested in the
HIFLIER1 flight experiment, scheduled in June 2023 [9]. CATS utilizes the correlation of surface heat
flux and plenum pressure, which is subject to earlier studies by the authors [10–16]. Essentially, the
plenum pressure is a measure for surface heat flux and the coolant mass flow rate is adjusted by the
CATS controller accordingly.

2. Theoretical Approach

Consider a transpiration cooling system as sketched in Fig. 1. The pressure gradient over the porous
wall is given by the Darcy-Forchheimer equation

pps(x, t)
∂pps(x, t)

∂x
=

µf (x, t) ṁps(t)RTf (x, t)

KD A
+

ṁps(t)
2 RTf (x, t)

KF A2
0 < x < L, t ≥ 0 (1)

Integration of Eq. (1) over x and the introduction of the plenum pressure ppl at x = L and the constant
ambient pressure p∞ at x = 0 we obtain

p2pl(t)− p2∞
2

=

∫ L

0

(
µf (x, t) ṁps(t)RTf (x, t)

KD A
+

ṁ2
ps(t)RTf (x, t)

KF A2

)
dx t ≥ 0 (2)

The interaction of surface heat flux and plenum pressure is analyzed in more detail in e.g. [13]. In simple
terms, a heat flux to the surface will increase the temperature of the porous wall and the fluid therein,
which according to Eq. (2) will eventually lead to an increased plenum pressure. This means that one can
determine the surface heat flux from measurement of the plenum pressure. Using this surface heat flux
information, one can adjust the mass flow rate in order to boost the transpiration cooling performance.
The main difficulty is that the adjustment of the mass flow rate also causes a plenum pressure rise. This
results in a positive feedback loop on the plenum pressure, which leads to instability. For this reason
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Fig. 1. Schematic of a transpiration cooling system

one can not simply usefully utilize the plenum pressure signal directly as the input into a controller
to adjust transpiration cooling. In this section we derive a new approach to circumvent this difficulty.
Essentially, this approach enables us to process the plenum pressure in real time into surface heat flux.
This heat flux signal is used as the input into a simple proportional controller which adjusts the setpoint
of the mass flow controller (MFC). We call this approach Cooling Adjustment for Transpiration Systems
(CATS).

The energy equations for solid (3a) and fluid (3b) in a transpiration cooled porous wall are given by [4]

(1− Φ) ρs cp,s
∂Ts(x, t)

∂t
= (1− Φ)λs

∂2Ts(x, t)

∂x2
− hv (Ts(x, t)− Tf (x, t)) 0 < x < L, t ≥ 0 (3a)

Φ ρf cp,f

(
∂Tf (x, t)

∂t
+ v(t)

∂Tf (x, t)

∂x

)
= Φλf

∂2Tf (x, t)

∂x2
+ hv (Ts(x, t)− Tf (x, t)) 0 < x < L, t ≥ 0

(3b)

with time t, the spatial variable x, the temperature T , thermal conductivity λ, density ρ, specific heat
capacity cp, the volumetric heat transfer coefficient hv, the Darcy velocity v, the porosity Φ and the
porous wall cross section A. The subscripts (s) and (f ) assign the variables to the solid and fluid
respectively. Solving both equations for hv (Ts(x, t)− Tf (x, t)) allows to join Eqs. (3a) and (3b) into
the following single equation.

ρs,eff cp,s
∂Ts(x, t)

∂t
+Φ ρf cp,f

∂Tf (x, t)

∂t
+

ṁps(t)Φ cp,f
A

∂Tf (x, t)

∂x
= λs,eff

∂2Ts(x, t)

∂x2
(4)

Here, we neglect conduction through the fluid and substitute the Darcy velocity with v = ṁps/ρf A. We
substituted the effective material properties ρs,eff = (1−Φ) ρs and λs,eff = (1−Φ)λs. Since we intent to
adjust the mass flow rate through the MFC ṁfc(t), the mass flow rate through the porous sample ṁps(t)
is also a function of time. Assuming local thermal equilibrium (LTE), i.e. Tf (x, t) = Ts(x, t) = T (x, t),
substitution of the heat flux within the porous wall −q̇ps = λs,eff ∂T/∂x in the right side of the equation
and substitution of ρf = p/RT yields(

ρs,eff cp,s +Φ
pps(x, t)

RT (x, t)
cp,f

)
∂T (x, t)

∂t
+

ṁps(t)Φ cp,f
A

∂T (x, t)

∂x
= −∂q̇ps(x, t)

∂x
(5)

with the pressure in the porous wall pps(x, t) and specific gas constant for an ideal gas R. Simplifying
Eq. (5) by assuming a lumped wall gives an equation to determine the surface heat flux:(

ρs,eff cp,s +Φ
p̄ps(t)

R T̄ (t)
cp,f

)
L
dT̄ (t)

dt
+

ṁps(t)Φ cp,f
A

(
T̄ (t)− Tpl

)
= q̇(t) (6)
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with the lumped wall temperature T̄ (t), the mean fluid pressure in the porous wall p̄ps(t), the length of
the porous wall L, the surface heat flux q̇ps(x = 0, t) = q̇(t) and the assumptions that the back wall is
adiabatic, i.e. q̇ps(x = L, t) = 0, and the inbound fluid temperature equals the fluid temperature in the
plenum Tpl, which is constant, i.e. T (x = L, t) = Tpl = const..

The required time dependent variables in Eq. (6) are p̄ps(t), ṁps(t) and T̄ (t). The variables p̄ps(t) and
ṁps(t) are given by

p̄ps(t) =
2

3

p3pl(t)− p3∞(t)

p2pl(t)− p2∞(t)
(7)

ṁps(t) = ṁfc(t)−
Vpl

RTpl

dppl(t)

dt
(8)

with the plenum volume Vpl and T̄ (t) can be found by solving the Darcy equation for

µ(t) T̄ (t) =
p2pl(t)− p2∞(t)

2

KD A

ṁps(t)RL
. (9)

The product µ(t) T̄ (t) is a bijective function of T̄ when approximating the fluid viscosity µ(t) using
Sutherland’s Law. We implemented this calculation of T̄ using a simple look-up table. KD is the porous
material’s permeability coefficient. We do not use the Darcy-Forchheimer equation to solve for T̄ ,
because KF is orders of magnitude bigger than KD and ṁps is quite small, which results in a negligible
Forchheimer term.

Eqs. (7) to (9) require input of the variables ppl(t), p∞(t), ṁfc(t) and Tpl, which are measured during a
given experiment. Note that the determination of surface heat flux requires these four measurements
as input, which are exclusively non-intrusive. No particular sensor must be equipped inside the porous
wall itself and the coolant flow through the porous wall is therefore not disturbed. In addition, these
calculations are computationally relatively cheap, which enables the heat flux determination in quasi
real-time.

For simplicity, we merge the constant parameters in Eq. (6) into the parameters

a = ρs,eff cp,s L (10a)

b =
Φ cp,f L

R
(10b)

c =
Φ cp,f
A

(10c)

and yield

q̇(t) = a
dT̄ (t)

dt
+ b

p̄ps(t)

T̄ (t)

dT̄ (t)

dt
+ c ṁps(t)

(
T̄ (t)− Tpl

)
(11)

Equation (11) enables the real-time determination of surface heat flux. The model parameters a, b and
c can be calculated from material properties and geometry data using Eqs. (10). Accounting for the
simplifications and assumptions made in the derivation of Eq. (11), this form enables us to calibrate
the model parameters for the given transpiration cooling system. This calibration approach is detailed
in subsection 4.2.

Based on the real-time determination of heat flux using Eq. (11), the CATS controller automatically
adjusts the set point of mass flow rate at the MFC ṁfc,set by

ṁfc,set = ṁfc,0 + q̇ · ṁfc,max − ṁfc,0

q̇max
(12)

with the initial mass flow rate ṁfc,0, the MFC’s maximum mass flow rate ṁfc,max and the maximum
expected heat flux q̇max. The CATS controller in our system acts as a p-controller with the proportional
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Fig. 2. Layout of CATS

gain kp = (ṁfc,max − ṁfc,0) /q̇max and the offset ṁfc,0 (cf. Eq. (12)). The resulting CATS layout is
summarized in Fig. 2. Here, we define the set point q̇setpoint = 0.

To summarize the theoretical approach, CATS is a technology to automatically adjust the transpiration
cooling where the required measurement inputs are exclusively non-intrusive. The prime feature of CATS
is that it reacts to the surface heat flux rather than time delayed quantities as e.g. wall temperature.
This boosts the protective characteristic of the transpiration cooling technique in the same instance the
actual heating affects the surface. This minimizes the total heating of the wall. In theory, the proposed
pressure heat flux transformation eliminates a destabilizing positive feedback loop, where the controller
output - mass flow rate - significantly influences its input - plenum pressure.

3. Transpiration Cooling System

The complete transpiration cooling system that was used for both calibration and PWK experiments is
shown in Fig. 3. It consists of the sensor head, a pressure gauge, a MFC and respective tubing between
the components.

Mass flow controller

Sensor head

with porous sample

Pressure gauge

Plenum tubing

Fig. 3. The transpiration cooling system

A schematic and a macro photo of the sensor head is shown in Figure 4. The porous sample is made of
carbon/carbon (C/C). It was manufactured and characterized by the German Aerospace Center (DLR) in
Stuttgart. The C/C sample was machined into a truncated conical shape with a draft angle of 10◦ and a
front diameter of 10.6mm (smaller diameter of truncated cone). With a sample length L of 7.5mm follows
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a mean sensor diameter of 11.5mm and a mean cross section A of 1.1 ·10−4m2. The Darcy permeability
coefficient KD for the porous sample in this study was determined to be about 4 · 10−13m2. The porous
sample is pressed into a titanium housing by a set screw. A spring accounts for thermal expansion. A
Sigraflex graphite foil acts as the sealant between porous sample and housing. The sensor head’s total
length including the shown connector screw is 81mm and its maximum diameter is 25mm.

Housing

Porous sample

Spring

Set screw

Graphite
seal

Adapter
plate

Connector
screw

Fig. 4. Transpiration cooling sensor head schematic (left) and photo (right)

A thin tube leads from the connector screw at the back of the sensor head to the pressure gauge and
the MFC. The pressure gauge is a Kulite ETQ-12-375M-5BARA with an accuracy of 0.6%. The MFC
is a Bronkhorst FG-201CV-AAD-33-V-AA-000 with a range of 0 − 40mg/s and an accuracy of 0.6%.
The MFC is supplied with nitrogen with a constant pressure of 16 bar. The total plenum volume Vpl was
determined to 15.0 ·10−6m3 for the calibration measurements. The tubing had to be slightly modified for
the PWK experiments resulting in a plenum volume of 15.7 · 10−6m3 in the PWK measurement.

4. Calibration and Verification

The aim of the calibration stage is to fine tune and verify the heat flux determination model given
by Eq. 11. We did the parameter tuning in two steps: first we fit the model parameters a, b and c
to measurement data from an experiment with CATS in open-loop mode, i.e. we establish a constant
ṁfc without feeding the CATS output back into the MFC. In the second step we fine tuned the found
model parameters for CATS in closed loop mode. Here we took care to obtain both an accurate heat
flux determination and a stable CATS controller. In this section we describe the experimental setup
for the calibration experiments, the calibration of the heat flux determination model and closed loop
verification.

4.1. Experimental Setup for Calibration and Verification

The experimental setup for calibration and verification is shown in the left photo in Figure 5. The
well-characterized heat flux is provided by a Laserline LDM 500-100 diode laser with a wavelength
of 910nm and a power rise time of < 0.1ms. The focusing optics in the laser head expand the laser
beam homogeneously into a square-shaped spot, which is illustrated for our setup in the right photo
in Figure 5. In order to minimize lateral conduction, the radiated area slightly overlapped the porous
material’s surface to all sides.
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Spherical copper head

for PWK probe

Mass flow controller

Sensor head

with porous sample

Laser spotPressure gauge Laser head

Plenum tubing

Fig. 5. Experimental setup for calibration (left) and visual impression of laser spot on transpiration
cooled sensor surface (right)

4.2. Calibration of Heat Flux Estimation Model

The data of the heat flux determination model calibration are shown in Fig. 6. In this experiment, we
established a constant mass flow rate set point ṁfc,set and applied an arbitrary heat flux using the
diode laser. The laser’s output power is recorded and calculated into the net surface heat flux q̇in. We
measured the plenum pressure ppl(t), and the actual value of mass flow rate through the MFC ṁfc, which
consequently equals the constant set point, i.e. ṁfc = ṁfc,set. The ambient pressure p∞ = 0.9545 bar
and the plenum temperature Tpl = 295K remained fairly constant over the course of all calibration
experiments. With these measurements, we calculate p̄ps, ṁps and T̄ using Eqs. (7) to (9) and the
look-up table as described in section 2. The temperature’s time derivative dT̄/dt is calculated at each
time step nt using the two-point backward difference dT̄/dt(nt) = (T (nt)−T (nt− 1))/∆t with the time
step width ∆t. The time step width was ∆t = 80ms in all experiments.
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Using the data shown in Fig. 6, the model parameters a, b and c were fitted to Eq. (11). As a starting
point for the fit, we calculated the model parameters using the analytical expressions from Eqs. (10)
and the material and geometry data summarized in table 1. Both the parameter fit and the analytical
values are given in table 2.

Table 1. Material and geometry data of the porous C/C sample and nitrogen

Φ ρs,eff cp,s cp,f R L A

12,4% [17] 1400 kg/m3 [3] 1650 J/(kg K) [3] 1040 J/(kg K) 297 J/(kg K) 7.5mm 1.11 cm2

Table 2. Model parameters for different measurement scenarios

a b c

Analytical value 1.7 · 104 3.3 · 10−3 1.2 · 106

Model calibration 1.6 · 104 22 4.4 · 108

Closed loop validation 1.6 · 104 15 8 · 107

PWK experiment 1.0 · 104 10 4 · 107

As can be seen in Fig. 6, the heat flux determination q̇det matches the input heat flux q̇in fairly well,
but time delayed. The time delayed reaction of the two signals may be explained by the introduction
of moving average filters to the signals of ppl, dppl/dt, dT̄/dt and ṁfc,set with the widths 4, 154, 47
and 41 data points which amounts to a length of 0.3, 12.3, 3.8 and 3.3 s respectively. Especially the
filter for dppl/dt is quite broad-ranged. These filters were introduced in order to stabilize the CATS
controller.

4.3. Closed Loop Verification

The aim of the closed loop verification was to verify the found model parameters for the active closed
loop CATS controller. Here, the set point of the MFC is adjusted by CATS. Since the mass flow rate
effects the plenum pressure and the plenum pressure is at the same time an essential input of CATS,
the system is a positive feedback loop controller. In theory this feedback loop is eliminated by the
approach described in section 2, but we observed that the system still tends to instability with the
calibration model parameters. The reason for the instability might be a difference in time delay through
filtering of the signals for T̄ and ṁps, where the T̄ signal is in total subject to broader filters and thus
more time delayed. These terms play a role in last term in Eq. (11), which is the term for energy loss
through hot gas motion. For a given heat flux and a rising ṁps, the temperature difference T̄ − Tpl

decreases. If that decrease is time delayed with respect to ṁps, the heat flux is overestimated resulting
in a positive feedback loop. The same applies to the second term in Eq. 11. In order to reduce this effect
and achieve a stable controller, we modified the model parameters b and c slightly. Here we took care
to maintain an accurate heat flux determination.

Figure 7 shows a verification experiment with the closed loop controller, where we used the modified
model parameters given in table 2. As one can see, the system remains stable in this experiment and the
heat flux determination q̇det matches the input heat flux q̇in fairly well. The determined heat flux shows
a similar time delay as in the model calibration (cf. Fig.6) and is also explained by the introduced filters
discussed in subsection 4.2. CATS adjusts the mass flow rate set point ṁfc,set, which reflects in the mass
flow rate through the porous sample ṁps. As a consequence, the plenum pressure rises, because more
pressure is required to press the coolant through the porous sample at an increased rate. We conclude
from this that CATS works in the laser setup for the given model parameters (see table 2).

Comparing the calibration measurement (Fig. 6) and the closed loop measurement (Fig. 7), illustrates
the effect of the positive feedback loop on the plenum pressure. The actual plenum pressure change
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that arises from the surface heat flux is roughly an order of magnitude weaker than the plenum pressure
change due to the adjustment of mass flow rate. This significantly aggravates a controller relying on the
plenum pressure as the control parameter and at the same time promotes the value of the proposed
approach, where the positive feedback loop is damped.

5. Plasma Wind Tunnel Experiment

CATS was tested in the plasma wind tunnel PWK4 at the Institute of Space Systems, Stuttgart. In this
section we describe the setup for these experiments, the flow characteristics and the results.

5.1. Experimental Setup for Plasma Wind Tunnel Experiment

The experimental setup of the PWK4 test is shown in Figure 8. The sensor head is mounted into the tip
of the PWK probe. The sensor head was integrated into the same copper half sphere as in the calibration
setup. The transpiration cooled surface orientation opposes the plasma flow direction. The tube from
the back of the sensor head leads through the interior of the PWK probe to the pressure gauge. The
pressure gauge and the MFC are located beneath the movable platform.

Sensor head with porous sample

PWK probeMovable platform

Fig. 8. Experimental setup for plasma wind tunnel tests (left) and close up photo of probe head (right)

5.2. Plasma wind tunnel flow condition

The characteristics of the flow condition are summarized in table 3. The ambient pressure that the
transpiration cooling system is exposed to changes during the course of the experiment. Initially the
ambient pressure equals the tank pressure of ptank = 52 Pa and increases up to roughly 1250 Pa in the
plasma flow’s stagnation point. This variation is not measured and thus accounted for in the experiments.
However, this ambient pressure variation is rather small, when compared to the development of plenum
pressure, which is > 32000 Pa. Considering the fact that the pressure variables are squared or cubed in
Eqs. (7) and (9), this effect of the ambient pressure variation is ruled negligible. For this reason, the
ambient pressure was assumed to remain constant.

Table 3. Test condition of the PWK4 experiment

I U ptank ṁges Imag

604A 90V 52 Pa 6.52 g/s 100A
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5.3. Results of Plasma Wind Tunnel Experiment

Figure 9 shows the results of the CATS demonstration in the PWK4. The change of the axial Posaxial
and radial position Posradial indicate the movement of the probe in the PWK4. During startup, the probe
was positioned outside the plasma jet at a distance to the generator nozzle of 490mm. Once the flow
condition was set, the probe was first moved in radial direction into the plasma jet center. After a short
time, the probe was moved axially towards the plasma generator up to a distance of 90mm. During the
axial movement the probe remained in the plasma flow’s stagnation point. Finally, the probe was moved
radially out of the jet.
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Fig. 9. Demonstration of CATS in plasma wind tunnel PWK4 experiment

Moving in radial direction into the jet leads to a heat flux increase onto the transpiration cooled surface.
This is detected by CATS as can be seen from the rising signal of determined heat flux q̇det during
that phase (cf. Fig.9). The mass flow rate is adjusted accordingly, which reflects on the mass flow
rate through the porous sample ṁps. The surface heat flux is expected to increase during the axial
movement towards the generator. This is also detected and the CATS controller automatically increases
the mass flow rate. Between 46 s and 65 s, the probe remained in the same position which means a
constant flow condition. CATS required about 10 s to stabilize to this constant flow condition, which is
to be explained by the rather broad-ranging moving average filters introduced in the signal processing
of CATS. However, the heat flux signal decreases after this stabilization period, which is an effect of the
increased out blowing. We conclude from this that the demonstration of CATS was successful.

During previous PWK experiments, the found model parameters from the closed loop verification resulted
in an unstable CATS controller. The model parameters were therefore adapted manually until the CATS
showed stable behavior. The resulting parameters listed in table 2 were defined in the CATS settings
during the experiment presented in Fig. 9. The adaption of the model parameters introduces an error of
up to roughly 60% to the real time heat flux determination. Nevertheless, the CATS controller functioned
qualitatively as desired.

6. Conclusion

This paper shows a new approach in theory and experiment to automatically adjust the cooling rate
of a transpiration cooled wall depending on the actual surface heat flux. This boosts the protective
characteristic of the transpiration cooling technique in the same instance the actual heating affects the
surface. The proposed model requires the time variant inputs plenum and ambient pressure, mass flow
rate through the mass flow controller and temperature of the inbound coolant temperature. All of these
are non-intrusive measurements, thus the porous wall does not required to be equipped with any sensor.
We calibrated and verified the model parameters for the determination of surface heat flux using an
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infrared laser. A Cooling Adjustment for Transpiration Systems (CATS) controller was successfully tested
in a plasma wind tunnel experiment. This is the first experimental proof of a controller to automatically
adjust the transpiration cooling to the actual heat load.
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