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ABSTRACT

The film effectiveness downstream of a porous UHTC injec-
tor on a flat-plate is spatially resolved. The experimental data
were obtained in Oxford High Density Tunnel at Mach 5. A
flat-plate model was coated with Pressure-Sensitive-Paint to
obtain film effectiveness based on coolant concentration. He-
lium was chosen as the coolant gas, and the blowing ratio
and Reynolds number were varied from F = 0.046% to F' =
0.143% and Re,, = 8.6x10° m™! to Re,, = 12.3x10° m™*,
respectively. Film effectiveness of up to approximately 40%
is found for a blowing ratio of 0.143%. Increasing the blow-
ing ratio by a factor of two is approximately 22.1% more ef-
fective at lower Reynolds numbers close to the injector. How-
ever, the film diminishes at an approximate stream-wise loca-
tion of 300 mm, regardless of the blowing ratio. The addi-
tional coolant mass flux has no effect further downstream of
the injector. Higher blowing ratios result in a higher mixing
rate of the film with the cross-flow. The non-uniformity of the
porous injector’s outflow has a significant, proportional effect
on the downstream film, forming a three-dimensional film. It
is found that this three-dimensionality is remarkably reduced
downstream as the film mixes with the cross-flow at a higher
rate downstream of local high mass flux regions.

Index Terms— Transpiration Cooling, Hypersonics,

Film Effectiveness, Ultra High Temperature Ceramics (UHTC),

Pressure Sensitive Paint (PSP), Thermal Protection System
(TPS)

1. INTRODUCTION

Transpiration cooling is a promising technology that could
enable a reusable Thermal Protection System (TPS) for hy-
personic vehicles such as single-stage rockets or spaceplanes.
It is an active cooling method where a coolant gas is injected
through a porous material into the boundary-layer. The cool-
ing process is comprised of three different effects: (a) heat
from the wall is convected out by the fluid; (b) the coolant
gas creates a film that insulates the wall underneath from the
hot cross-flow; and (c) the coolant film protects the wall from
free-stream Oxygen and thereby prevents oxidation of the
wall, which enables the wall-material to operate at a higher
temperature enhancing radiative cooling [1, 2]. The success

of the latter two processes depends on the coolant film that
is formed downstream. This protective film diminishes at a
downstream location as it mixes with the incoming hyper-
sonic cross-flow (see Fig. 1), and therefore it is essential to
fully understand this mixing process.

boundary layer

post-shock

hypersonic cross-flow mixing of coolant

with free-stream flow

W

coolant blanket (film)

porous coolant injectors

Fig. 1. Schematic of a leading edge of a hypersonic vehicle
with porous, transpiration cooling injectors. Note: the blue
layers indicate the coolant blankets (not to scale). [1]

In this paper, the mixing process between the transpiring gas
and the cross-flow is investigated. A flat-plate model is tested
in the Oxford High Density Tunnel (HDT) at Mach 5. A no-
table amount of work has been done investigating transpira-
tion cooling on flat-plates [3, 4], and therefore a flat-plate ge-
ometry is chosen here to continue on that foundation. A flat-
plate model also allows to investigate the different phenom-
ena without any geometric complexity. The flat-plate model
is instrumented with a porous panel that enables gas injec-
tion into the boundary-layer. The porous panel is made of
partially sintered Zirconium Diboride (ZrBs), an Ultra-High-
Temperature-Ceramic (UHTC). With pore diameters below
10 pm (see Fig. 2), the injected gas through a porous UHTC
is introduced as a bulk into the boundary-layer as opposed to
discrete, strong jets as characterised in Ref. [1]. This is im-
portant since it is likely that discrete jets could lead to an ear-
lier tripping of the boundary-layer, compared to a relatively
uniform mass injection.

In previous work [5] using a porous UHTC injector, it was
shown that transpiration cooling requires approximately two
orders of magnitude lower blowing ratios to obtain a simi-



lar film effectiveness compared to that of a slot injector. The
film effectiveness was measured with Pressure Sensitive Paint
(PSP) approximately 50 mm downstream of the injector using
Nitrogen as the coolant gas. It was found that the coolant gas
forms a “V’ shaped film downstream of the injector due to the
lateral mixing with the cross-flow. To further investigate the
downstream film effectiveness, the current flat-plate model
is designed with a Pressure Sensitive Paint (PSP) coat fully
surrounding the porous injector. This enables the determina-
tion of the film effectiveness based on coolant concentration
downstream of the injector. Helium is used as the coolant.
Within the scope of this work, the blowing ratio and Reynolds
number are varied from F = 0.046% to F = 0.143% and
Re, = 8.6 x 10 to Re,, = 12.3 x 10 m~1, respectively.

Fig. 2. A ZrB, UHTC sample’s microstructure (courtesy:
Imperial College London).

2. METHODOLOGY

The experiments were conducted in the Oxford High Density
Tunnel (HDT) that was operated in its heated Ludwieg tube
mode [6] and fitted with a Mach 5 nozzle. Data were acquired
on an NI PXIe-8135 controller with NI PXIe-6368 acquisition
cards at 2 MS/s/channel. The flat-plate was mounted at an
angle of attack of AoA = 0°. The methods of obtaining the
required quantities are discussed below.

2.1. Flat-Plate Model

The flat-plate model features a coat of TurboFIB Pressure-
Sensitive Paint (PSP) on the surface around the porous injec-
tor as shown in Fig. 3. TurboFIB is a single-luminophore,
single application PSP that has a response time of under 1 ms.
The plate is further instrumented with four flush-mounted
Kulite pressure transducers (XCEL-152-25PSIA).

A plenum is attached underneath the porous injector and
pipework is in place to feed in the injection gas. The exposed
porous area is of 39.5 mm x 39.5 mm. The plenum is fitted
with a K-type thermocouple and a Kulite pressure transducer
(HEL-375-35BARA) in order to measure the temperature and
pressure of the coolant gas, respectively. The reader is re-
ferred to Refs. [1, 5] for detailed description of the plenum
and injection system.

Pressure-Sensitive-Paint

porous UHTC

Fig. 3. Flat-plate model with PSP coat.

2.2. Flow Conditions and Blowing Ratios

In the Ludwieg tube mode, pre-heated, pressurised air is re-
leased into an evacuated test section by opening a plug valve.
The air flows through a plenum and then is accelerated by a
Laval nozzle before reaching the test section where the flat-
plate model is mounted. The pressure in the plenum upstream
of the Laval nozzle is measured and approximated as the to-
tal pressure, pg. The total temperature, Tj, is measured in
the test section using differentially heated thin film gauges as
described in Ref. [7]. When a shot is fired, the sudden open-
ing of the plug valve releases expansion waves that travel up-
stream and reflect back downstream. Each of these reflected
expansion waves causes a drop in py and 7p, resulting in a
change of the flow condition, i.e. the unit Reynolds number,
Re,, as shown in Fig. 4. This feature of the tunnel enables
testing at multiple steady conditions — each lasting for approx-
imately 30 ms — from one single shot. The time-averaged unit
Reynolds number for steady conditions 1, 2, and 3 (see Fig.
4) are Re, = 12.3 x 10 m~!, Re,, = 10.3 x 10° m~!, and
Re, = 8.6 x 106 m~1.
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Fig. 4. Unit Reynolds number, Re,,, and blowing ratio, F,
versus test time, ¢, from one single shot.



The static pressure, p., is measured by the pressure transduc-
ers instrumented on the flat-plate. The edge Mach number,
M., is obtained from the isentropic flow equations using the

ratio of static-to-total pressure, p—e. Subsequently, the edge

0
temperature, T, and edge density, p., are calculated using the
isentropic flow equation and the ideal gas law, respectively.
The edge velocity is calculated by the equation

ue = Mc\/vRT.,, ey

where v and R are the isentropic exponent and specific gas
constant of air. The unit Reynolds number is obtained from

the equation
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where p(T) is the dynamic viscosity of the flow. Since T, <
89 K, Keyes’ viscosity model [8], given as
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is employed. The obtained transient unit Reynolds number is
plotted in Fig. 4.

The blowing ratio, i.e. the ratio of the injected coolant
mass flux to the boundary-layer edge mass flux, is defined as
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where the subscript ‘c’ denotes coolant quantities at the sur-
face. Due to continuity, the mass flux in the plenum and the
mass flux injected into the boundary-layer are equal, hence

Pclc = PinjUing, (5)

where the subscript ‘inj’ stands for quantities inside the
plenum. The density of the coolant can be obtained from the
ideal gas law,

Ping R(‘ﬂ ng ) (6)
where R, is the specific gas constant of the coolant gas.
Substituting Eq.(2), Eq.(4), Eq.(5), Eq.(6), and poyt = pe
in the integrated version of the Darcy-Forchheimer equation
(see Ref. [1]) yields a form of the Darcy-Forchheimer equa-
tion that is directly dependent on the blowing ratio and unit
Reynolds number given as follows:

Pin ~Pe _ Rewp(To)pe(Ting) p - (Rewp(T))?
2LR Tinj Kp Kp '

(N

The values of permeability coefficients, Kp and K, were

determined in a dedicated ISO 4022 standard test rig at the

Oxford Thermofluids Institute [1]. The obtained values for

the sample used in this paper, i.e. UHTC-6, are given in Table

1 with their corresponding uncertainties.

sample ID  Kp [107* m?] Kp[107"m] L [mm]

UHTC-6 3.731 £ 0.073 1.538 £0.333 5

Table 1. Permeability coefficients and their corresponding
uncertainties for UHTC-6 [1].

With a known unit Reynolds number, Re,, and a plenum
pressure, p;yj, the positive solution to Eq.(7) with respect to
‘F” directly yields the blowing ratio. Note that the gas tem-
perature, T;,;, measured by the thermocouple in the plenum
is close to room temperature, and therefore the coolant gas
viscosity, p.(Tin;), is calculated using Sutherland’s model
[9] with appropriate constants for the coolant gas in use.
When HDT is fired, a constant gas pressure is set in the
plenum by the gas injection system in the HDT. This plenum
pressure, p;n;, is measured during each test by the pressure
transducer fitted in the plenum. In Fig. 4, the transient blow-
ing ratios obtain from Eq.(7) are illustrated for two different
plenum pressures. Since the unit Reynolds number drops
over time during the whole test period, the blowing ratio in-
creases over time. Similar to the unit Reynolds number, the
blowing ratio remains almost constant over a time period of
approximately 30 ms for each steady condition.

The outflow distribution of the employed porous injector
is characterised by hot-wire anemometry with air injection.
Details of the process can be found in Ref. [1]. The obtained
velocity map is illustrated in Fig. 5. This particular injector
features significant non-uniformities. Local high velocity re-
gions can be observed, especially on the edges. A region of
significantly lower permeability is noticeable in the middle of
the injector.
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Fig. 5. Velocity map of the porous UHTC injector. Injected
gas: air.

2.3. Pressure-Sensitive-Paint (PSP)

A Luminus PT-120-TE UV high power LED is positioned
above the model. The LED is turned on for approximately
2 minutes before each shot to allow for repeatable illumina-
tion between shots. The emitted radiation passes by a UV
bandpass filter with a central wavelength of 390 nm and a



full width at half maximum of 125 nm. A diffusor is placed
underneath the LED to improve the even spread of the UV ra-
diation on the PSP surface of the model. The luminophore in
the TurboFIB PSP is excited by the UV radiation and achieves
a higher state of energy that results in an emission in the red
wavelength spectrum as it returns to its ground state. The dif-
ference between the absorbed and emitted radiation’s wave-
length is referred to as the Stokes shift [10]. A larger Stokes
shift, as the case here, is desirable for PSPs since it is easier
to distinguish the two. The emitted radiation from the PSP re-
flects off a flat mirror and is captured by a high-speed camera
(Photron FASTCAM Mini AX200 type 900K) that is fitted
with a red filter and placed outside the test section. The im-
ages are captured at a frame rate of 8100 fps, shutter speed of
55.56 us, a bit depth of 12, and a resolution of 1024 x 512.
The acquisition of images is started before the flow arrival and
continued for the whole duration of the test. The images are
warped and passed through an image stabilisation algorithm
prior to post-processing.

The excitation of PSP luminophores is quenched by oxy-
gen [11], and therefore an increase in Oxygen partial pressure,
Po, results in a lower intensity, I, of the emitted radiation, and
vice-versa. This characteristic can be expressed in the power
law form of the Stern-Volmer equation as

Iref Cl( PO,

) +co, 0 <n <0.5. 8)
I PO, ref

Here, I,y and po,, rey respectively refer to intensity and
pressure reference values taken before the flow arrival. The
coefficients, c1, ca, and n are determined by a regression anal-
ysis from calibrated data. For this test campaign, the refer-
ence values, I,y and po,, ref, Were taken prior to the flow
arrival when the test section is approximately in a vacuum
(7.7 Pa to 8.4 Pa). All pressure values are time-averaged
from the pressures measured by the pressure transducers in-
strumented in the model and multiplied by 0.21 in order to
obtain the partial pressure of Oxygen. The calibration is per-
formed by collecting data from a shot without injecting any
coolant gas. The spatially averaged R-squared value for this
calibration is R? = 0.994. Since the same calibration is ap-
plied to all the other shots with gas injection, a trace of the
film can be identified as the quenching is influenced by the
film. Injected Helium gas hinders the quenching by displac-
ing air in the boundary-layer. Comparing a case with air injec-
tion and one with a foreign gas injection at the same blowing
ratio, in this case Helium, gives a measure of how much air
is displaced by the foreign gas, i.e. to what extent the foreign
gas is forming a film. This measure is given by the film effec-
tiveness expressed as [12]

Cu-C.
Ne = C.—C.
1
- G

( PO3, air o 1) Wforeign gas +1
PO, foreign gas Wair

where C is the concentration and subscript ‘w’ stands for con-
centration at the wall; po,, air and Po,, foreign gas are Oxygen
partial pressures with air and foreign gas injections, respec-
tively, at the same blowing ratio. Wi, and Wigreign gas denote
the respective molar masses. A film effectiveness of n, = 1
corresponds to a full displacement of the air by the foreign
gas, whereas 7. = 0 indicates that no displacement of air is
achieved and the film is fully diminished. Since 7. is calcu-
lated for every pixel, it yields a spatial map of the whole film
downstream of the porous injector. Essentially, this film effec-
tiveness based on coolant concentration quantifies the physi-
cal presence of the film in terms of its concentration.

In Fig. 6, the Oxygen partial pressure map at Re, =
8.6 x 10 m~! with air injection at ' = 0.143% is presented.
This map is obtained by applying the aforementioned calibra-
tion. Here, the average Oxygen partial pressure measured by
the transducers is po, = 0.24 kPa. This map shows that there
is no noticeable effect of the film itself on the pressure field
downstream of the injector. The deviation in pressure at the
corners is a result of higher noise stemming from the rela-
tively higher movement of the mirror and an uneven spread

of the UV radiation.
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Fig. 6. Spatial map of Oxygen partial pressure at Re, =
8.6 x 10° m~!, F = 0.143%. Injected gas: air.

3. RESULTS

Contour plots of the film effectiveness based on coolant con-
centration obtained from PSP are presented in Fig. 7. Results
for six different blowing ratios, ascending from (a) to (f), are
shown for a total of three different unit Reynolds numbers.

In Fig. 7, it can be observed that the film effectiveness, 7,
increases overall as the blowing ratio, F, is increased. For
all blowing ratios, the film effectiveness is higher right after
the porous injector and reduces in the stream-wise direction
as the film mixes with the cross-flow and diminishes down-
stream. For the highest blowing ratio, F' = 0.143%, the max-
imum effectiveness is approximately 0.4, i.e. 40% of the in-
jected Helium is present at the wall. In all cases, the film
does not exhibit the ‘V’ shape as shown in Ref. [5]. In ad-
dition, it can be observed in Fig. 7 that the film is stronger
on the edges in all cases, displaying a fully three-dimensional
behaviour. It can be further noticed that the bottom edge (at
approximately z = 50 mm) of the film has a higher effec-
tiveness compared to the upper edge. This three-dimensional
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Fig. 7. Contours of downstream film effectiveness, 7)., ob-
tained from PSP data.

behaviour is consistent with the outflow characteristic illus-
trated in Fig. 5, where the permeability of the injector is low
in the middle. This infers that the uniformity of the injector’s
outflow has a significant effect on the film downstream.

Span-wise averaged values of effectiveness, 7., over the
whole film area are plotted in Fig. 8. For each unit Reynolds
number, i.e. (a) to (c), there is a significant rise in effective-
ness when the blowing ratio is doubled. This trend becomes
more prominent as the unit Reynolds number decreases from
(a) to (c). Hence, increasing the blowing ratio in lower
Reynolds numbers is more effective, suggesting that the in-
ertial force of the cross-flow is a major factor in the mixing
process. It can be further noticed that regardless of the blow-
ing ratio, 7. collapses after approximately x = 300 mm and
diminishes completely. This shows that although a higher
blowing ratio can result in a higher effectiveness close to the
injector, it does not necessarily retain it further downstream.
The high momentum from a higher blowing ratio eventually
promotes the mixing. There is no effect of additional coolant
mass injection further downstream of the injector. Further-
more, it can be observed that the rate of mixing or decay
of the film is significantly higher when the blowing ratio is
doubled. Doubling the blowing ratio leads to a rise in effec-
tiveness almost by a factor of two close to the injector, but
this rise decreases in the stream-wise direction and becomes
non-existent further downstream. For each Reynolds number,
the lower blowing ratio results in a plateaued film between
approximately x = 220 mm to z = 280 mm, whereas the
steeply falling slope is apparent when the blowing ratio is
doubled. This suggests that a constant coverage of the film
downstream is achievable with lower blowing ratios, i.e.
lower coolant mass flux.

Since the film exhibits a three-dimensional behaviour, the
lateral spread of it is also of interest. In Fig. 9, stream-wise
averaged values of effectivenesses, 7., over x = 217 mm to
x = 240 mm are illustrated. For all cases, (a) to (c), the asym-
metrical shape of the film is clearly visible. The aforemen-
tioned bias towards the left, at approximately z = 50 mm, is
also noticeable. Moreover, the effect of doubling the blowing
ratio is clearly noticeable, which becomes more prominent
with dropping Reynolds numbers and rising blowing ratios,
(a) to (c), as observed in the results shown for the span-wise
averaged values in Fig. 8 (up to 22.1%).

In order to visualise the three-dimensional behaviour of
the film as it convects downstream, stream-wise averaged film
effectivenesses over x = 205 mm to x = 215 mm (black),
x = 253 mm to z = 266 mm (green), and x = 278 mm to
z = 290 mm (red) are plotted in Fig. 10. For each Reynolds
number and blowing ratio, (a) to (c), it is noticeable that
the three-dimensional behaviour reduces as the film convects
downstream. The non-uniformity seen close to the injector
(black curve) is significantly flattened further downstream
(green and red curves). Depending on the non-uniformity of
the film, the effectiveness is divided in three different regions:
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Fig. 8. Span-wise averaged film effectiveness, 7)., versus dis-
tance in the stream-wise direction, x, at (a) Re, = 12.3 X
106 m~!, (b) Re, = 10.3 x 10° m~!, and (c) Re, =
8.6 x 10° m~1.
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Fig. 9. Stream-wise averaged (x = 217 mm to x = 240
mm) film effectiveness, 7., versus distance in the span-wise
direction, z, at (a) Re,, = 12.3 x 105 m~", (b) Re,, = 10.3 x
108 m~!, and (c) Re, = 8.6 x 106 m~!.
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Fig. 10. Stream-wise averaged (over three different stream-
wise locations) film effectiveness, 7., versus distance in the
span-wise direction, z, at (a) Re, = 12.3 x 10 m~!, F =
0.092%, (b) Re, = 10.3 x 10 m™!, F = 0.115%, and (c)
Re, =8.6x10°m~!, F=0.143%.

Region 1, Region 2, and Region 3 as annotated in Fig. 10.
Here, Region 1 has the highest effectiveness and Region 2 the
lowest. This is consistent with outflow velocity distribution
of the injector (see Fig. 5). For reference, the approximate

average mass fluxes at Region 1, Region 2, and Region 3 on
the injector are respectively 39%, 27%, and 34% of the total
injected mass flux. These values are obtained from a bench-
top test with air injection at 2 bar. For each Reynolds number,
(a) to (c), the rate of drop in effectiveness is the highest in Re-
gion 1 and the lowest in Region 2, suggesting that the higher
mass flux, and hence higher momentum flux, results in a
stronger mixing between the coolant and the cross-flow. This
effect is further demonstrated in Fig. 11, where the span-wise
averaged effectiveness is plotted for Region 1, Region 2, and
Region 3 at Re,, = 8.6 x 105 m™!, F = 0.143%. It can
be seen that the discrepancy in the effectiveness amongst the
three regions is significantly higher close to the injector. This
discrepancy reduces as the film convects downstream and
eventually becomes close to zero as the three-dimensionality
disappears. From z = 225 mm to z = 320 mm, the rates
of decay for Region 1, Region 2, and Region 3 are respec-

tively % = 0.0018 mm™*, % = 0.0011 mm~*, and
% = 0.0014 mm™!, confirming that the film in regions

with higher momentum flux have higher decay rates. This
reiterates that a lower blowing ratio, i.e. coolant mass flux,
could be enough to form a relatively constant film down-
stream.
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Fig. 11. Span-wise averaged film effectiveness, 7)., over Re-
gion 1, Region 2, and Region 3 versus distance in the stream-
wise direction, z, at Re, = 8.6 x 10° m™!, F = 0.143%.

4. CONCLUSION

A transpiration cooled flat-plate instrumented with a porous
Ultra-High-Temperature-Ceramic (UHTC) is tested in the
Oxford High Density Tunnel (HDT) at Mach 5. The flat-plate
model features a coat of TurboFIB Pressure-Sensitive-Paint
that is used to determine the downstream film effective-
ness based on coolant concentration. Helium is injected
as the coolant gas. Data are presented for three differ-
ent unit Reynolds numbers, i.e. Re, = 8.6 x 106 m™!,
Re, = 10.3x 108 m~1, and Re,, = 12.3 x 10 m~!, and six



blowing ratios ranging from F' = 0.046% to F' = 0.143%.
For all blowing ratios, the film is stronger as it exits the porous
injector and becomes weaker in the stream-wise direction as
it convects downstream and eventually diminishes due to its
mixing with the cross-flow. For the highest blowing ratio,
F = 0.143%, the maximum effectiveness is approximately
0.4. Doubling the blowing ratio is more effective at lower
unit Reynolds numbers close to the injector; however, the
film starts diminishing at an approximate stream-wise loca-
tion of 300 mm, regardless of the blowing ratio and Reynolds
number. The additional coolant mass injection has no effect
on the effectiveness further downstream of the injector. The
film mixes at a higher rate when the blowing ratio, i.e. coolant
mass flux is increased. The non-uniformity of the porous in-
jector’s outflow has a significant effect on the downstream
film effectiveness, which results in a three-dimensional film.
Local high mass flux values in the outflow result in higher
film effectiveness downstream of the corresponding loca-
tions. This three-dimensionality, however, reduces as the
film convects downstream. This is due to the fact that the
mixing or decay rate of the downstream film effectiveness of
high mass flux areas is higher. Therefore, the discrepancy
in effectiveness in the span-wise direction reduces as the
film convects downstream. For future work, it is foreseen to
conduct experiments in a wider range of Reynolds numbers
and blowing ratios. Moreover, testing different porous injec-
tors, including varying permeability, is seen as an important
way forward since the non-uniformity of the outflow of the
injector has a significant effect on the downstream film effec-
tiveness. It is further planned to spatially resolve the thermal
film effectiveness employing Infrared Thermography.
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