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Abstract

The design of a transpiration cooled system requires detailed local heat transfer information on and in the
vicinity of the porous injector; however, limited spatially resolved experimental studies exist, particularly
in hypersonic flows. In this work experiments were conducted on a flat plate model in the Oxford High
Density Tunnel at Mach 6.1 in both laminar and turbulent regimes. Spatially resolved 2D surface heat
transfer measurements were acquired by imaging directly on and downstream of two micro-porous tran-
spiration cooled injectors (METAPOR CE170 and Zirconia) using high-speed infra-thermography. Whilst
injection in the laminar regime results in a steady, monotonic reduction in heat transfer from the start
of the injector, a flatter profile is present for the turbulent cases where turbulent mixing inhibits surface
heat transfer reduction. It was found that a modification to existing relations from film theory suc-
cessfully correlates the stream-wise heat transfer distribution on the injector for different blowing rates
of Nitrogen and Helium injection. A key result is that Helium performs much better than reported in
previous experiments for a turbulent boundary layer.
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Nomenclature
Bh Blowing parameter
cp Specific heat capacity, J kg−1 K−1

C∗ Chapman-Rubesin factor at the Eckert reference temperature; (Te/T
∗)(µ∗/µe)

F Blowing ratio, (ρcuc)/(ρeue)
k Thermal conductivity, Wm−1 K−1

KD Darcy coefficient, m2

KF Forchheimer coefficient, m
L Thickness, m
M Mach number
M Molecular weight, g mol−1

q̇ Heat flux, Wm−2

Re Reynolds number
s Stream-wise length of injector, m
SEM Scanning electron microscope
St Stanton number
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T Temperature, K
TPS Thermal protection system
u Velocity, m s−1

UHTC Ultra High Temperature Ceramic
x Distance from the leading edge, m
x′ Stream-wise distance from the start of the injector, m
xs Start of the porous injector, m
y Lateral distance from the model centreline, m
θ Ratio of coefficients with and without mass transfer, defined by Eq (1)
ϕ A dimensionless mass tranfer rate, defined by Eq (1)
ε Emissivity
ϕ Porosity
ρ Density, kgm−3

µ Viscosity, Pa · s
χ̄ Viscous interaction parameter; M3

√
Re

√
ρwµw

ρeµe

Subscript
0 Uncooled reference
e Gas at boundary layer edge
f Coolant fluid

1. Introduction
During ascent, cruise and reentry, aerospace vehicles travelling at hypersonic speeds are subject to
extremely high heat fluxes due to aerodynamic heating [1]. A large fraction of the mass budget is
devoted to the thermal protection system (TPS) to protect the vehicle from failure. Although heat
sinks (passive) and ablation (semi-passive) are successful for vehicles operated at present, conventional
thermal protection systems often have a low degree of reusability, especially on nose tips and leading
edges where the vehicle experiences high peak heating. For certain vehicles, such as atmospheric
cruise and glide vehicles, maintaining aerodynamic performance and reusability is highly important. In
particular, many of these vehicles utilise radar or optical sensors and require a viewing port or window of
some optically or radar transparent material. Ablation products from ablative insulators tend to obscure
the sensor’s view which means that such TPS systems cannot be used ahead of or in the vicinity of such
windows [2].

For these scenarios, a potential active TPS system is transpiration cooling. This involves passing a fluid
through a porous material onto the external boundary layer. The cooling process is achieved through
four primary effects: heat from the wall is convected out by the fluid, the coolant creates a thin film
which thickens the boundary layer and insulates the wall from the hot external gas, the coolant film can
protect the wall from surface oxidation, and allowing for higher wall temperatures enables re-radiation
and reduces surface catalytic heating. However, a transpiration cooled system requires a considerable
quantity of gas under high pressure, a manifold, and a cooling control system. There are large cost,
weight, reliability, and volume penalties associated with these systems which must be carefully balanced
against potential benefits.

There is a vast amount of work in the literature regarding this topic spanning more than 70 years.
Transpiration cooling has been successfully applied to nose cones and frustra of hypersonic vehicles [3, 4]
as well as for the walls of scramjet combustors [5]. However, relatively little work has considered the
two-dimensional spatial effects of a transpiration cooled injector beginning downstream of the leading
edge. Such a scenario would occur if transpiration cooling is applied to the internal wall of a scramjet
combustor or placed in the vicinity of an optical window. Furthermore, there is a substantial geometric
difference between injectors with holes of the order 100µm [6] and modern micro-porous materials with
pore diameters of < 10µm [7]. A uniform film coverage over and downstream of the injector is essential
to ensure the target region is kept below critical temperature limits.
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To enable designers to assess the viability of a transpiration cooled system for such situations, there is a
need to build up a detailed two-dimensional experimental data-set in hypersonic conditions. Previously,
two-dimensional data has been achieved by placing a large number of discrete heat transfer gauges in
between the holes on a transpiration cooled wall [6, 8]. However, for modern micro-porous materials,
discrete gauges are likely to disturb the coolant outflow distribution and a non-intrusive measurement
technique is highly desirable. In more recent years, low speed infra-red thermography has been em-
ployed in long duration, supersonic facilities [5, 9] but, additionally, testing in short duration hypersonic
tunnels is desirable.

In this work, the spatial two-dimensional surface heat transfer of a transpiring porous injector was
measured experimentally on a flat plate at Mach 6.1 in laminar and turbulent conditions. Two porous
injectors made of METAPOR CE170 and Zirconia were tested. The surface heat transfer on and down-
stream of the porous injector was measured using high-speed infra-red thermography employing the
same technique described in Naved et al. [10]. For the first time, a modification to existing relations
from film theory is proposed that accounts for the growth of the boundary layer at the start of the in-
jector. The surface heat transfer on the injector is successfully correlated across different blowing rates
for Nitrogen and Helium injection.

2. Theoretical Approach
Over the course of transpiration cooling research in the past 70 years, various models have been pro-
posed to predict the surface heat transfer reduction on transpiring porous media in both subsonic and
hypersonic flows at laminar and turbulent conditions. Perhaps the simplest of those models is film theory
developed by Mickley [11] in which the ratio of transport coefficients (whether that is heat, mass, or
momentum) is predicted by making an idealisation that the transition between the main-stream and the
wall occur entirely within a thin laminar film of thickness, ∆, lying immediately adjacent to the wall. The
thickness of this film is not predicted by film theory but rather is defined as the thickness which would
offer the experimentally observed resistance to the transfer processes. Thus, the variation in transfer
coefficients may be written in the form

θ =
ϕ

eϕ − 1
(1)

where θ is the ratio of the coefficient with and without mass transfer and ϕ is a dimensionless mass
transfer rate. For heat transfer, the function in Eq. (1) is written in the form

St

St0
=

Bh

eBh − 1
(2)

where Bh is a blowing parameter defined as

Bh =
F

St0
. (3)

St0 is the Stanton number in the absence of injection (i.e. when F = 0) and F is the blowing ratio which
is the ratio of the coolant mass flux to the free stream mass flux at the boundary layer edge

F =
ρfuf

ρeue
(4)

where ρ and u are density and velocity respectively. The subscripts (f) and (e) refer to the injected gas
and the boundary layer edge conditions respectively. Film theory makes no assumption about the state
of the boundary layer and the results of film theory have been applied in the past for both laminar and
turbulent regimes [11, 12] with a reasonable agreement to experimental data. Moyer and Rindal [13]
noted that a slight modification of the above equation as follows
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St = St0 ·
[

0.8Bh

e0.8Bh − 1

]
(5)

yielded a better fit to experimental data for turbulent flows.

Whilst film theory gives reasonable predictions with injection of an identical gas to the freestream,
injection of a foreign gas requires a correction. The most common correction is either a correction for
the ratio of molecular weights between the injected and freestream gas, (Me/Mf ), or the ratio of specific
heat capacities, (cp,f/cp,e). The logic behind a correction factor is that a lower molecular mass would
result in a larger blockage effect, as there is a greater volume of lighter gas in the boundary layer for
the same mass flow rate whilst the higher the specific heat capacity, the greater the quantity of heat
absorbed for the same mass-flow rate. Without knowledge of the surface concentration of coolant, nor
the relative weights of these two variables to the overall change in heat transfer, the effect of foreign
gas injection may be accounted for purely as a molecular weight factor (Me/Mf ). This approach has
been successfully employed in previous studies though there is some variation in how the correction
factor is weighted to achieve a good fit with experimental data [14, 6].

The other drawback of film theory is that it is assumed that injection begins at the leading edge and
continues downstream for the full extent of the flat plate. However, in many cases, the injector is likely
to be of a finite length, beginning at a point downstream of the leading edge. An approach suggested
by Stalmach et al. [3] for laminar flows is that the blowing parameter defined above may be modified
by a factor ((x − xs)/x)

0.5 where x is the distance from the leading edge and xs is the location of the
start of the injector. This hearkens to a similar approach in laminar and turbulent downstream film
effectiveness theory [15, 16, 17]. In the same way, it is proposed that for turbulent flows, the factor
may be expressed as ((x− xs)/x)

0.8. Thus, the film theory relation above may be rewritten for a finite
length injector for laminar flows

St = St0 ·
[

λ

eλ − 1

]
, λ = C ·Bh ·

[
x− xs

x

]0.5
·
[
Me

Mf

]m
(6)

and for turbulent flows

St = St0 ·
[

ω

eω − 1

]
, ω = D ·Bh ·

[
x− xs

x

]0.8
·
[
Me

Mf

]n
. (7)

The factors C, D, m and n are constants which need to be determined either experimentally or numer-
ically for a given freestream flow condition. The application of this modified relation to experimental
data is explored further in Section 4.3.

3. Experimental Methodology
3.1. Experimental Model
Experimental testing was conducted on a flat plate model used in previous studies [18, 19, 20, 21]
at 0◦ angle of attack. Figure 1 shows a schematic of the experimental model. A porous injector of
39.5 x 39.5mm2 was placed 160mm downstream of the model leading edge (see Section 3.2 for more
details about the injector). A plenum is located underneath the injector and pipework placed to feed
the injection gas to the injector. The temperature and pressure in the plenum was measured by a
fast response K-type thermocouple (�0.762mm) and a Kulite pressure transducer (HEL-375-35BARA).
Downstream of the porous injector, the model features a 340mm long PEEK surface for downstream
infra-red measurements (material properties in Table 1). For a secondary verification of the surface
heat transfer, 13 quartz based platinum individual thin film gauges are mounted both upstream and
downstream of the porous injector as well as one OMEGA CO2-K surface mounted thermocouple. The
thermocouple is made from 0.13mm thermocouple alloy and has a response time in the range of 2-
5ms. Finally, 3D printed trips may be added to a pocket 25.7mm downstream of the leading edge to
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aid transition for the turbulent test cases. A diamond transition trip was used with a span-wise length
of 90mm and a height of 0.1mm. A flush insert was used for the laminar experiments.

Fig 1. Flat plate model instrumented with Kulite pressure transducers, thin film gauges and a porous
injector with a PEEK top plate for infrared measurements. Dimensions in mm.

In addition, the surface static pressure was measured using two surface mounted Kulite pressure trans-
ducers (XCS-093-5A). The Total temperature was measured in the test section using differentially heated
aspirated thermocouples. The measured data was acquired using a National Instruments PXIe-8135
controller with one PXIe-6368 card. A sample rate of 125 kHz was used to record all signals of the mea-
surement which includes model and wind tunnel instrumentation. A separate heat transfer amplifier
unit, HTA5, is also used for thin film gauge data acquisition. This forms a stand alone unit, run at a
matching sample rate to the main DAQ system.

Primarily, surface heat transfer measurements were acquired using infra-red thermography and a schematic
of the optical setup is shown in Fig. 2. The experimental test piece is orientated in vertical configuration
such that the field of view (FoV) of the IR camera is nearly normal to the model surface. Two infra-red
cameras are used for these experiments, the FLIR A6751 SLS long-wave infra-red (LWIR) camera with
a wavelength band of 7.5-11µm fitted with a 17mm lens and a Telops M3K FAST mid-wave (MWIR)
camera with a wavelength range of 1.5-5.2µm fitted with a 100mm lens. The LWIR camera was used
to give a broad image of the flat plate including up to 100mm downstream of the porous injector whilst
the MWIR camera was used to support the LWIR camera with detailed close up images of the porous
sample. Due to the spectral emissivity dependence of porous Zirconia (the emissivity of Zirconia is very
low in the mid-wave region), it was only possible to obtain LWIR images for the tests with the Zirconia
injector. The experimental model was viewed through a 50mm coated germanium and 100mm sap-
phire window respectively for the long-wave and mid-wave cameras. The LWIR camera was operated
at a windowed spatial resolution of 256 x 320 at a frame rate of 400Hz and the MWIR operated at 320
x 254 with a frame rate of 2 kHz. This corresponds to approximately 7 pixels/mm with the MWIR and 2
pixels/mm with the LWIR camera.
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Fig 2. Top view of the experimental model in the test section.

3.2. Porous Injector

Various porous materials have been used for transpiration cooling experiments including Ultra-High-
Temperature-Ceramic (UHTCs) such as ZrB2 [7] and carbon-carbon (C/C) composites [22]. ZrBr2 in
particular is a candidate flight material with a melting point of 3505K and the extremely fine port
structure (on the order of 1µm) which allows for a very even injection with no localized jets from fissures
in the material. However, the high thermal product of this material leads to very low signal to noise ratio
for infra-red measurements in transient hypersonic wind tunnels. Thus, an alternative material for the
purpose of wind tunnel experiments with a similar internal structure (pore diameters of the order of 2
µm) but higher conductivity is porous Zirconia (ZrO2) manufactured by Imperial College London. Yttria-
Stabilized Zirconia, 3-5µm was sintered in air at 1200◦C for 45 minutes yielding a 40% porous substrate.
The resulting sample combines a very low thermal product with the pore size and therefore outflow
homogeneity of candidate materials for transpiration cooling. An alternative, commercially available
micro-porous material is METAPOR CE170 which is made of aluminium hydroxide bonded to a resin
system (pore diameter 20µm). This material has an order of magnitude larger pore sizes than Zirconia
(Fig. 3) and is an interesting material for comparison as the cooling effectiveness of porous injectors
may be a function of surface geometry, roughness and coolant outflow. The properties of both materials
are summarised in Table 1.

The permeability of the samples were measured using an ISO 4022 standard test rig pre and post-
experiment according to the procedure detailed in Ifti et al. [7]. The outflow distribution of the employed
porous injectors was characterised by hot-wire anemometry with air injection. Due to the large differ-
ences in absolute outflow velocities between the two injectors, the obtained normalised velocity maps
are shown in Fig. 4. The normalisation is conducted by dividing the velocity at each point against the
mean value over the entire porous surface. The resultant span and stream-wise averages are shown in
Fig. 5. Porous Zirconia exhibited a predominantly uniform outflow with some local densification towards
the bottom right of the injector whilst highly localised jets and regions with almost no outflow were
present on the METAPOR CE170 surface. Further comments regarding the permeability distributions of
both injectors and the implication to experimental results are explored in Section 4.
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Table 1. Properties of porous Zirconia (ZrO2), METAPOR CE170 and PEEK. The thermal properties
(ρ,cp,k) were measured by Netzsch Instruments and the emissivity, ε, was measured using an in-house
benchtop setup.

Parameter ZrO2 METAPOR CE170 PEEK
Thickness, L / mm 7 7 10
Porosity, ϕ 0.40 0.20 -
Density, ρs / kg m−3 3140 1710 1310
Thermal Conductivity, ks / W m−K−1 0.556 1.662 0.25
Specific Heat Capacity, cp,s / J kg−1 K−1 462 1177 1201
Thermal Effusivity, (

√
ρcpk) / Jm−2K−1s−0.5 1039 1565 627

Darcy Coefficient, KD / m2 1.60 · 10−14 2.51 · 10−13 -
Forchheimer Coefficient, KF / m 1.98 · 10−10 1.08 · 10−8 -
Emissivity, ε 0.93 0.95 0.93

(a) METAPOR CE170 (b) Zirconia

Fig 3. Microscopic images of the porous injectors at different magnification factors
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(a) METAPOR CE170
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(b) Zirconia

Fig 4. Outflow velocity maps normalised with the average flow velocity across the injector at 3 bar
differential pressure. This was measured with a hot wire with no cross flow. The x and y coordinates
correspond to the distance from the leading edge and the distance from the model centre-line respec-
tively.
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(b) Spanwise variation

Fig 5. Span and stream-wise average outflow velocities for Zirconia and Metapor CE170 from the hot
wire measurements.

3.3. Heat transfer measurements
The surface heat flux was primarily measured by employing infra-red thermography with additional
individual thin film gauges to support and verify the infra-red measurements. Infra-red thermography
spatially resolves the 2D flow structures at the wall and crucially, the non-intrusive [23, 24] nature of
this technique permits measurements directly on the porous injector without impeding or otherwise
disturbing the coolant outflow. A series of calibration steps, further detailed in Ref. [10], were followed
to obtain quantitative transient temperature maps of the flat plate surface including the transpiration
cooled injector from the raw infra-red signal.
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1. Multipoint calibration: Firstly, a multipoint calibration was carried out in-situ using a black body
calibrator (CI-Systems SR-33-7 infra-red calibrator) to relate the camera raw signal to the true
black body temperature inside the wind tunnel test section. This step calibrates the camera and
optical system by and spatial non-uniformities or offsets due to the detector or the wider optical
system.

2. Emissivity measurement: Secondly, to relate the black body temperature to the true material tem-
perature, a material emissivity measurement was performed pre-experiment by using a bench-top
setup. The measured emissivity values for both porous injectors and the PEEK surface upstream
and downstream of the injector are recorded in Table 1. For these experiments, the directional
dependence of emissivity was not required as the maximum angle between camera and the normal
to the flat plate surface was 20◦ wherein the emissivity is roughly constant [25].

3. Image Processing: Finally, the images were spatially transformed to a rectangle that represents
the physical geometry and passed through an image stabilisation algorithm prior to final post-
processing.

After the corrected temperature profile, ∆T , was obtained the heat flux, q̇w, was determined by applying
the impulse response method of Oldfield [26]. A fully coupled transpiration-cooled impulse response
method such as in Hermann et al. [27] is not required as the convective heat transfer process between
the coolant fluid and porous solid was accounted for by a separate calibration procedure as detailed in
Ref. [10]. The thermal product for the porous injector and the downstream PEEK surface is detailed in
Table 1. The impulse response is calculated with the assumption that the material thermal response is
one-dimensional and semi-infinite. According to Schultz and Jones [28], this assumption is valid as long
as the thermal penetration depth is shorter than the thickness of the material. Over a time period of
0.5 s, the penetration depth for METAPOR CE170, Zirconia and PEEK is 2.6, 1.7 and 1.3mm respectively.
These values are all below the recorded the values of material thickness given in Table 1.

Finally, the Stanton number was found by applying the boundary layer edge flow properties as fol-
lows

St =
q̇c

ρeuecp(Tr − Tw)
(8)

where q̇ is the convective heat flux, ρe is the freestream density, ue is the freestream velocity, cp is
the specific heat capacity at constant pressure, Tr is the recovery temperature and Tw is the wall
temperature. The recovery temperature is found as per

Tr = Te

[
1 + r

(
γ − 1

2

)
M2

e

]
(9)

where γ is the ratio of specific heats, and r is the recovery factor where r =
√
Pr for laminar flows and

r = 0.89 for turbulent flows. Figure 6 shows infra-red images from both the LWIR and MWIR cameras
for Helium injection onto laminar flow. The LWIR captures a wide field of view of the flat plate whilst
the MWIR images the porous injector only with a greater resolution on the surface. Due to the spectral
emissivity dependence of Zirconia detailed above, MWIR images are only presented for the METAPOR
CE170 injector.

3.4. Flow Conditions
The experiments were conducted in the Oxford High Density Tunnel (HDT) at the Oxford Thermofluids
Institute operated in Ludweig tube mode. A detailed description of the facility may be found in [29, 30].
The Mach 6 nozzle was selected and two different freestream conditions were chosen to achieve laminar
and turbulent boundary layer states on the model surface. The freestream properties are calculated from
measured stagnation pressures upstream of the nozzle throat, pitot pressures, and temperatures using
isentropic relations. This is justified as the value of the viscous interaction parameter, χ̄, at x = 140mm
(the furthest upstream measurement point), is below 0.18, i.e. viscous effects are negligible [31].

HiSST-2022-xxxx
Surface Heat Transfer on Transpiration Cooled Porous Materials in Hypersonic Flow

Page | 9
Copyright © 2022 by the author(s)



HiSST: International Conference on High-Speed Vehicle Science & Technology

160 180 200 220 240 260 280 300 320

-30

-20

-10

0

10

20

30

160 170 180 190 200

-15

-10

-5

0

5

10

15 0

0.2

0.4

0.6

0.8

1

10
-3

Fig 6. Illustration of the processed infra-red images captured by the two cameras. The presented con-
tours represent Helium injection on the METAPOR CE170 injector at F = 0.028% at laminar conditions.
The LWIR camera has a pixel density of 2 pixels/mm and the MWIR image which focuses on the porous
injector has a pixel density of 7 pixels/mm.

The viscosity was determined using Keyes model [32] and Table 2 presents an overview of the flow
conditions. The total test time for each individual experimental point was approximately 30ms.

Table 2. Freestream flow conditions

Parameter Laminar Turbulent
Pressure, p∞ / Pa 786 1737
Temperature, T∞ / K 49.6 42.6
Velocity, u∞ / m s−1 861 798
Density, ρ∞ / kg m−3 0.0548 0.142
Mach number, M∞ 6.1 6.1
Unit Reynolds number, Reu / m−1 13.3·106 37.2·106

Estimated boundary layer height, δ99/ mm at x = 160mm 2.36 4.44

The blowing ratio, F (Eq. (4)), is determined from the measured plenum and freestream pressures and
temperatures according to the Darcy-Forchheimer equation [33]

p2f − p2e
2LRfTf

=
µfρfuf

KD
+

(ρfuf )
2

KF
(10)

where the values of the permeability coefficients, KD and KF are given in Table 1. For the blowing
parameter (Eq. (3)), St0 is the experimentally measured Stanton number when F = 0. Table 3 presents
an overview of all the cases considered in this study.

4. Results
For both the laminar and turbulent cases described in Table 2, it was first necessary to ascertain that
the correct boundary layer state was achieved without blowing. This was confirmed by measuring the
surface heat flux and comparing to the values to Eckert’s heat flux correlations for laminar and turbulent
boundary layers on a flat plate [34]. Figure 7 shows the span-wise averaged line plots between y =
-15mm and y = 15mm for the two conditions. Both the laminar and turbulent cases match well with the
Eckert curves and the individual thin film gauges on and upstream of the porous injector. For the laminar
case, it is clear that the boundary layer then transitions at approximately x = 205mm to the turbulent
level after 320mm. This is satisfactory as the primary purpose of these experiments are to present heat
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Table 3. Overview of blowing cases at both laminar and turbulent conditions (Table 2). Note: The
value of blowing parameter requires St0 and has thus been calculated based on the surface heat transfer
without injection for the laminar and turbulent cases respectively.

Parameter Laminar Turbulent
Injector Metapor 170CE Zirconia Metapor 170CE Zirconia
Coolant gas N2 He N2 He N2 He N2
Mass flux, ρfuf / kg m−3 0.012-0.081 0.0071-0.013 0.0078-0.032 0.0050 0.049-0.30 0.017-0.027 0.021-0.046
Blowing ratio, F / % 0.026-0.17 0.015-0.028 0.016-0.067 0.011 0.043-0.26 0.015-0.024 0.019-0.040
Blowing Parameter, Bh 0.99-6.45 0.57-1.06 0.63-2.60 0.406 0.65-3.78 0.18-0.36 0.26-0.56

transfer measurements purely on the porous injector region. Estimated boundary layer thicknesses at
the start of the porous injector (x = 160mm) are recorded in Table 2. The values are estimated by
assuming a Blasius boundary layer profile for both the laminar and turbulent cases [35]. Compressibility
is accounted for by calculating the Reynolds number based on the reference temperature [34]. It must
be noted that the estimate for the turbulent boundary layer assumes that the flow is fully turbulent from
the start of the flat plate. This is not true for these experiments (turbulence is incited by a boundary
layer trip) and therefore the quoted boundary layer thickness for the turbulent case is likely to be an
overestimate.
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Fig 7. Comparison of measured Stanton numbers with the Eckert laminar and turbulent correlations
[34]. The span-wise average is taken between y = -15mm and y = 15mm.

It is well established by previous studies [18, 37] that the introduction of the coolant layer thickens the
incoming boundary layer. The height of the coolant sub-layer be modelled by considering the continuity
equation across a simple control volume as presented in Fig. 8. As detailed by Ifti et al. [36], by
assuming that the coolant is at the same temperature as the vehicle wall, Tw, and that the coolant
reaches the edge velocity, ue, after becoming tangential to the wall; the resultant height of the coolant
layer at the end of the injector is

∆c = h+ δent (11)

where
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Fig 8. Control volume around the injected gas and the mass entrainement into the coolant gas over
the injector. Adapted from Ref. [36]

h =
MeTw

MfTe
Fs (12)

and δent, which is the growth of the coolant layer due to the entrained boundary layer gas. s in Eq.11
is the stream-wise length of the porous injector. δent is approximated as a Blasius laminar or turbulent
boundary layer thickness solutions (depending on whether this analysis is undertaken for a laminar or
turbulent boundary layer) beginning at the injector’s starting point. Figure 9 shows the variation in ∆c

for the experimentally tested conditions with blowing ratio. Due to the approximately 7 times smaller
molecular weight of Helium compared to Nitrogen, there is a corresponding change in the coolant layer
height due to injection for a given blowing ratio. In the following sections, the effect of blowing to the
surface heat transfer at both laminar and turbulent conditions are examined in detail.
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Fig 9. Estimated change in the coolant layer height, ∆c, with blowing ratio for the experimentally tested
laminar and turbulent conditions. The filled points refer to conditions tested using the METAPOR CE170
injector and the unfilled points for the Zirconia injector.

4.1. Laminar flow on injector
Several different blowing ratios were tested for the METAPOR CE170 and Zirconia injectors with both
Nitrogen and Helium coolant gases. An overview of these cases are presented in Table 3. Relatively
low blowing ratios were selected to ensure that the flow remains laminar along the injector; previous
studies by Tanno et al. [38] have shown that at high blowing ratios, injection may lead to early transition.
Contour plots of the surface Stanton reduction (St/St0) on the porous injector are presented in Fig. 10 for
a subset of blowing cases where both the METPAOR CE170 and Zirconia injectors have similar blowing
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ratios. The introduction of the low-momentum coolant into the sublayer of the boundary layer can
significantly reduce the temperature and velocity gradients close to and at the wall. This is demonstrated
in Fig. 10 where both the Nitrogen and Helium injection cases exhibit a gradual decrease in Stanton
number reduction downstream from the start of the injector. Both injectors show similar trends with
a generally uniform, 2D heat transfer distribution even for the highly non-uniform METAPOR CE170
injector.

The span-wise averaged values of the Stanton number reduction are plotted versus the stream-wise
direction, x, in Fig. 11. As the blowing ratio, F , increases the Stanton number reduces, reaching
essentially zero for the highest Nitrogen injection case. The rise in the experimental points at around
x = 170mm for Nitrogen injection with the METAPOR CE170 injector may be due to either the non-
uniformity of the porous injector or perhaps a sign of earlier transition than expected. Whilst Nitrogen
injection gives a very uniform coverage over the porous sample, the Helium cases show an initial heat
flux augmentation at x ≈ 160-162mm and thereafter a very steep drop towards the end of the injector.
The initial increase in surface heat flux is likely due to the fact that at the very start of the injector, the wall
temperature gradient does not change significantly due to the inclusion of Helium injection. However,
due to the high concentration of Helium at the wall, the effective mixture thermal conductivity at the
wall is higher than the free-stream air. Thus, it is possible for a higher resulting heat flux close to the
interface between the injector and the wall with blowing than the wall heat flux without injection.

Fig 10. Comparison between the METAPOR CE170 and Zirconia injector for the laminar condition. Note:
the Zirconia images have lower resolution due to the FLIR camera. M represents the METAPOR CE170
injector and Z the Zirconia.
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Fig 11. Span-wise averaged Stanton number reduction along the porous injector at the laminar con-
dition. The average is taken between y = -15mm and 15mm assuming a two-dimensional injector. M
represents the METAPOR CE170 injector and Z the Zirconia.

It is notable that at the end of the injector (x = 195mm), a Helium blowing ratio of 0.028% achieves a
comparable level of cooling to Nitrogen at 0.091% - over a factor of three times larger. This is consistent
with the findings from other experiments [39] where Helium was found to be significantly more effective
in terms of heat transfer reduction compared to Nitrogen due to both its higher specific heat capacity and
lower molecular weight. The lower molecular weight of Helium means that a higher plenum pressure
is needed for a given mass flux through the injector. Thus both Helium exits at a higher velocity due to
its lower density and, in addition, there is a larger volume of Helium at exit.

4.2. Turbulent flow on injector
Figure 12 shows contours of Stanton number reduction for different Nitrogen and Helium blowing ratios
for both the Zirconia and METAPOR CE170 injectors. For Nitrogen injection, similar to the laminar cases,
both injectors exhibit a very uniform heat transfer distribution on the surface. Compared to the laminar
cases, there is little visible change in Stanton number reduction along the sample. For high blowing
ratios (F = 0.27%), a region of heat transfer enhancement is present at the beginning of the injector (x
= 165-175mm) before a gradual reduction downstream. A highly non-uniform distribution is exhibited
by the Helium case with the individual ’cold’ spots akin to the hot wire map in Fig. 4.

Figure 13 depicts span-wise averaged values of the Stanton number reduction versus the stream-wise
direction, x. As the the blowing ratio, F , increases the Stanton number reduces. The profiles are fairly
flat with little variation with stream-wise direction after around x = 170mm. For Nitrogen injection,
as the blowing ratio increases, there is an increase in Stanton number over the uncooled case at the
beginning of the injector (see inset Fig. 13). This suggests that, for turbulent flow, the compression
shock formed by the thickening of the boundary layer increases in strength with higher blowing ratio
and gives rise to up to 40% promotion in Stanton number for the highest blowing case. Both the
METAPOR CE170 and Zirconia injectors behave similarly with the same flat Stanton reduction profiles
at comparable blowing ratios. There is a marked reduction for even very low blowing ratios of Helium
injection. For a blowing ratio of 0.25%, the surface Stanton number with Nitrogen is roughly 40% of
the uncooled case at the end of the porous injector whilst for Helium only a blowing ratio of 0.015% is
required for a comparative heat reduction. The substantial heat reduction due to Helium is well beyond
expected values based on known correlations for turbulent flows [40].
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Fig 12. Comparison between the METAPOR 170CE and Zirconia injector for the turbulent condition.
Note: the Zirconia images have lower resolution due to the FLIR camera. M represents the METAPOR
CE170 injector and Z the Zirconia.
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Fig 13. Span-wise averaged Stanton number reduction along the porous injector at the turbulent
condition. M represents the METAPOR CE170 injector and Z the Zirconia. The average is taken between
y = -15mm and y = 15mm assuming a two-dimensional injector.
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4.3. Correlations

In previous works [11, 12], the heat transfer reduction across different blowing ratios and coolants were
correlated against the blowing parameter, Bh, by employing one of either Eq. (2) or (5) for laminar or
turbulent flows respectively. Figure 14 shows the experimental blowing parameters at each stream-
wise axial location on the injector plotted against the span-wise average Stanton number reduction
for both the laminar and turbulent cases. Each data point represents the span-wise average over a
particular location x, i.e. on a pixel row. Whilst there is a clear trend of increased cooling with higher
blowing parameter and there is an intersection between the theoretical curves of Mickley and Moyer-
Rindal, especially for the laminar cases, the stream-wise heat transfer distribution on the injector is not
captured. This is because St0 does not change appreciably over the length of the injector and F is a
single value for the constant mass injection cases presented in this study.

Clearly, the influence of the injector needs to be accounted for to capture the axial variation in heat
transfer on the injector. For this purpose a correction to account for the boundary layer development
as shown in Eqs. (6) and (7) may be applied to the experimental data points. Figure 15 shows all the
experimental data points plotted for both laminar and turbulent conditions. Whilst good agreement is
observed for the laminar cases with Nitrogen injection and turbulent with low Nitrogen injection, the
other cases all exhibit a divergence from the correlation. This is because one of the inherent assumptions
of this model is that when x = xs, the value of St/St0 = 1 ; i.e. any cooling begins at the exact start of
the injector. However, this may not always be true for all cases, especially for high blowing cases where
the boundary layer may grow slightly upstream of the injector or if, like in the turbulent cases, there is
a region of heat flux enhancement near the start of the injector. The proposed correlation parameters
do not capture the complex interaction between the coolant outflow and the incoming boundary layer
at the very start of the injector but, rather, predict the evolution from an initial point. For this reason, to
correlate the experimental data points, the modified correlation parameter may be plotted not against
St/St0 but rather against

St/St0
(St/St0)max

, i.e. normalised against the peak value of St/St0. The chosen
(St/St0)max values are the cyan filled symbols in Fig. 15. Generally speaking, this occurs at start of the
injector, xs, but may also be a few mm downstream as is the case for the higher blowing turbulent cases
with Nitrogen injection (Fig. 13).
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(b) Turbulent

Fig 14. Span-wise averaged Stanton reduction between y = 15 to −15mm on the porous injector
against the blowing parameter, Bh (based on the local St0 at each location) for all injection cases.
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Fig 15. Span-wise averaged Stanton reduction between y = 15 to −15mm on the porous injector
against the blowing parameter, Bh (based on the local St0 at each location) for all injection cases.
Correlation refers to Eqs (6) and (7). The filled cyan points are selected values of (St/St0)max for each
case.
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Fig 16. Span-wise averaged St/St0
(St/St0)max

between y = 15 to −15mm on the porous injector against the
correlation factors in Eqs (6) and (7) for all cases. Correlation refers to Eqs (6) and (7).

Figure 16 shows the same experimental points as above but with the x axis replaced with λ and ω from
Eqs. (6) and (7) as well as the y axis replaced with St/St0

(St/St0)max
as discussed above. To achieve a good fit

with experimental data a value of C = 3 and m = 0.4 for the laminar cases and D = 3 and n = 1.4 for
the turbulent cases was chosen. Overall, both correlations reasonably capture the effect of the injected
mass flux, the growth of the boundary layer at the injector and the differences in molecular properties of
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the Nitrogen and Helium coolants. Whilst C and D are purely empirically derived factors for the present
freestream test conditions, there is a greater significance to the chosen value of the exponents m and
n. For the laminar case, the value of m = 0.4 is also referenced by Marvin and Pope [14] as an upper
bound correction factor to account for differing fluid properties between the injected and freestream gas
in laminar stagnation point flows. For the turbulent cases, several values for the exponent between 0.5
and 1 have been stated depending on the experimental data [41, 6]. An exponent of 1.4 is higher than
expected, suggesting that Helium injection is a more effective coolant in turbulent flows than previously
observed for these freestream conditions and geometry. In fact, the factor (Me

Mf
)1.4 translates to Helium

possessing 16 times the cooling effectiveness of an equivalent blowing parameter of Nitrogen. However,
it must be stressed that this is based on only two Helium injection cases and further experimental and
computational studies are required to fully understand this effect.

Figure 17 show both correlations applied to a subset of span-wise averaged experimental data points.
For the laminar cases, an extremely good fit within 5% of the experimental data is attained for the
Zirconia injector for both the Nitrogen and Helium injection cases. This material, as demonstrated
above produces an extremely uniform outflow, closely resembling the assumed uniform mass injection
boundary condition. Greater scatter with up to 30% deviation is present for the METAPOR CE170 cases
through the trend is again clear. The sharp local variations present for all the cases with this injector
highlight the importance of selecting an injector with a uniform outflow to ensure that all regions on
the surface are cooled to the required degree. A similar level of agreement is seen for the turbulent
cases wherein, with Nitrogen injection, the correlation lies within 10% of the experimental points when
the correlation curves are set to begin at the point of maximum heat transfer at x = 164mm. For the
Helium case presented, whilst the correlation follows the general trend, there is greater scatter in the
experimental curve and the correlation under-predicts the heat transfer reduction, especially from x =
160 to 182mm.

Overall, the presented correlation parameters correctly capture the axial heat transfer distribution at the
start of a finite length porous injector for both laminar and turbulent cases. In particular, this shows
that in certain scenarios, it may be more beneficial to begin the transpiration cooled wall upstream of a
predicted high heat flux region than to inject at higher mass fluxes so that the film is fully developed by
the time it arrives at that region.
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Fig 17. Comparison between the span-wise averaged experimental heat transfer reduction and pre-
dicted by the correlations in Eqs (6) and (7).
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5. Conclusions
In this study, the spatial, two-dimensional, surface heat transfer of two transpiration cooled micro-porous
injectors was measured in laminar and turbulent hypersonic flow. It was found that a modification to film
theory which accounts for the boundary layer growth at the start of the injector successfully correlates
the heat transfer reduction across different blowing rates for Nitrogen and Helium injection. Injection in
the laminar regime results in a steady, monotonic reduction in heat transfer whilst a much flatter profile
was observed in the turbulent regime. Helium was found to be more effective at cooling in both laminar
and turbulent flows than reported previously in literature. In the turbulent regime, Helium exhibited
a cooling effectiveness 16 times greater than Nitrogen. The outflow uniformity of a porous injector
was found to have a great impact on the spatial heat transfer distribution. A uniform outflow leads to
consistent coverage of coolant over the injector with no local hot spots.

Overall, the results published add insight to the spatial variation in local heat transfer on the injector
surface and how the film build-up differs between laminar and turbulent flows. Whilst the presented
correlations are specific to the flow conditions used in these experiments, they may still be used as a
preliminary design tool for sizing a transpiration cooled system. Further experimental and numerical
studies covering a wider parameter space of free-stream conditions and coolant gases may yield a
generalised correlation applicable across a range of flight conditions.
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