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Rotating detonation combustors establish a detonation wave that continuously circulates inside a small annulus.
The presence of the detonation wave and the downstream oblique shock within the small annulus coupled with
high mass flow induces a high heat load to the combustor wall. Preliminary analysis shows that for higher
thermal power, internal air cooling alone is not sufficient to remove the heat out of the walls to maintain them
below the maximum temperature of the metal. A possible solution is to use film cooling to reduce the heat
flux to the combustor walls. One issue, though, is that the introduction of film cooling provides additional
air into the system that can influence the combustion process as well as providing a location for secondary
combustion.

This paper represents the first investigation to study the secondary implications on combustion of using film
cooling in a rotating detonation combustor. The TU Berlin RDC architecture was modified with the introduction
of 480 film cooling holes placed in the oblique shock region. High fidelity LES investigations were performed
for different coolant plenum pressures to show the benefits of using film cooling. However, due to the presence
of unburnt fuel in this post-detonation region, the coolant can result in additional combustion leading to an
increase in temperature near the wall. One the one hand, these secondary reactions result in an increase of
the overall heat release increasing combustion efficiency, however this also results in higher temperatures and
reduced film cooling effectiveness. A simulation performed with nitrogen as a coolant enabled the effects of
increased mixing caused by the ejection of coolant gases to be separated from the additional heat release. The
simulation with nitrogen shows a reduction of 88% in the local heat release in the post detonation region
resulting in similar performance as the uncooled case and significantly cooler walls.

1. Introduction

There are several configurations of Rotating Detonation Combustors
(RDC), with different shapes [1] and sizes [2]. Among the most popular
and widely used configuration is a cylindrical, annular RDC [3,4]. Fig. 1
represents the TU Berlin test rig which is designed to operate at a
maximum thermal power of 2 MW. The flow field of an RDC, as shown
in Fig. 1, is composed of a detonation front (the detonation region) with
a trailing oblique shock (the oblique shock region) that continuously
loops around this circular annulus. The oblique shock extends to the
outlet and travels with the same speed in the laboratory frame of
reference as the detonation, however the shock strength and relative
Mach number is significantly lower. The fuel and air are supplied from
the head end and the burnt gases are expanded out of the aft end.
A sufficiently high mass flow rate of detonable mixture is required
to sustain the detonation wave due to its high consumption speed.
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The bulk flow exiting the combustor is primarily axial with minimal
tangential component [5].

RDCs are often made with a small annulus width, which aids in
the sustaining and stabilizing the detonation wave [6]. The highly
compressible and unsteady flow in the RDC, and high temperature
gases close to the walls leads to peak heat transfer levels at least an
order of magnitude greater than the conventional gas turbine (GT)
combustors [7]. Numerous researchers have worked on characterizing
the heat loads of an RDC. Braun et al. [7] developed a reduced order
model to obtain the RDC flowfield and used a correlation to compute
the heat flux. They obtained an average heat flux of 1 MW/m? for an
RDC operating at one bar chamber pressure with the peak heat flux
was observed at the triple point. Goto et al. [8] performed experimental
analysis with an ethylene/gas-oxygen rotating detonation engine. They
reported higher heat flux values up to 5 MW /m?. Stevens et al. [9,10]
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Fig. 1. Schematic of rotating detonation combustor.

performed measurements of bulk heat flux considering the instanta-
neous heat release and the mass flux as variables. The obtained results
showed an average heat flux of 1.5 MW /m?.

Recognizing the need to remove heat from an RDC to enable opera-
tion at steady state, Sandri et al. [11] performed a preliminary cooling
requirement feasibility study and analysis. Their work revealed that an
RDC cannot be cooled with only convective cooling by the combustion
air. They suggested the need for film cooling with air to reduce the heat
transfer to the wall and showed the nominal effectiveness that would
have to be achieved. Overall, they suggested that film cooling can be a
possible solution to reduce the heat thermal load on the RDC walls [11].
The issue would be understanding how the shock wave would interact
with that cooling flow and how effective an air film thermal barrier
could be.

A handful of researchers have begun studying film cooling nu-
merically in an RDC. Tian et al. [12] performed CFD calculations of
a premixed film cooled RDC. Both Tian et al. and Yu et al. [13]
performed similar CFD analyses with one column of film cooling holes.
Both investigations performed a complete three dimensional unsteady
RANS combustion computation using Ansys Fluent. They looked at
RDC trust performance and film effectiveness with varying the mass
flow. While the time averaged temperature profiles show a benefit in
using film cooling, due to the premixed injection configuration and
simplified combustion model, these numerical investigations had no
trace of unburnt fuel which could react with the coolant.

Other investigators like Rui et al. [14] performed numerical inves-
tigations on a rocket based detonation engine with film cooling. Their
geometry consists of an RDC with a diverging nozzle and eight film
cooling holes arranged as a single column. Similarly, their investigation
was performed using ANSYS Fluent by solving unsteady reactive RANS
equation with k-w SST turbulence model. They specifically investigated
different hole shapes with varying coolant velocity. They concluded
that the elliptical holes enhance the interaction between the injected
coolant flow and the axial mainstream flow, thereby obtaining a wider
spread of the film.

Yu et al. [15] also studied the influence of film hole shape, specif-
ically a cat ear shaped hole under various operating modes. Their
RDC consists of two columns of film cooling holes with seven holes
in each column. They also used ANSYS Fluent by solving reactive
Navier-Stokes equations with the k-¢ turbulence model. The outcome
of their numerical investigation showed that the shaped holes provided
superior cooling with reduced fluctuation in mass flow.

Shen et al. [16] studied the influence of film cooling hole inclination
angle on the cooling performance of an RDC. They performed URANS
simulations using their in-house solver utilizing a detailed chemical
reaction model. Their simulated domain consisted of an RDC with
premixed micro injection numerical model with four columns of film
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cooling holes surrounding both the outer and the inner wall. Their
study shows that, increasing the hole inclination decreases the cooling
performance along with coolant spreading. Furthermore, the addition
of coolant decreases the height of the detonation wave.

There are a few experimental investigations of film cooling on a
RDC. Chriss et al. [17] experimentally tested a six inch film cooled RDC.
Their investigations revealed that, the coolant mass flow influenced the
engine operability. As the coolant mass flow increased, the combustor
experienced more unstable modes. The rate of temperature increase
and the acoustic modes were governed by the coolant mass flow.
Yu et al. [18] performed experimental investigations of shaped film
cooling holes on a hollow RDC. They noticed that the film cooling
has no influence on the propagation velocity of the detonation wave.
Moreover, the obtained temperature patterns were similar to their
computational simulations.

The successful integration of RDC to a gas turbine demands an effi-
cient means to cool the walls. Thermal management and optimization
of cooling systems for GT engines is important because it has an impact
on overall efficiency. All the available investigations in the literature
were performed in a premixed configuration. Furthermore, their inves-
tigations include just one or two columns of film cooling holes, and the
investigations were performed by solving unsteady RANS equations.
A detailed investigation with an RDC cooled around the full annulus
with film cooling is currently lacking in the literature to understand
the full implications of the shock interaction with the coolant flow.
Furthermore, simulations that are not premixed are needed to quantify
the effects of residual fuel interactions with the oxygen rich cooling
flow. Predicting mixing in any combustion simulation is the key for
obtaining accurate information. URANS simulations with any of the
turbulence models fail to capture the significant vorticity structures that
affect the mixing. Moreover, the turbulence chemistry interactions are
computed using the turbulence models which assume isotropicity.

Large Eddy Simulations (LES) on the other hand resolve most of the
turbulent scales which provides more information about the mixing and
accurate turbulence chemistry interaction [19]. In the RDC, the deto-
nation performance is more sensitive to the reactive mixture quality.
Therefore, high fidelity simulations are needed to predict the mixing
in the refill region and the mixing of the coolant gases. In this context,
LES are performed on the TU Berlin RDC with film cooling holes around
the full annulus of the combustor. The average gas temperature profiles
near the wall along with the variation in coolant mass flow and the hot
gas ingestion response are discussed in detail.

2. Film cooling configuration

The non premixed TU Berlin RDC architecture shown in Fig. 1 was
implemented with film cooling to perform high fidelity simulations. An
earlier investigation of the TU Berlin RDC in an uncooled configuration
was performed by Nassini et al. [20] that verified the computations
were matching the experimental results. The simulated domain includes
both the fuel and air plenum connected to the injectors. For this RDC,
there were radial air gap injector with a width of 1 mm and 100 axial
fuel injector holes with a diameter of 0.5 mm placed in a jet in cross
flow configuration. For this investigation, the feed pressure for the air
was 7.0 bar creating a mass flow of 430 g/s. The fuel plenum delivered
hydrogen at a pressure of 13.5 bar resulting in an equivalence ratio of
one for the combustor.

The height of the refill region was measured to be around 4 cm. The
region below 4 cm is termed as the detonation region because of the
presence of the high pressure detonation wave. The region above 4 cm
is the oblique shock region. For the current investigation, the film cool-
ing holes were distributed only in the oblique shock region within the
region highlighted by the white dotted lines in Fig. 2. The detonation
region was excluded to reduce the possibility of detonation quenching
due to reactant dilution caused by coolant mixing. Furthermore, Tien
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Fig. 2. Film cooled TU Berlin RDC.

et al. [12] observed hot gas ingestion into the coolant plenum in the
detonation region, so this region was avoided.

The highlighted region in Fig. 2, extending from 4 cm to 8 cm,
was populated by the film cooling holes with a diameter (&) of 1 mm
and an inclination of 30°. A classical staggered arrangement with a
pitch of 5.8® in X and 4.7® in the Y direction was applied. With this
distribution scheme, the combustor was covered with a total of 480
holes. These holes were fed from a coolant plenum where the coolant
entered the domain from the bottom of the plenum. The coolant plenum
pressure (P,,,) was chosen based on the circumferential distribution
of static pressure at the axial position of 4 cm where the first row
of film cooling holes are situated. Due to the oblique shock, the peak
pressure reaches a maximum of 5.5 bar and the lowest pressure is in
front of the oblique shock which corresponds to 1.4 bar. The average
pressure over the cycle was calculated to be 2.4 bar. To ensure a
positive coolant supply, the plenum pressure should be greater than the
average pressure. To assess the influence of coolant mass flow on the
RDC flow field, and to investigate its impact on the detonation wave,
three different coolant mass flows were chosen. This was achieved by
imposing pressures of 2.75, 3.0, and 3.5 bar in the coolant plenum.
The achieved coolant mass flow corresponds to 9, 16, and 26% of the
combustor core flow.

3. Numerical model

Large Eddy Simulations were performed using the AVBP code de-
veloped by CERFACS. The solver has been extensively validated for
various unsteady cases including film cooling [21-24]. AVBP solves
fully compressible, multispecies, reactive Navier—Stokes equations. It
uses different solving schemes like Taylor-Galerkin TTG4 A (Fourth
order in time and third order in space) and Lax Wendroff (second
order in space and time). The explicit time integration is carried out
enforcing a dynamically maximum CFL of 0.7 resulting in a timestep
of 6 x 102 s. The WALE LES model along with the localized artificial
diffusivity model is used to stabilize the solving scheme. The hydrogen
air detonation is modelled using 4S1R single step reaction scheme
developed by Nassini et al. [20]. The current reaction mechanism is
compatible with the Lax Wendroff convection scheme. The single step
reaction mechanism uses four species H,, O,, H,O and N, in a single
reaction.

The computational domain included the TU Berlin RDC test rig
along with the injectors, plenums, and film cooling holes. The combus-
tor was designed with an annulus width of 7.6 mm and an outer wall
diameter is 90 mm. The combustor operated with hydrogen and air. The
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TU Berlin RDC test rig included 100 fuel injectors with a diameter of
0.5 mm and a circumferentially constant airgap of 1 mm for air supply
inside the combustion chamber. The test rig was fully discretized with
a pure tetrahedral mesh with an overall mesh count of 380 million
elements. The fuel injectors were discretized with a spacing of 80 pm
along with 170 pm for the air gap and the refill region which covers
20 mm starting from the injectors. The coolant holes were discretized
with a spacing of 300 pm and their surrounding regions with 450 pm as
shown in Fig. 3.

The calculations were performed on a HPC cluster at the University
of Florence. The cluster nodes count two 32 core AMD processors
clocking 2.5 GHz. Due to the mesh size and a small time step, each
simulation required 200,000 CPU hours. The choice of the grid sizing,
timestep, wall models and boundary conditions were based on the
previously performed validation by Nassini et al. [20]. Non-reflecting
Navier-Stokes characteristic (NSCBC) was used for inlets specifying
pressure and temperature to obtain the desired mass flow. The out-
let pressure of 101325 Pa was set with the NSCBC pressure outlet
boundary condition [25].

The current study was an initial evaluation of film cooling in RDC.
This study focuses on the fluid dynamics and specifically the reactivity
of the fuel with the film and not the heat transfer to the walls.
Hence, the walls were modelled with turbulent adiabatic wall functions
available on AVBP which gives an advantage of not using prism layers
to capture the boundary layer. The wall models implemented in AVBP
were validated for different flow fields including film cooling applica-
tions [21,26]. Several researchers have used the same approach for film
cooling cases. Namely, Aillaud et al. [27], Shum-Kivan et al. [28], and
Agarwal et al. [29] have each performed film cooling simulations by
specifying adiabatic no slip walls.

To initiate the detonation, the hot combustor flow field was inter-
polated from the previous simulation without film cooling [20]. The
obtained Celik’s quality index for the current grid is shown in the right
image of Fig. 3. The Celik’s quality index [30] is calculated using Eq. (1)
where QI, is the quality index, Hgg 18 the sub grid viscosity, and u
is the molecular viscosity. The quality index in the refill region was
found to vary between 0.7-0.9, while in the film cooling region it was
found to be between 0.9-1. Both the quality index and the y* values for
the simulations performed were within the acceptable ranges, which
is indicative of an appropriate large eddy simulation. The y* values
were verified to be in the proper range (30-300) from previous wall
model simulations. The average y* in the film cooling region varied
between 30 to 40 while in the detonation region they were in the range
of 20 to 80. The maximum and minimum y* in the detonation region
correspond to 2 and 150 near the detonation, respectively.

or,=——1 @

1+0.05 (ﬂ)m
: H

4. Heat release results

With a chamber mass flux of 290 kg/sm?, the TU Berlin RDC
always operates in a single wave mode [4]. A large eddy simulation
investigation at this operating point reveals that the detonation wave
has a height of approximately 4.5 cm. The detonation wave and the
oblique shock is observed and depicted as a phase averaged temper-
ature contour in Fig. 4(a). The detonation wave is positioned at .
The low temperature region, represented by the blue colour, is the
refill region where the fresh gases injected from the injectors are mixed
before being consumed by the detonation wave.

To analyse the mixing in the refill region, a contour of phase
averaged hydrogen mass fraction is shown Fig. 4(b). The current nu-
merical test point operates at an overall equivalence ratio of 1.0,
which corresponds to a hydrogen mass fraction of 0.029. As previously
observed, the distribution of the hydrogen mass fraction in the refill
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Fig. 3. Section of mesh grid used for simulation and the obtained Quality Index after the combustion simulation.
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Table 1

Summary of the case runs and the obtained flow quantities.

Pcool

P, g 1 g0 M gotant Mass ratio P ramber Detonation height T
[bar] g/s g/s g/s % [bar] cm -

No Film 430 13.2 0 0 1.3 4.5 0

2.75 430 13.2 40 9.3 1.55 4 1.77

3 430 13.2 68 15.8 1.7 3.5 1.76
3.5 430 13.2 112 26 2 3 1.75

region shows a wide variation in the equivalence ratio due to the
unmixedness caused by the injector configuration as detailed by Nassini
et al. [20]. Additionally, a hydrogen rich buffer region occurs due
to a faster responding fuel injector, compared with the air injector.
Due to the unmixedness, the combustion process does not consume all
the injected hydrogen resulting in unburnt hydrogen leaking past the
detonation along the slip line as shown in Fig. 4(b).

4.1. Implications of oxidizer mass addition

The current film cooled RDC shown in Fig. 3 adds additional oxi-
dizer into the combustor. When the coolant comes in contact with the
hot gases, secondary burning occurs providing additional heat release.
To further analyse the affect of this heat release on the performance
of a film cooled RDC, three different coolant mass flow rates were
implemented. These were achieved by imposing three different coolant
plenum pressures, P,,,, as reported in Table 1. For a plenum pressure of
2.75 bar, the achieved coolant mass flow was 40 g/s. Similarly, for P,,,,
of 3.0 bar and 3.5 bar, this corresponds to 68 and 112 g/s, respectively.
The ratio of coolant mass flow to the combustor mass flow is reported
as mass ratio in Table 1. Due to the small combustor volume and high
Mach number in the chamber, any addition of mass flow will increase
the chamber pressure from the uncooled value of 1.3 bar, serving to
further pressurize the combustor. For 40 g/s of coolant, the obtained
mass ratio was 9.3% which imposes a chamber pressure of 1.55 bar.

For mass ratio of 15.8% and 26%, the obtained chamber pressure was
1.7 and 2.0 bar, respectively.

The increase in chamber pressure has an impact on the detonation.
As the chamber pressure increases, the height of the detonation de-
creases. This is consistent with other investigations where the back
pressure was increased with the addition of an aerodynamic nozzle or
restriction at the exit. Studies like Ramanagar et al. showed that as
the back pressure increased due to an area restriction, the detonation
height decreased. [31].

For the uncooled combustor, the detonation wave was observed to
be a straight standing wave with a height of approximately 4.5 cm.
With film cooling, for a coolant mass of 40 g/s, the increase in chamber
pressure modifies the shape of the detonation. A backward leaning det-
onation wave was observed with a height of 4.0 cm. As further coolant
is added to the combustor, the backward leaning shape becomes more
prominent along with the decrease in detonation height. For a coolant
mass flow of 68 g/s, the detonation height was observed to be 3.5 cm,
while for 112 g/s the obtained height was approximately 3.0 cm.

The gas temperature contours obtained adjacent to the adiabatic
outer wall containing the film cooling holes are shown in Fig. 5. The
detonation wave is moving from left to right and is positioned at = for
all the contours. For film cooling cases, the film cooling holes start at
an axial position of 4 cm and cover the region until an axial position
of 8 cm. The change of the detonation shape along with the oblique
shock wave interacting with the coolant flow is clearly visible. In these
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Fig. 6. Contour of heat release obtained on the outer wall for all the cases.

contours, the lowest temperature is always observed to be just ahead
of the oblique shock as labelled in Fig. 5(b). This is because of the
circumferential variation of the chamber pressure due to the presence
of the oblique shock wave. This causes the coolant supply mass flow
to not be uniform throughout the cycle. The oblique shock disrupts the
film and blocks the coolant supply for part of the cycle. However, due to
the higher plenum pressure, the coolant supply recovers, reestablishing
the coolant film downstream of the oblique shock.

Moreover, the presence of oxygen in the coolant reacts with the hot
unburnt hydrogen providing heat release close to the outer wall. This
deflagrative burning due to the additional reactant injection increases
the temperature near the wall. Hence, the local temperature contours in
the region of the film cooling holes is not always lower in temperature
for all portions of the cycle. However, as the coolant supply increases,
more mass flow is available for protecting the walls. This resulted in
lower temperatures in the coolant hole region as the coolant mass flow
increases.

The contour of heat release obtained on the outer wall is shown
in Fig. 6. As in the temperature contours of Fig. 5, the detonation is
located at the position z. The peak heat release was always found to be

in the detonation wave region and is always in the order of magnitude
of 3.4-4.4 x 102 W/m>. In contrast, the deflagration heat release
found further downstream is in the order of magnitude of 3-10 x 10°
W/m?>. Therefore, the heat release contours shown are scaled to the
values found for deflagration to highlight the impact of the secondary
combustion. For the uncooled case, the deflagration is observed to
primarily occur along and just downstream of the oblique shock. The
oblique shock results in a thin line of deflagrative heat release due
to the increase in pressure and temperature behind the shock, which
enhances the reactivity of the mixture. This is evident for all four cases.

For the film cooled RDC however, a greater amount of secondary
heat release was observed due to the reaction of coolant with the
hot unburnt hydrogen. For a lower coolant mass flow, i.e. 40 g/s,
greater deflagration heat release was observed closer to the detonation
wave above 4 cm followed by heat release due to coolant burning. An
increase in parasitic combustion was also observed in the refill region.
As the mass flow was increased to 68 g/s, the region of coolant burning
increased and heat release due to deflagration above an axial position
of 4 cm is greater. The highest deflagration heat release was observed
with the coolant mass of 112 g/s due to the high availability of oxygen
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for secondary reaction. For this case, one can see the clear patterning
of the heat release mirroring the array of cooling holes.

Interestingly, this region of high heat release occurs behind the
oblique shock. This is attributed to the fact that the cooling flow is
effectively closed off with passing of the oblique shock as was shown
in more detail in Ramanagar Sridhara et al. [31]. The oblique shock
elevates the local pressure above the plenum pressure thus not allowing
coolant to enter the detonation channel. The secondary reactions do
not occur until the coolant flow is reestablished. As the coolant is
reintroduced from the holes, it mixes with the hydrogen present in
the free stream flow and burns locally. This is similar to the secondary
burning phenomena seen by Polanka et al. [32,33] in a non-detonating
environment. Due to the disruption of the film by the oblique shock, the
coolant deflagration in the region trailing the shock from approximately
0 to =/2 happens closer to the wall. As the coolant flow reestablishes,
a full layer of coolant protects the near wall region and lower heat
release on the outer wall occurs as seen in the region from r to 2x.
The deflagration burning happens further away from the wall due
to the higher penetration of coolant into the hot gas stream as was
documented by Ramanagar Sridhara et al. [31].

4.2. Heat release along the span

The coolant penetration into the combustor and the position of
coolant burning can be visualized using the circumferentially averaged
heat release profiles obtained across different radial spans. The deto-
nation and the oblique shock pass over the holes with a frequency of
7.5 KHz, which corresponds to a wavespeed of 98% CJ velocity. This
caused the film layer to be disrupted and rebuilt at this same frequency.
This phenomenon was discussed in more detail in Ramanagar Sridhara
et al. [31] including the fact that unburned fuel can propagate into the
film cooling holes for part of the cycle. The quantities are averaged
across 30 detonation cycles with a sampling time of 10 ps.

To obtain the circumferentially averaged heat release profiles, sev-
eral cut planes were created at different radial spans as shown in the
top image of Fig. 7. The 97% span corresponds to a radial position
closer to the outer wall where the film cooling holes are placed. Three
other positions moving closer to the inner wall at 75% span, 50% span
and then at 25% span were also interrogated to understand how the
film cooling penetrated across the width of the detonation channel.
The upper image represents the average heat release across the channel
width for a plenum pressure of 3.5 bar. The shaded regions in the
subsequent plots in Fig. 7 corresponds to the axial positions of film
cooling holes, namely between 4 cm and 8 cm.

The magnitude of heat release due to detonation is similar for
all the given cases at 97% of the span. However, the height of the
detonation, as estimated by identifying the axial location at which
the heat release profiles decrease below 10> MW /m?, decreased as the
amount of cooling increased. At midspan, for an uncooled RDC, this
axial location was observed to be 4.5 cm. For the cooled cases, as
the pressure in the coolant supply was increased to 2.75, 3.0, and
3.5 bar, the detonation wave height was reduced to 4.0, 3.5, and
3.0 cm, respectively. This is attributed to the higher chamber pressure
as discussed previously.

Downstream of the detonation wave in the uncooled combustor,
the heat release decreases along the axial length. However, due to
the reaction of oxygen in the coolant with the unburnt hydrogen, an
increase in heat release for all the film cooled cases was observed. This
increase began at an axial position of 4.0 cm where the first row of film
cooling holes were situated. Heat release in the film region is greater
as the coolant pressure was increased due to the higher mass flow of
coolant. This heat release has an impact on the wall temperature and
overall performance of the RDC. The axial locations of the film cooled
holes are also apparent as peaks and valleys in the heat release profiles.

For the 75% span location, the circumferentially averaged heat
release in the detonation region follows the same trend as at 97% span.
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However, the magnitude of heat release is higher than at the 97%. The
detonation heat release increases at a lower radius because of the fuel
mixture stratification at lower radius created by the current injection
scheme [20]. In the film cooling region, the heat release of the uncooled
RDC is still less than the film cooled RDC. However, the magnitude of
the deflagrative heat release due to the film cooling is about 66% less
than observed at 97% span. This shows that the coolant does reach 75%
span, causing additional burning at this span, but not at the magnitude
found near the wall. Higher heat release was observed for 3.5 bar due to
the higher mass flow inducing greater penetration into hot gas stream
with respect to the other cases. The coolant plenum pressures of 3.0
and 2.75 bar have similar trends and magnitudes.

Moving towards a lower radius (i.e at mid span) the overall magni-
tude of heat release increases further in the detonation region. At this
span, the heat release of the cooled cases are higher at certain axial
locations in the detonation region. This is attributed to the shorter,
stronger detonation wave due to the increased chamber pressure. In
the film region, the heat release of the film cooled RDC is still greater
than the uncooled RDC due to the deflagration burning. Although the
heat release for the film cooled cases are another 50% lower then at
75% span and are now close to the uncooled level. The heat release for
the 3.5 bar case remains the highest when compared to the other cases
suggesting the coolant might penetrate up to 50% span or at least the
effects of additional oxygen being mixed into this region are felt.

At the 25% span, near the inner wall, the circumferentially average
profiles are closer together and just slightly higher than the uncooled
RDC. Again this is attributed to the increased chamber pressure forming
a stronger detonation. The decrease in heat release follows the same
trend for all the cases; however, at different axial locations. This is
again due to the influence of chamber pressure on the height and
shape of the detonation. Although, the heat release profile decreases
throughout the axial length, the film cooled cases still exhibit a higher
heat release than the uncooled combustor.

5. The impact of coolant burning

The deflagration reaction between the coolant and the unburnt
hydrogen creates an unique situation inside the RDC. Specifically the
question arises as to whether the reaction is promoted by the physical
presence of additional oxygen or if it is facilitated by the additional
mixing that the film cooling jet creates. To assess the influence of
coolant burning, and to better understand the role of coolant penetra-
tion on the mixing enhanced reactivity, a simulation was performed
with nitrogen as the coolant. The 3.0 bar plenum pressure was chosen
to create a reasonable mass flow without the ingestion problem of the
2.75 bar case.

The resultant heat release contours on the outer wall for 3.0 bar
with air and nitrogen are shown in Figs. 8(a) and 8(b), respectively. The
contour range is set to highlight the deflagration heat release. The heat
release with nitrogen coolant shows a significant reduction throughout
the film cooled region, i.e. above the axial length of 4 cm. There is still
some secondary heat release, namely along the oblique shock path, that
can be attributed to enhanced reaction rates due to the local increase in
temperature and pressure after the shock. However, it is apparent that
the significant secondary burning that occurred near the film cooling
holes when air was ejected is no longer present for the nitrogen case.

This phenomena of secondary burning near film cooling holes in a
fuel rich environment was discussed by Polanka et al. [32,33] in a gas
turbine environment. They showed that the oxygen present in a film
cooling hole can stabilize a flame locally downstream of the injection
site. The current investigation reflects a similar reacting situation and
similar to their results, cooling with nitrogen removes the secondary
burning. Furthermore, there is a reduction in the amount of secondary
burning with downstream distance. This is similar to the results of
Shewhart et al. where the build up of coolant from the first couple
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Fig. 7. Temporal and circumferentially averaged heat release profiles across 25, 50, 75 and 97% of radial span for all the cases.
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obtained on the outer wall.

of rows both protects the downstream wall from further reaction and
pushes the heat release off the wall downstream [34].

Temperature contours obtained on the outer wall are shown in
Figs. 8(c) and 8(d). As expected, the shape of the detonation remains
the same for both the coolant cases. The post detonation gases follows
the same path for nitrogen and air. This shows that the film devel-
opment after being disrupted by the oblique shock remains largely
unchanged. However, a greater reduction in wall temperature is ob-
served for the nitrogen case. This is because the nitrogen is allowed
to cool the wall without bringing additional heat release to the outer
wall [32].

The circumferentially averaged hydrogen mass fractions is plotted
in Fig. 9. Three cases are considered including: the no film (uncooled
case), the 3.0 bar with air as coolant, and 3.0 bar with nitrogen as
coolant. The unburnt hydrogen mass flow r at an axial position of 4
and 8 cm is reported in Table 2.

Regardless of the coolant composition, the hydrogen mass fraction
at 4 cm is 7% lower for the film cooled case than the case without
film. This suggests that the increased coolant plenum pressure resulted
in an increase in hydrogen consumption in the detonation region. While
not shown here, the presence of the film cooling probably also had an
effect on the mixing characteristics in the detonation region. As Nassini
et al. [20] previously showed, the mixture ahead of the detonation
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Table 2
Unburnt hydrogen mass flow at an axial position of 4 cm and 8 cm.
P,y iy, g, H, Reduction
[bar] [g/s] [g/s] [%]
No Film 2.30 1.57 31.7
3 2.10 1.19 43.1
3N, 2.05 1.38 33.2
0:008 97% span
0.007
0.006
0.005
. 0.004
>
0.003
0.002
0.001
0.00075 65 0.02 0.04 0.06 0.08 0.10

Axial length [m]

Fig. 9. Circumferentially averaged hydrogen mass fraction profiles for 97% span.

was quite inhomogenous, and consequently the detonation products
contain portions with significant amounts of unburned hydrogen and
other portions with significant residual oxygen as seen in Fig. 4(b).
From Table 2 and in Fig. 9, the mass fraction of hydrogen continu-
ally decreases through the film cooled region. This can be attributable
to two effects. First, the film cooling jets can enhance the mixing
between products originating ahead of the film cooling region. The
fact that both the nitrogen and air coolant result in the same level
of mixedness is expected. This can account for the 33% reduction in
the hydrogen mass fraction. However, the additional 10% drop seen
in Table 2 is due to the second reason. Namely, the mass addition of
oxidizer providing an increased reaction rate for the residual hydrogen.
This is seen in the lower level of hydrogen mass fraction in the film
cooled region for the air injection as compared to the nitrogen.

5.1. Impact of mass addition of air on heat release

To quantify the contributions to the heat release and the resultant
gas temperature, the circumferentially averaged heat release profiles
are plotted in Fig. 10. At 97% span, the heat release of 3.0 bar with
air and nitrogen are similar in the detonation region. This is reflected
in that the chamber pressure is the same (1.7 bar) for both cases
providing the same height and shape of the detonation wave. In the
film cooled region, the heat release due to deflagration is reduced by
80% for the nitrogen coolant, confirming that the additional oxygen has
a substantial effect. However, the heat release for the nitrogen cooling
case at 97% span is still 50% greater than the uncooled case up to an
axial position of 7 cm. This is attributed to the increased reaction rate
due to the increased turbulence provided by the injection process. After
the axial length of 7 cm, the heat release of the nitrogen case is less
than the uncooled RDC due to the effect of reduced reaction caused by
dilution of reactive mixture with nitrogen coupled with the additional
consumption of unburnt hydrogen prior to this location.

It is worth noting that even with additional heat release in the film
cooling layer, the resultant gas temperature profiles reflect that the air
cooling film is able to protect the outer wall. At 97% span, for the
uncooled case, the gas temperature has only dropped from 2200 K to
2100 K at the axial position of 8 cm. Whereas the air cooled combustor
has reduced the temperature along the outer wall down to 1400 K.
Moreover, the nitrogen cooled RDC obtains an even greater reduction
in temperature of 1300 K at 8 cm. This delta in temperature from the
air to the nitrogen cooled cases can be attributed to the reduced heat
release in the layer. At the combustor outlet (i.e. at the axial location
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of 11 cm) both film cooled cases show an increase in gas temperature
due to the lack of additional cooling holes and the diffusion of the film.
But both cases are still 500 K lower than the uncooled case. This shows
that while nitrogen (or a coolant without oxygen) would be preferred
in an RDE, the additional heat release caused by the addition of oxygen
is manageable.

The heat release at 75% span follows the same trend as at 97%
span. In the film cooled region, the overall level of heat release for
the air cooled case is about half the level it was at 97%. Also, the
nitrogen cooling case exhibits the lowest heat release; even lower than
the uncooled combustor. This reveals the additional benefit of nitrogen
dilution on the process. Looking at the gas temperature at 75% span,
a similar profile is experienced until an axial position of 5 cm. At this
location, the film starts to have an influence giving some insight into
both the penetration of the coolant jet and the build up of the coolant
from the earlier rows. After this location, the nitrogen coolant again
shows a greater reduction in temperature. However, the change was
only from a temperature of 1900 K for the uncooled case to 1800 K for
the air cooled configuration and 1700 K with nitrogen. This shows that
the film has an affect on the gas temperature of more than 25% of the
span, but its impact is reduced away from the wall.

5.2. Overall heat release due to film cooling

To characterize the heat release in terms of detonation and coolant
deflagration, the RDC is divided into three regions as shown by the
left image of Fig. 11. Region 1 extends up to the beginning of the film
holes (4 cm). Region 2 covers the film cooling holes, starting from 4 cm
and extending to 8 cm. Region 3 starts at 8 cm and ends at the outlet.
The volume averaged heat release for the different regions are plotted
in log scale shown on the right image of Fig. 11. The magnitude of
heat release due to detonation is high since it is the primary mode of
combustion.

For the uncooled RDC in Region 1 the heat release is of the order of
magnitude of 1.7 x 10'° W/m>. Region 2 and 3 experience only defla-
grative combustion at a reduced heat release of 5.3 x 108 and 2.7 x 108,
respectively. On the other hand the film cooled RDC experienced more
overall heat release. For a plenum pressure of 2.75 bar, the heat release
in Region 1 was observed to be similar to the uncooled RDC. Whereas in
Region 2 and 3, due to the coolant burning, the heat release increased
to 8.6 x 108 and 4.8 x 108 W/m?>, respectively. For a plenum pressure
of 3.0 bar, the reduced detonation height increased the heat release
in Region 1 even more above the 2.75 case. Region 2 and 3, due to
the introduction of more oxygen than at 2.75 bar, again increased the
heat release an additional 2% higher. The highest heat release in all the
regions was observed for the 3.5 bar plenum pressure case. At a coolant
mass flow of 112 g/s and the increased chamber pressure of 2 bar, the
heat release in Region 1 was 2.0 x 10'© W/m?.

Running the RDC with nitrogen coolant yielded a similar heat
release in Region 1 as the 3.0 bar with air coolant. As expected, the
nitrogen coolant had a reduced heat release in Region 2 and 3 with
respect to the air coolant. Comparing the nitrogen cooled case against
the case without film cooling, the overall heat release across the full
span in Region 2 was nearly the same. However, due to the reduction
in hydrogen concentration in Region 1, the overall heat release was still
higher for the film cooled case.

6. Overall performance of the film cooled RDC

A key issue was understanding how the film cooling interacted with
the unburned hydrogen. To investigate this, the percentage of the inlet
hydrogen mass fraction that remained at the outlet was determined and
isreported in Table 3. For the uncooled combustor 12.3% of the amount
of hydrogen injected at the RDC inlet is not combusted and remains at
the combustor outlet. For the film cooled RDC, as the plenum pressure
is increased, a greater amount of hydrogen is consumed. Clearly the
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Table 3
The amount of unburnt H, at the exit, the outlet temperature, and the combustion
efficiency for all the cases.

Pcool Unburnt H, Outlet temperature 7,

[bar] [%] [K] [%]
0 12.3 1900 90.5
2.75 8.0 1874 93.2
3 7.6 1832 94.4
3N, 11.4 1761 90.7
35 6.6 1771 96.8

addition of air via film cooling RDC aides in the consumption of the
unburnt hydrogen. For the nitrogen case, the remaining hydrogen mass
flow is less then the uncooled RDC partly because the increase in
chamber pressure promotes more reaction in Region 1 and partly due to
the increased mixing in Region 2. But the overall amount of remaining
hydrogen is significantly more than the air film cooled case.
Correspondingly, a significant reduction in the outlet temperature
was observed as the coolant mass flow increases. As reported in Table 3
for the uncooled combustor, the average exit temperature was 1900 K.
With the film cooled RDC, for 40 g/s coolant flow (corresponding to
P.,,, = 2.75 bar) the temperature reduced to 1870 K. Similarly, for
3.0 bar with 68 g/s, the temperature reduced to 1840 K and is only
1771 K for P,,,, = 3.5 bar with 112 g/s coolant mass flow. However,
for 3.0 bar with nitrogen, the reduction is quite significant, the obtained
temperature is 1760 K which is less then the 3.5 bar case with air.
Clearly the coolant, which is entering the system at 300 K, was reducing

the overall enthalpy of the exhaust. Without the additional secondary
reactions that occur with air coolant, the nitrogen only acts to absorb
heat.

However, the increase in temperature due to deflagration burning
improved the combustion efficiency of the RDC (although it is not
contributing to the pressure gain). The combustion efficiency was
calculated using Eq. (2). The formula was derived using the enthalpy
rise method i.e. the total enthalpy difference of the outlet to the inlet
compared to the total heat addition [35]. As part of this development,
the mass addition in the form of coolant was accounted for in the
efficiency calculation as done in conventional gas turbine combustors.

_ CPB (ma + mf + mc) Trour _macpa ta meprtf _mcoolcpcoothcool
" LHVm,

(2)

The combustion efficiency obtained using the expression is reported
in Table 3. For the uncooled combustor, due to the 12.3% of unburnt
hydrogen, the obtained efficiency was 90.5%. Whereas with film cool-
ing, due to increased chamber pressure affecting the detonation and the
coolant deflagration, the combustion efficiency increases. The increased
efficiency corresponds with the reduction in the unburned hydrogen at
the exit. The nitrogen coolant had a similar efficiency as the uncooled
combustor, at 90.7% as there was only a slight reduction in the amount
of unburned hydrogen. This further shows that inert gas has a small
impact on additional reactivity due to enhanced mixing, but primarily
just reduces the temperature in the combustor.
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7. Conclusion

Rotating detonation combustors are high power density combustors
with tremendous heat loads. Film cooling can be a possible solution for
reducing these thermal loads. This study investigates the effects of film
cooling on the performance of an RDC, specifically investigating the im-
pact of secondary burning caused by the reaction of unburnt fuel with
oxygen rich coolant. To study this at high fidelity, LES investigations
were performed for a film cooled TU Berlin RDC using the AVBP solver.
Three different plenum pressures were analysed namely 2.75, 3.0, and
3.5 bar which achieved three different coolant mass flows of 40, 68, and
112 g/s, respectively. Additionally, for the 3.0 bar case an investigation
with nitrogen coolant was performed to distinguish between the effects
of coolant mixing and the presence of oxygen on the levels of secondary
burning.

The addition of film coolant increased the heat release in the
detonation region and further modified the shape of the detonation.
This was attributed to the increased chamber pressure caused by the
addition of coolant mass flow. The coolant subsequently interacted
with unburned hydrogen present in the oblique shock region and
deflagrated. Higher jet penetration at higher coolant plenum pressures
increased the mixing which enhanced the amount of secondary com-
bustion. For the film cooled cases, nearly 60% of the unburnt hydrogen
present at the film cooling starting location was consumed due to
secondary burning. Whereas, the uncooled combustor only experienced
around 30% of additional consumption downstream of the detonation
wave.

An additional analysis was performed that compared the mixing
between using nitrogen as the coolant versus air. As might be expected,
both coolants were evenly mixed, however the air case consumed
more of the available hydrogen. By comparing the nitrogen case to
the uncooled case, the mixing due to the film had a small impact on
the overall heat release. Nearly all the additional heat release could be
attributed to the secondary burning that occurred due to the addition of
air to the system. Overall, though, the additional air served to cool the
combustor. A reduction of gas temperature up to 500 K was observed in
the film cooled cases. Finally, the combustion efficiency was increased
due to the secondary burning providing additional enthalpy to the core
flow.

Overall, the results reveal that film cooling has a significant impact
on the performance of an RDC. Locally, there was an increase in the
gas temperature when using air as the coolant over an inert gas of
nominally 100 K. However, these temperatures were 500 K lower than
the uncooled condition. The addition of film cooling impacted the over-
all heat release through the combustor. Furthermore, the deflagration
heat addition due to coolant burning helped in consuming the unburnt
hydrogen and even increased the combustion efficiency of the RDC.
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