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Rotating detonation engines (RDEs) have emerged as a promising propulsion technology, offering superior thermodynamic
efficiency over conventional Brayton-cycle engines due to their utilization of detonation combustion. Annular combustors (with
inner and outer walls) are typically used in RDEs. However, hollow—Ilacking an inner wall—combustors are emerging as a
promising alternative due to their potential mitigation of the thermal heating problem in RDEs, as well as reduced weight and
structural complexity. This study conducts a literature review comparing the performance of hollow and annular combustors.
Performance metrics analyzed include specific impulse, specific thrust, characteristic velocity efficiency, pressure gain, and
thrust vector efficiency metrics. The results, though varied, indicate that the hollow combustor usually achieves similar or
lower performance compared to the annular combustor. The performance deficit in the hollow combustor is mainly attributed to
the recirculation/deflagration region in the core, along with study-specific amplifiers. Mitigation strategies such as optimizing
operating conditions and flow-through combustors may allow the hollow combustor to achieve similar or even exceed the
performance of annular combustors. Lastly, this study proposes tangential swirl injectors as a novel solution to suppress the
recirculation issue and enhance performance. Despite some performance deficits, the hollow combustor remains a promising
alternative.
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Introduction A few engines have been developed that utilize detonation
combustion. The most extensively studied engine over the last

The primary form of propulsion in jets and rockets has been  few decades has been the pulse detonation engine (PDE). The

Brayton-cycle combustion. It involves four thermodynamic
stages: isentropic compression, constant-pressure heat addi-
tion, isentropic expansion, and exhaust. In modern engines,
the air is compressed, mixed with the fuel, and ignited, where
it burns through deflagration!. Deflagration combustion is
a type of subsonic combustion where the flame propagates
through the fuel and oxidizer at subsonic speeds?. Since it
operates at a constant pressure, no pressure gain is achieved
and energy conversion efficiency is limited-.

Detonation, by contrast, is where the flame propagates
through the propellants at supersonic speeds, much faster than
deflagration combustion. This results in a more rapid and
powerful combustion process, characterized by higher pres-
sure gain and faster energy release. As a result, thermal effi-
ciency is improved, yielding a performance improvement of at
least 20%*". There has been a growing interest in using det-
onation or pressure gain combustion as a form of propulsion
due to its higher thermal efficiency, performance, and reduced
weight©Z,

! Lumiere Education

PDE was developed in the early 2000s and was demonstrated
in flight in 2008. It uses detonation waves that propagate
axially numerous times per second along a long detonation
tube®. A less studied engine is the standing detonation en-
gine (SDE). The SDE aims to maintain a stationary detonation
wave inside a combustor to produce thrust. However, a major
limitation is its limited range of operating conditions®.

In recent years, research efforts have shifted to the rotat-
ing detonation engine. The RDE utilizes a continuous rotating
detonation wave (CRDW) that propagates around a cylindrical
combustor which continuously produces thrust!?. This allows
the RDE to be more compact and efficient than conventional
engines. They enable a wide range of applications from mili-
tary applications to rocket engines''!2. The RDE offers sev-
eral advantages over the PDE. It is more compact due to the
absence of the long detonation tube and the compact cylindri-
cal combustor. Moreover, it provides continuous detonation
and thrust. Due to the continuous detonation, RDEs can fur-
ther increase performance gains3'4, Additionally, it removes
the necessity for periodic ignition. RDEs are generally consid-
ered more efficient by researchers, as they have demonstrated
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higher specific impulse. However, their design is more com-
plex 314,

The conventional rotating detonation engine typically uses
an annular combustor with an inner and outer wall'>1®, How-
ever, it comes with significant thermal management issues due
to the high temperatures and thermal stress from combustion,
which prevent it from operating for a long duration'Z. Addi-
tionally, it was found that the inner wall experiences signifi-
cantly higher temperatures than the outer wall'81?. In annular
RDEs, the detonation wave repeatedly propagates across both
the inner and outer walls. The inner wall of an annular RDE
experiences higher heat flux and significantly greater thermal
loading. Theuerkauf et al. found that the outer wall absorbed
approximately 2.5% of the propellants’ Lower Heating Value
(LHV), corresponding to an average heat flux of 2.2 MW /m?.
In contrast, the inner wall absorbed about 7.1% LHV with an
average heat flux between 5.0 and 6.7 MW /m? during steady-
state RDE operation'®. This would necessitate extra structural
elements and added complexity to manage the heat, increas-
ing weight, cost, and reducing reliability during long-duration
operation‘.

A plausible explanation for this is that in conventional an-
nular rotating detonation engines, the inner wall of the an-
nulus is where the rotating detonation wave and its associ-
ated shock reflections concentrate the hottest, highest-pressure
products. As a result, it naturally becomes an area of concen-
trated thermal stress. Repeated passage of the detonation front
and reflected shocks near this small-radius wall keeps high-
temperature combustion products pressed against the surface.
This causes large convective heat transfer and rapid wall heat-
ing. From a fundamental heat-transfer perspective, the local
wall heat flux can be approximated as ¢" = h(T, — T), where
T, is the gas temperature right next to the wall, 7} is the sur-
rounding or in this case, the wall temperature, and # is the
convective heat-transfer coefficient, which increases with lo-
cal gas density and velocity. In an annular combustor, both
T, and h at the inner wall are high because the gas there is
repeatedly re-energized by detonation and shock interactions,
s0 ¢” on the inner cylinder can reach extreme values and drive
ablation and very demanding cooling requirements.

When the inner wall is removed to form a “hollow” com-
bustor, the region where this energy focusing used to occur is
no longer a solid boundary but a gas core. Consequently, the
detonation products and shock structures expand inward into
the center rather than impinging on metal, and the strongest
shockwave interactions occur within the flow instead of at a
wall. This change redistributes the thermal energy because the
hottest gas now occupies the interior core and exits through
the nozzle instead of being between two close walls. Mean-
while, the remaining outer wall is shielded by a thicker, par-
tially cooled boundary layer with lower near-wall gas temper-
ature and reduced local mass flux, which lowers both 7, and

in the expression for ¢”. As a result, removing the inner wall
largely eliminates the severe inner-cylinder heat load charac-
teristic of annular RDEs.

For these reasons, a hollow combustor has been considered
as an alternative design“%2l. In contrast to the annular com-
bustor, the hollow combustor has no inner wall and only has
an outer cylindrical wall (see Figure 1 for comparison of hol-
low and annular geometries). With the elimination of the inner
wall, only cooling for the outer wall is necessary. This signif-
icantly simplifies RDE design, reduces cooling requirements,
and improves reliability.

Burnt Gas

Burnt Gas

=

(b)

Fig. 1 Schematic of (a) annular and (b) hollow rotating detonation
combustor geometries showing detonation and shock wave

propagation2!,

The results of many studies have experimentally validated
the hollow combustor for successful generation and propaga-
tion of a detonation wave. Bykovski et al. first demonstrated
continuous detonation in a hollow combustor with hydrogen,
methane, kerosene and diesel with air in 199722 They ob-
served two different propagation modes, with one mode hav-
ing the characteristics of spinning detonation and the other
having a complex combination of oblique shock waves, deto-
nation fronts, and reflected waves without a Mach stem. Tang
et al. aimed to verify the hollow combustor and found that
there are no repeated reflected shockwaves and a deflagration
zone in the corel. Moreover, numerous studies report higher
detonation wave velocities than annular configurations2>"2Z,
Additional studies have shown the hollow combustor to re-
duce injection pressure losses>328. As illustrated in Fig. 8
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of Zhang et al. (2023), the hollow configuration maintained
detonation at visibly lower injection pressure ratios, on the or-
der of 1.5 to 2.0, compared to values above 2.5 for the annu-
lar case. This indicates a notable reduction in pressure loss
across the injectors<®. Reducing injection pressure losses in
rotating detonation engines has been a topic of major interest
in the scientific community recently. Researchers are making
efforts to reduce injection pressure losses to prevent engine
performance degradation®?**!. Moreover, the hollow combus-
tor has been observed to have additional operational benefits
such as operating successfully at a broader range of equiva-
lence ratios>233 and higher detonation probability®3. It has
also demonstrated shorter transition time and easier detona-
tion initiation?2, and a greater allowance for fresh mixture in-
jection9.

Despite growing research in hollow combustors, there is
varied and limited literature comparing their performance to
annular combustors. This paper aims to address this gap
by providing an in-depth comparative performance analysis
of the hollow and annular combustors. The two combustor
geometries are compared under similar operating conditions
and a normalized relative performance metric is developed for
comparative analysis across studies.

Methodology

Data Selection and Analysis

This study conducts a comprehensive literature review on
comparing the performance of hollow and annular combustors
in rotating detonation engines using peer-reviewed sources
from academic journals. Databases include AIAA, Research-
Gate, Google Scholar, and ScienceDirect. Keywords in-
clude ‘rotating detonation engine,” ‘hollow combustor,” ‘an-
nular combustor,” ‘centerbody-less,” ‘performance,” ‘compari-
son.” Computational and experimental studies were utilized.
Given the significant variation in operating parameters
across studies, cross-study quantitative comparisons are ex-
cluded except in cases where authors directly referenced an-
nular combustor data from their own or other studies under
comparable conditions. Such comparisons would ignore the
impacts of the varying operating parameters. Hence, this
study focuses on within-study comparisons to isolate the im-
pact of combustor geometry, hollow and annular, while con-
trolling operating parameters. Sources that directly tested hol-
low and annular combustors within the same experiment were
prioritized. However, due to the limited availability of litera-
ture, sources that were used to test the performance of hollow
combustors while referencing past annular configurations with
similar operating parameters from their own work or other
works were also included. Some important operating param-
eters, performance metrics, and qualitative factors impacting

the relative performance are noted.

Table 1 Operating parameters, performance metrics, and qualitative
factors affecting performance noted.

Operating Parameters
Geometry / Dimensions

Examples
Length, inner/outer radius,
channel width, nozzle

Injection Configuration, injection area
ratio, number of orifices
Propellants Fuels, oxidizer/air

Operating Conditions Mass flow rate, equivalence
ratio, backpressure, premix
Specific impulse, specific
thrust
Deflagration/recirculation

zone, mixing inefficiencies

Performance Metrics

Qualitative Factors

Studies comparing hollow and annular combustors with
fundamentally different nozzle configurations were excluded
from propulsive performance. This is because nozzle de-
sign strongly influences expansion efficiency and would con-
found geometric comparison. Combustion performance met-
rics that are independent of nozzle effects were unaffected.
These include characteristic velocity efficiency, n.+ (discussed
in2.2.1).

Both experimental and numerical studies were included in
this review because the objective of the analysis is to com-
pare the relative performance of hollow and annular combus-
tors within each individual study, rather than to aggregate ab-
solute performance across different sources. For each study,
the relative performance difference (Jx) was computed only
from cases that shared the same numerical framework or the
same experimental facility, ensuring that modeling assump-
tions or facility-specific biases remained internally consistent.
Because Oy is a normalized, within-study metric, systematic
differences between experiments and simulations (such as ide-
alized boundary conditions or neglected heat losses) do not af-
fect the comparative geometry trend, and no direct averaging
was performed between experimental and numerical datasets.
Instead, simulation and experimental results contribute sepa-
rately to the overall trend analysis, consistent with standard
comparative methodology in propulsion literature.

Performance Metrics
Overall Propulsive Performance

The two key parameters in assessing the overall propulsive
performance of rotating detonation engines are specific im-
pulse and specific thrust®#. The specific impulse, Ip, is the
amount of thrust produced per unit of weight of propellant
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consumed. It measures the effectiveness of the engine in us-
ing propellant to produce thrust. However, its use varies be-
tween air-breathing and rocket engines since the propellants
are slightly different. Air-breathing engines only carry fuel,
while rocket engines carry both the fuel and oxidizer. Hence,
the fuel-based specific impulse is primarily reported in air-
breathing engines, while the total propellant-based specific
impulse is reported in rocket engines. The specific impulse
is given by
F
Isp = ’ (D
mp8o

Where F is the total thrust, m,, is the mass flow rate of the
propellant, and g, is the acceleration of gravity.

For this study, specific impulse is discussed separately as
total-propellant-based and fuel-based metrics, reflecting dif-
ferences in reporting conventions between rocket and air-
breathing RDE studies.

The specific thrust, Fy,, is the amount of thrust produced
per unit of mass of air consumed. It is primarily used in air-
breathing applications to measure the effectiveness of the en-
gine in utilizing airflow to produce thrust. It is computed using
the following expression.

F

. b
Mair

Fs‘p = (2)

where m,;, is the air mass flow rate.
Combustion Performance

While the specific impulse and specific thrust measure the
efficiency of the entire engine, the characteristic velocity ef-
ficiency, nc+, is used to assess only the performance of the
combustion, independent of nozzle effects. It is given by

exp
Nex = * ) (3)

theo
where g, is the experimentally obtained characteristic veloc-

ity, and cjj ., is the theoretical characteristic velocity 33 Where
the experimental characteristic velocity is given by

* _pCAt
Cexp_ I

“

where p. is the stagnation pressure in the combustion cham-
ber, A, is the nozzle throat area, and 7z mass flow rate; and the
theoretical characteristic velocity is given by

YRT,

* —
Ctheo = 2
2 \ 71
4 (Hl)

where T is the combustion chamber temperature, R is the uni-
versal gas constant, and 7 is the ratio of specific heats=>.

(&)

Pressure gain is a key metric for evaluating the performance
of rotating detonation engines, quantifying their advantage
over conventional Brayton-cycle engines. Higher pressure
gain reduces energy losses, and improves engine efficiency
and thermodynamic performance. It is essentially the net in-
crease in total pressure achieved across the combustor through
detonation combustion. However, the methods to calculate it
vary across studies.

Thrust Vector Efficiency Metrics

The kinetic energy proportion in the axial direction (E,) is
the effective energy proportion for thrust, since at the chamber
exit, only the axial velocity w can produce thrust. It is given
by

[pw?dA

[ (W +v2+w?)dA’
where p is the density of the gas at the chamber exit, w is the
velocity in the axial direction, # and v are the velocity compo-
nents along the x-axis and y-axis, respectively, and dA is the
differential area of the exit plane2#3037,

The ratio of thrust generated by momentum to total thrust
(fmv) is given by

E, = (6)

[pw?dA
J(pw*+p—py)dA’
where p is the density of the gas at the chamber exit, p is
the pressure at the chamber outlet, p, is the ambient (back)
pressure, w is the velocity in the axial direction, and dA is the

differential area of the exit plane“%.

fmv =

(7

Wave Speed

While it is commonly believed that wave speed positively
correlates with performance, its effect on performance is in-
consistent. Paxson et al. found that wave speed had a neg-
ligible impact on performance as measured by the specific
impulse®®. Additionally, Zhang et al. and Bigler et al.
found a negative correlation between wave speed and perfor-
mance?33839 although it is worth noting that these findings
emerged from investigations using different combustors and
operational modes. Moreover, for this study specifically, the
data does not demonstrate a correlation between wave speed
and performance. Thus, wave speed will not be considered a
primary performance metric in this paper due to the lack of
demonstrable and reliable correlation with performance.

Detonation Probability

Detonation probability, defined as the likelihood that a det-
onation wave can be initiated or sustained, is not included as
a performance metric in this study. Although relevant to oper-
ability, it is not a measure of propulsive or combustion perfor-
mance, unlike specific impulse, specific thrust, characteristic
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velocity efficiency, or pressure gain. Additionally, the avail-
able data are far too limited to support a meaningful compar-
ative evaluation. For these reasons, detonation probability is
excluded from the performance assessment.

Comparison Protocol

This paper compares studies on their individual reported data.
Studies were evaluated on the relative performance data of
the hollow compared to the annular combustor reported. The
relative performance from each study was synthesized across
studies, respecting the context of each individual study’s oper-
ating parameters. To evaluate the relative performance within
a metric, the performance difference of the hollow and annular
configurations was calculated relative to the annular combus-
tor. To quantify the relative performance difference between
the combustor geometries with the annular as a baseline, a
normalized performance metric will be defined Jy.

6X _ Xholloiv — Xannular « 100% (8)
Xannular

Where, Xol0w denotes the mean value of the general perfor-
mance metric X (such as I, or F;,) for hollow combustor
cases, while X,nnular Tepresents the corresponding mean value
for annular combustor cases. The quantity 8y indicates the
signed relative difference of a metric, where a negative value
of Oy signifies a performance deficit in the hollow combus-
tor, and a positive value indicates a performance gain in the
hollow combustor. The values of each metric reported by
individual studies ranged from single-case results to multi-
case parametric sweeps. For studies reporting only one hol-
low—annular pair, the mean corresponds directly to the single
available measurement. For studies reporting multiple cases
under closely matched operating conditions, using the mean
reduces random variability while preserving the underlying
geometric effect. Because the number of cases per configu-
ration was small in several studies (typically 1-5), median and
mean values are effectively identical in all included datasets.
Therefore, the mean was used consistently for y to maintain
a uniform comparison framework across studies.

Direct Experimental Investigations

Within-study comparisons were made for studies that di-
rectly tested hollow and annular configurations within the
same investigation. For studies with multiple cases and closely
matched operating conditions for the hollow and annular con-
figurations, the relative performance difference dx between
the means of the hollow and annular cases was calculated.

In this work, a folerance is defined as the maximum allow-
able relative deviation between the hollow and annular cases
for a given operating parameter. Because published RDE ex-
periments and simulations rarely match every parameter ex-

Table 2 Tolerances for Operating Parameters

Operating Parameter Tolerance (%)

Geometric dimensions 1
Equivalence ratio 10
Mass flow rate 10
Injection area 1

actly, small deviations must be permitted. A tolerance there-
fore sets an upper limit on how much variation is acceptable
before a difference in geometry, mixture preparation, or in-
jection characteristics would begin to influence detonation be-
havior.

For each parameter X (such as geometric dimensions,
equivalence ratio, or mass flow rate) the mismatch between
the hollow and annular configurations was computed as

AX _ 1|Xhollow - a.nnular| « 100% (9)
3 (Xhollow + Xannular)

Here, Ax represents the percent difference based on the mean
of the two values. The numerical tolerances Ty listed in Table
2 specify the largest Ay that is still considered negligible for
each parameter. Accordingly, two operating points were clas-
sified as operationally equivalent within prescribed tolerances
only if

Ax < 1y, (10)

for every reported parameter X. Within this framework, two
operating points are treated as operationally equivalent only
when all reported parameters fall within their respective tol-
erance ranges. This ensures that any performance differences
observed between hollow and annular combustors arise from
the configuration itself and not from changes in mixture state,
mass flow rate, injection design, or geometric layout. The rel-
ative performance difference dy of the means of the hollow
and annular pairs was then calculated.

Table 3 Example of tolerance-based pairing of hollow and annular

operating points taken from Kawasaki et al., using run 1 (hollow)

and run 2 (annular) as the paired cases Z7

Parameter Hollow Annular Mismatch
(run #1) (run #2) (Ax)

Mass flow rate 130413 138+ 14 5.97

(g/s)

¢  (dimension- 1.19+0.1 1.13£0.1 5.17

less)

Chamber pres- 47+3 4743 0

sure (kPa)

This example demonstrates how tolerances were applied
when determining whether hollow and annular cases were
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comparable. Mass flow rate and equivalence ratio fall
within the allowable difference, and chamber pressure is fully
matched. By establishing tolerance bounds, paired cases can
be considered operationally equivalent, ensuring that observed
performance differences originate from geometry rather than
uncontrolled variation in input conditions.

Cross-Study References

Cross-study comparisons were restricted to studies that ref-
erenced a previous annular configuration, whether in the same
team or another laboratory. Comparisons were undertaken
when operating conditions could be matched as closely as pos-
sible to preserve the fairness of the comparison. When operat-
ing parameters matched, the relative performance difference
Oy was calculated between the means of the cases of each
geometry. However, if the operating parameters differed or
varied within a study, individual cases for the two geometries
were paired based on the closest matching operating parame-
ters to ensure fair comparison, and the dxy was evaluated.

Interpretation of Conflicting Results

Because the literature reports divergent findings, particu-
larly in propulsive performance, conflicting results were not
weighted or forced into a single averaged trend. Instead, dis-
crepancies were analyzed mechanistically. When studies dis-
agreed, differences were interpreted in the context of operating
conditions and known amplifying factors. Direct within-study
comparisons were treated as the most reliable, while cross-
study comparisons were used only when operating parame-
ters were closely matched. Rather than prioritizing any single
data source, conflicting studies were incorporated to reveal the
physical mechanisms that govern performance variation be-
tween hollow and annular combustors.

Data Synthesis

Although the literature is limited and the data is varied, syn-
thesis of collected data was taken to identify and analyze
trends. The diversity and variation of operating parameters
across studies posed a significant challenge to aggregating
data for a unified comparative assessment and conducting
cross-study comparisons. Nevertheless, to synthesize data for
comparative analysis, this study uses the relative performance
difference Jx as a normalized metric across studies, quantify-
ing how the hollow combustor performs relative to the annu-
lar one. Studies were grouped and analyzed by performance
metric to allow metric comparisons. For the propulsive perfor-
mance, they were further categorized based on the quantified
performance differences 8y —within 5%, 5-15% lower, over
15% lower, or even higher—compared to the annular. For
other metrics, studies were simply categorized as reporting

higher or lower performance compared to the annular com-
bustor due to the very limited data available.

For instance, in Xu et al., the hollow configurations pro-
duced a mean I, of 255s compared to the corresponding an-
nular cases of 250s. Using Eq.(8). 615,, = 2%, which falls in
the within 5% category of propulsive performance.

Graphs were developed for primary performance metrics,
especially the propulsive efficiency, as these metrics contained
sufficient data to support visual analysis. These graphs quan-
tified the performance of each combustor within individual
studies, as well as the relative performance of the hollow com-
bustor compared to the annular one. Additionally, graphs were
made to highlight specific trends and observations in the data.

Synthesis also focused on identifying underlying reasons
why the hollow exhibited lower performance across studies
compared to the annular combustor. Primary causes such
as the deflagration/recirculation zone, as well as study- spe-
cific factors for investigations that reported significantly lower
propulsive performance—over 15% lower specific impulse
and specific thrust—were identified and analyzed to explain
the observed performance disparity. Several studies reported
qualitative physical phenomena that contributed to perfor-
mance differences. To ensure consistency across studies, qual-
itative factors were included only when explicitly identified by
the original authors. Additionally, the phenomenon had to be
known from RDE literature to directly affect performance and
to correspond with a quantifiable performance deficit. Each
factor was classified as an ‘amplifier’ only when it satisfied
these criteria and represented a mechanism capable of increas-
ing the magnitude of the performance deficit. This framework
ensured that qualitative judgments were standardized and not
inferred subjectively.

Finally, this study includes a review of proposed solutions
aimed at mitigating the performance deficit in the hollow com-
bustor. This includes proven remedies from existing research,
as well as a new potential solution—tangential swirl injec-
tors—proposed by the author for future research.

Results

Overall Propulsive Performance

Studies show that the specific impulses of the hollow com-
bustors indicate mainly similar (£5%) or lower (>5% lower)
performance than the annular combustors. The primary rea-
son for this performance deficit in the hollow combustors is a
recirculation region (further discussed in Section 4.2.1).

Total-Propellant-Based Specific Impulse (Isp)

Most studies reported similar total-propellant-based Isps for
the two combustors within a difference of 5%=#40-44 Xy
et al. reported that the hollow combustor reached up to a
specific impulse of 260s, consistently 1-3% higher than the
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Fig. 3 I, (total propellant-based): hollow vs annular across studies

annular combustor for all diameters tested, which attained
up to 25352% Yokoo et al. found that the hollow combus-
tor achieved similar specific impulses to the previous annu-
lar combustor tested by the same group, ranging from 115s
to 2425274244 o average, the hollow combustor showed a
3.3% higher specific impulse than the previous annular con-
figurations tested.

However, one study reported significantly lower total-
propellant-based I, with a deficit of over 15% for the hol-
low combustor compared to the annular2?, Kawasaki et al.

found that the hollow configurations achieved specific im-
pulses ranging from 150s to 180s, which was 25-30% lower
than the annular configurations of 170s to 240527, However,
it is important to note that this performance deficit was miti-
gated by the same group in later studies#244 by adjusting the
mass flux and operating conditions (discussed further in Sec-
tion 4.3.1).

Fuel-based Specific Impulse (/)

Some studies reported similar fuel-based I, for the two
combustors within a difference of 5%. Tang et al. in 2013 re-
ported a specific impulse of 1900s for the hollow combustor,
which was 5% lower than the annular®’. Yao et al. tested four
cases of the hollow combustor with different injection surface
ratios varied from 56 to 84% and reported a specific impulse
of 6700 — 7800s%Y, which falls in the range of previous annu-
lar results reported by Fotia et al*d and Yi et al*? . However, it
is important to note that the range given by Yao et al. is wide,
from 5300s by Fotia et al. to over 8000s by Yi et al.
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Fig. 4 Iy, (fuel-based): hollow vs annular across studies

Two studies also reported slightly lower fuel-based specific
impulse with a difference of over 5 to less than 15% deficit for
the hollow compared to the annular2/47, Tang et al. found that
the hollow combustor cases showed specific impulses from
6720 to 7390, which was on average 8% lower than the annu-
lar cases?!. Yao et al. tested a hollow and annular RDE with
a de Laval nozzle and found that the hollow RDE reached up
to a specific impulse of 7484s, which was 5.5% lower than the
annular RDE of 79215%7,

However, two studies reported significantly lower fuel-
based specific impulse over a 15% deficit for the hollow com-
bustor compared to the annular2939 Schwer et al. reported
that the hollow combustor showed a fuel-based specific im-
pulse of 2110s, 57% lower compared to the annular combus-
tor of 4912529 Sun et al. found that the hollow combustor
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showed a fuel-based specific impulse of 4788s, which was
18.5% lower compared to the annular at 5877559,

Specific Thrust (F;,)

The hollow combustor usually performs worse than annular.
The results for the specific thrust align closely with those of
the fuel-based specific impulse.

Tang et al. showed that the hollow configurations achieved
specific thrusts ranging from 1829 to 2012, around 8% lower
than the annular configurations of 2034 and 21954%,

3000
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Annular Mean (Gray)
2500 1 Hollow Mean
Individual Cases
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N
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Oe®

15004 °
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Fig. 5 Specific thrust: hollow vs annular across studies

Most studies, however, show greater deficits. ~Schwer
et al. and Sun et al. showed significantly lower specific
thrust2053047  Schwer et al. showed that the hollow had a
specific thrust of 604, which was 57% lower than that of the
annular combustor of 14032°. Yao et al. found that the hollow
configurations attained a specific thrust of up to 1939, around
10% lower than the annular, which was calculated at around
2156*Z. Sun et al. found that the hollow combustor achieved
a specific thrust of 1367, which was 18.5% lower compared to
the annular at 16772¢.

Combustion Performance

Characteristic Velocity Efficiency 7.+

Zhang et al. was the only study that reported the charac-
teristic velocity efficiency n.+ found that the hollow showed
a slightly lower n.+ for the hollow combustor compared to
the annular?*'%8, For the two exit throat area ratios tested by
Zhang et al., the hollow combustor reached a n.+ of 0.70 at
Ath/Ain of 2.7 and 0.79 at Ath/Ain of 5.3, whereas the an-
nular reached 0.75 and 0.84 respectively, which was around
5-6% higher in each case than the hollow.

Pressure Gain

Two studies report pressure gain in comparisons. Schwer
et al. reported similar pressure gain“®. Schwer et al. tested
the hollow and annular combustors with CD-nozzles and re-
ported a pressure gain of 0.87—1.08 for the hollow RDE,
where the 0.87 was an outlier, and 0.93—1.10 for the annu-
lar RDE. Wang et al. reported a pressure gain of 20—58%
in the hollow configuration compared to less than 13% in the
annular configuration*?,

Other data reports peak static pressures in hollow and annu-
lar combustors. Xu et al. reported that the hollow had a signif-
icantly lower average peak pressure of 0.42 MPa compared to
0.92 MPa of the annular?®. Tang et al. also reported lower av-
erage static pressure at 0.60 MPa for hollow compared to 0.92
MPa for the annular?!. A cause for this could be the lack of an
inner wall, which creates a greater volume and cross-sectional
area, which in turn decreases static pressure (discussed in sec-
tion 4.1.2).

Thrust Vector Efficiency
Kinetic Energy Proportion in the Axial Direction: (E,)

Xu et al. reported E,, values of 64.4%, and 66.2% for the
hollow configurations, which is on average a 31% relative de-
crease compared to 92.9% and 95.7% for the corresponding
annular configurations of the same diameters<®. Schwer et
al. reported an E,, of 85% for the hollow combustor which
is a 7.6% relative decrease compared to 92% for the annular
combustor. Tang et al.2! and Yao et al.#! reported an E,, of
89.1% for the hollow combustor which is only a 0.9% relative
decrease compared to 89.9% for the annular configuration.

Momentum Thrust Contribution: (f,)

Xu et al. also measured the ratio of thrust generated by mo-
mentum to the total thrust and found that the hollow showed
around 8—13% lower f,,, values than the annular®®. Xu et
al. report that the hollow combustor delivers f;,,, of 20.8% and
23.6% for an outer diameter of 40 and 60 mm, versus 22.7%
and 27.0% for the annular at those respective diameters.

Discussion

Performance Comparison Analysis
Propulsive Performance

The results, while varied, indicate that the hollow combus-
tor usually exhibits propulsive performance comparable to or
lower than that of the annular combustor. The hollow com-
bustor frequently shows a similar or reduced specific impulse.
However, results are varied. The hollow combustor showed
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Table 4 Summary of experimental and numerical studies on hollow and annular rotating detonation rocket engines

Study Geometry Injection Propellants Mass Flow Equivalence 61,
(Author, Rate (i) Ratio (¢)
Year)
Xu et al. Annular: R; =27mm,R, = O;: annular slit (A =0.24 H,/0;, Not specified 0.5 + 0.06 +2-4
(2025) 30 mm (A = 3 mm); Hol- mm) H: 90 holes (d =
low: R, =30 mm; Length  0.48 mm); Slit-hole injec-
=36 mm tion; non-premixed
Kawasaki Annular: 7, = 9-31 mm, Doublet impinging injec- CrH4/O; 130-142 g/s 1.01-1.34 -25-30
et al. 1, =39 mm; Length =70 tion; non-premixed; 120
(2018) mm holes (d = 1 mm), ryy; = 35
mm
Yokoo et Hollow (r; =0); D, =20 24 doublet pairs; Fuel ring:  C,H4/0» 22-41 g/s 1.3-1.8 +5
al. (2020) mm (R, = 10 mm); Length  diameter = 9 mm; OX ring:
=20/40/70 mm diameter = 15 mm; Im-
pingement angle () = 45°
Yokoo et Hollow (r; =0); D, =20 24 doublet holes; Fuel ring:  CoH4/0, 845 g/s N/A +5
al. (2019) mm (R, = 10 mm); Length  diameter = 9 mm; Ox ring:
=70 mm diameter = 15 mm; 6 = 90°
Table 5 Summary of studies on hollow and annular air-breathing rotating detonation combustors.
Study Geometry Injection Propellants Mass Flow Equivalence 51”, 55\,])
(Author, Rate (i) Ratio (¢)
Year)
Tang Hollow combustor:  Type: Continuous, Hy/Air 450  kg/m?s  Stoichiometric -5 -
et al.  Outer radius: 6 cm; premixed;  Area: (surface- 9=1)
(2013) Length: 12 cm Outer ring (r > specfic)
Rinner)
Tang Hollow combustor: Type: Continuous, Hy/Air 3.63-15.25 Stoichiometric -8 -8
et al.  Outer radius: 6-12 premixed; Area: r kg/s ¢9=1)
(2015) cm; Length: 12cm > Rjpper
Yaoetal. Hollow combustor: Type: Continuous, H,/Air Not explicitly  Stoichiometric  -11 to +36 +12to +15
(2017) Outer radius: 6 cm;  premixed; Injection stated @9=1)
Length: 12 cm surface area ratio
=55.6-88.9% (var-
ied)
Schwer Annular: Djyer =9  Ideal injector  Hp/Air Annular: 0.488  Stoichiometric  -57 -57
et al.  cm, Dyyrer =10cm;  (Laval nozzles), (premixed) kg/s; Hollow: (¢ =1)
(2020) Hollow: Ryyter =10  choked flow mod- 0.574 kg/s
cm; Length: 12cm  eled; Flow-through:
0.460 kg/s
Yao etal. Hollow combustor: Premixed, injected H/Air 3.63-6.68 kg/s Stoichiometric ~ -5.5 -10
(2015) Inner radius: 0 mm;  via micro nozzle in-  (stoichio-
Outer radius: 6 cm;  lets metric)
Length: 12 cm
Sunetal. Hollow combustor: Non-premixed in- Hp/Air 500 g/s total Stoichiometric -18.5 -18.5
(2019) Inner radius: O mm;  jection Air: annular Hy: 1415 g/s (¢ =1)

Outer radius: 6 cm;
Length: 12 cm

slot (throat width =
1 mm)

Air: 485.85 g/s
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mostly similar propellant-based specific impulse, with one ex-
ception by Kawasaki et al., which was later mitigated in sub-
sequent experiments by the same group, Yokoo et al. How-
ever, the hollow combustor frequently showed lower fuel-
based specific impulse. Additionally, the trends observed in
specific thrust closely align with those of the fuel-based spe-
cific impulse. This is because the mass flow rate ratio of fuel
to total propellant was kept constant across hollow and an-
nular configurations within most studies. The primary cause
of the performance deficit in hollow configurations compared
to annular configurations is the deflagration/recirculation zone
(discussed in Section 4.2.1). However, there are additional
study-specific factors that amplified the performance deficit in
the hollow combustor reported (discussed in section 4.2.2).

Combustion Performance

The primary metrics reported by studies to evaluate com-
bustion performance are the pressure gain and characteristic
velocity efficiency. While these metrics are important in as-
sessing the combustion performance for this study, there is
very limited data on combustion-specific performance metrics
reported by studies comparing hollow and annular combus-
tors. Only one study reports the characteristic velocity effi-
ciency, showing slightly lower values for the hollow combus-
tor.

For pressure-related performance, four studies report data
with mixed outcomes. The results indicate that the hollow
combustor achieves similar or higher pressure gain but ex-
hibits lower peak static pressures. A likely explanation for this
contrasting behavior is that, while the detonation still induces
a strong rise in total pressure, the removal of the inner wall in-
creases the effective flow area and permits inward radial trans-
port of the burned products. This reduces local static pressure,
even as the overall pressure gain remains high, because the
pressure generated by the detonation is distributed through a
larger volume rather than confined between two walls.

Thrust Vector Efficiency

The metrics assessed in this section are the kinetic energy
proportion in the axial direction, E,,, and the ratio of thrust
generated by momentum to total thrust, f;,,. Results indicate
that the hollow combustor exhibits similar or lower E,, values.

A possible reason for the E,, deficits reported in the hollow
combustor is the presence of a deflagration-dominated core,
driven by inward radial transport of burned products and reac-
tants following removal of the inner wall. From Eq. (6), E,,
decreases when axial velocity w contributes less to the total
kinetic energy relative to the transverse components. In the
central region of the combustor, inward-directed radial trans-
port and partial stagnation lower w? while increasing u?® +12.
Consequently, this core region adds minimally to the numera-

tor of Eq. (6) but contributes significantly to the denominator,
yielding a net reduction in E,,.

However, in Fig. 6, it can be seen that hollow configura-
tions which were premixed demonstrated E,, values closer to
those of annular configurations. This shows that premixed fu-
els may enable hollow combustors to convert kinetic energy
into thrust more efficiently, offering potential for greater per-
formance and efficiency.

Premixed @ Non-premixed

-40

-30

-20

Xu2025 Sun2019 Tang2015 Schwer2020

Fig. 6 Comparison of &, in hollow vs annular combustors across
premixed and non-premixed conditions. The x-axis lists individual
investigations (Xu2025, Sun2019, Tang2015, Schwer2020), and the
y-axis represents the &,

A possible reason for this is that premixing helps mitigate
the deflagration core that lowers E,, efficiency. A uniformly
premixed flow promotes continuous annular detonation, re-
ducing the formation of low-reactivity pockets that otherwise
drive radial inflow toward the centerline. In the context of
Eq.(6), these conditions increase axial velocity w while reduc-
ing transverse kinetic components u” + v?, resulting in an in-
crease in E,,.

Additionally, only one study reports the momentum thrust
contribution f,,, showing lower values for the hollow com-
bustor. A possible reason for this deficit is also the recircu-
lation core. From Eq.(7), f,,, decreases when the exit-plane
axial momentum flux, [ pwsz, is reduced relative to the to-
tal thrust [(pw? 4 (p — pp))dA. In the hollow geometry, in-
ward expansion and the recirculation core produce a larger re-
gion with weakened axial transport, which directly lowers the
momentum term through both reduced w (decreased quadrat-
ically) and reduced density in the expanded and heated prod-
ucts. Because the denominator still contains the pressure-
thrust contribution, the total thrust does not decrease propor-
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tionally to the loss in pw?, so the fraction of thrust attributable
to momentum is lower. This is consistent with the reduced f,,,,,
reported for hollow configurations.

Problems Degrading Performance in Hollow Combustors

There are critical issues observed that have contributed to per-
formance deficits in the hollow combustor relative to the annu-
lar. The primary issue is the deflagration/recirculation region
in the hollow core. However, there are other factors that exac-
erbated the performance deficit in studies that reported large
propulsive performance deficits (characterized by Jy,, or df,,
values less than 15% relative to annular combustors). This
section summarizes these issues and the mechanisms through
which they degrade performance in the hollow combustor.

Recirculation Region

The primary mechanism degrading performance in hollow
combustors is the recirculation/deflagration region that forms
in the core with the removal of the inner cylinder. In an annu-
lar RDE, the inner wall blocks inward expansion and confines
the detonation products to a narrow annulus, so most of the
injected mixture is directed azimuthally through the detona-
tion front and then accelerated toward the exit. However, in
a hollow combustor, the absence of the inner wall allows a
low-pressure channel to develop along the centerline. High-
pressure burned products and unburned reactants expand ra-
dially inward into this core, where the flow decelerates and
travels into a recirculation cell. Within this cell, propellants
undergo inefficient mixing and predominantly subsonic, near-
constant-pressure deflagration instead of detonation, as re-
ported in multiple numerical and experimental studies of hol-
low configurations 21201274150,

This recirculating core likely degrades performance through
several coupled effects. First, propellant that is diverted into
the core is no longer processed efficiently by the rotating det-
onation wave. Because the combustion in this region is slower
and closer to constant-pressure heat addition, it increases en-
tropy without generating a commensurate rise in stagnation
pressure. As a result, a significant portion of the propellant’s
chemical energy is converted into thermal energy that does not
yield additional pressure gain or useful thrust. This behavior
is consistent with the lower performance observed in many
studies that observed a recirculation region.

Amplifiers for Significant Performance Deficits

While the recirculation region is the central issue neg-
atively impacting performance in the hollow combustor,
it alone does not fully account for the significant perfor-
mance deficits—over 15% lower specific impulse and specific

thrust— observed in some studies. Other study-specific fac-
tors exacerbated the performance deficit in the hollow com-
bustor.

Physical phenomena observed in these studies may have
amplified the deficit. Schwer et al. observed that there
was lower pressure in the fill-zone ahead of the detonation.
Kawasaki et al. found that the detonation wave detached from
the wall“Z. Sun et al. found that the hollow had reduced mix-
ing quality and backflow in the inner core®?. It is important
to note that for Kawasaki et al., subsequent experiments by
the same group, Yokoo et al., managed to mitigate the per-
formance deficit and achieve similar performance to the an-
nular by adjusting and optimizing the operating parameters
(discussed further in Section 4.3.1)4244,

Additionally, the operating parameters and methodologies
in these studies may have influenced results. The 57% per-
formance deficit observed by Schwer et al. is not an inherent
limitation of the hollow combustor geometry, but rather a re-
sult of the specific numerical and operating conditions used
in their simulation. The authors had to artificially reduce the
induction time to sustain a stable detonation and introduced a
large dump region and exhaust plenum for numerical stability.
These modeling choices depressurized the fill region ahead of
the wave. This lowered the stagnation pressure available for
pressure gain and thereby reduced the exit pressure-thrust con-
tribution and overall propulsive performance. Therefore, the
57% deficit reported in their study reflects computational and
configuration-specific limitations rather than an inherent ge-
ometric deficiency. Sun et al. used a low quantity of injec-
tor orifices for the combustors, 60, compared to most studies,
which used over 90, which may have degraded mixing effi-
ciency.

Proposed Solutions

Several studies have proposed solutions to mitigate the perfor-
mance deficit in hollow combustors. These include properly
matching the exit areas to the injection flow rates, adjusting
mass flux, operating under proper conditions— such as opti-
mizing the ratio of injector area to combustor area or the ar-
rangement of injectors—increasing injection surface area ra-
tio, and flow-through combustors 20424448 - Additionally, this
study proposes a novel solution: tangential swirl injectors.

Optimizing Operating Conditions

Subsequent studies by the same group, Yokoo et al. 4244
successfully mitigated the performance deficit in the hollow
from their previous research by Kawasaki et al.“Z. While
Kawasaki et al. reported a 25-30% propulsive performance
deficit in the hollow combustor, Yokoo et al. managed to
achieve similar performance to the annular. They found that
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Table 6 Summary of performance deficit amplifiers and methodological issues for studies reporting significantly lower performance.

Study 51.;,; Amplifying Factors Physical Performance Methodological Concerns
Mechanism

Schwer et al. —57% Low pressure in fill- Lower fill-region pressure Artificially reduced induc-
zone ahead of detona- — reduced pressure gain tion time
tion and exit thrust

Kawasaki etal. —25-30% Detonation wave de- Destabilized combustion — No major methodological
tachment from wall inefficient energy release concerns

Sun et al. —18.5% Reduced mixing qual- Increased unburned fuel — Low injector count (60 vs.

ity and inner core back-
flow

axial momentum loss typical > 90) — degraded

mixing

adjusting the mass flux and operating under proper condi-
tions, such as optimizing the ratio of injector area to combus-
tor area and the arrangement of injectors, can help the hollow
combustor achieve similar performance to the annular com-
bustor. Specifically for injection configuration, they switched
from 120 1mm diameter injector holes to 24 double pairs of
0.8mm injection holes impinged at an angle of 45 degrees
on the bottom surface. Additionally, the mass flow rate was
lower, ranging from 8 to 45 g/s compared to 130 - 140 g/s in
Kawasaki et al. The performance data of the annular combus-
tor in Kawasaki et al., along with the retested hollow configu-
rations in Yokoo et al., are shown in Figure 742

Fig. 7 Specific impulse results of Yokoo et al. compared to
Kawasaki et al. Figure adapted from Yokoo et al#Z

Furthermore, Schwer et al.*® also mitigated the perfor-
mance deficit in an earlier study®. Schwer et al. reported sim-
ilar pressure gain and thrust performance for the hollow RDEs
compared to the annular RDEs. They reported that properly
matching the exit areas to the injection flow-rates for the hol-
low RDE should produce similar performance as an annular
RDE*,

Flow-Through Combustors

One study by Schwer et al. mitigated the deficit and even
surpassed the performance of annular configurations using
flow-through combustors—hollow combustors with a high-
velocity airflow in the center. Schwer et al. found that the
flow-through hollow combustors showed higher propulsive
performance than the annular combustor?®. Schwer et al.
tested four cases of flow-through combustors with core tem-
peratures ranging from 325 K to 650 K and airflow speeds
from 150 m/s to 450 m/s. They found that the flow-through
combustors showed specific impulses ranging from 4000s to
over 9000s and specific thrusts ranging from 1100 m/s to over
2600 m/s. The highest performing flow-through configuration
had the densest (coldest) flow at high velocity. This signifi-
cantly outperformed the annular configurations by up to 85%
higher specific impulse and specific thrust. Additionally, it
was found that the E,, was similar to the annular combustor,
suggesting most of the energy remains axial compared to the
hollow, which showed 7% lower E,,.

Moreover, Schwer et al. stated that the high-pressure re-
lief wave that penetrated into the core dump region for the
hollow combustor was pulled back for the flow-through cases.
This suggests that the deflagration/recirculation region may be
mitigated in the flow-through combustors. A possible expla-
nation is that the core flow prevents the propellants from ex-
panding radially into the core. The higher density and velocity
aid this. However, some problems with the flow-through com-
bustor observed include weaker and slower detonation waves,
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a limited detonation range, and a lower range of fuels, as it
could not realize detonation with ethylene/air mixtures>L.

Given that only one study has systematically examined the
propulsive characteristics of flow-through combustors relative
to annular configurations, the current research base is insuf-
ficient to draw broad conclusions about their performance.
Future experimental and numerical investigations are needed
to validate their potential, characterize their operating limits,
and assess whether the observed performance gains generalize
across propellant combinations and geometries.

New Proposed Solution: Tangential Swirl Injectors

Tangential swirl injectors help divert gas from the core and
prevent recirculation into the center region, potentially miti-
gating the deflagration region. They impart a strong rotational
momentum to the flow, creating a radial pressure gradient that
pushes fresh reactants toward the combustor walls®*>. Yuasa
et al. found that the combustion reaction does not develop in
the core region when the swirl injectors are applied**>>. This
could suggest that swirl injectors could suppress the Brayton-
cycle reaction in the core by imparting flow radially and out-
ward. Future experiments should investigate the effect of tan-
gential swirl injectors on the performance of hollow combus-
tors.

Conclusion

While literature is limited and the data is significantly varied,
overall findings indicate that the hollow combustor generally
achieves comparable but often lower performance than the an-
nular combustor. Performance deficits are more evident in
fuel-based specific impulse, specific thrust, and certain com-
bustion and thrust vector efficiency metrics. The hollow com-
bustor usually shows similar or lower propulsive performance.
Specifically, the hollow combustor usually shows similar total
propellant-based specific impulse, but frequently shows lower
fuel-based specific impulse and specific thrust. While the data
is limited and varied for combustion performance, the hollow
combustor showed lower characteristic velocity efficiency, but
varied results on pressure characteristics, with studies report-
ing similar or higher pressure gain and some reporting lower
peak stagnation pressures. In terms of thrust vector efficiency,
the hollow combustor has shown lower E,, and f;,,,,, but similar
E,, values when operating under premixed conditions.

The primary reason for performance deficits is the recircu-
lation/deflagration zone in the core. However, other physi-
cal factors and methodological inconsistencies may have ex-
acerbated the performance deficit in studies reporting signif-
icant performance loss. Hollow combustors have shown to
match or even exceed annular configurations when optimizing
operating conditions and utilizing flow-through combustors.

Additionally, tangential swirl injectors are proposed to miti-
gate the recirculation issue in the core of the hollow combus-
tor. Nevertheless, the comparative assessment in this work is
constrained by inconsistent operating parameters and limited
cross-study data avail- ability. Future investigations with con-
trolled, standardized operating conditions would enable more
definitive quantitative comparison between hollow and annu-
lar combustors. While annular combustors are conventionally
used in RDESs, hollow combustors present a promising alter-
native due to their significant thermal management benefits,
reduced weight, and simplicity. Future experiments should
focus on optimizing hollow combustors for performance.
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