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Abstract

This paper presents a revolutionary turbomachinery concept, referred to as
the turbo-reactor, which has the potential to replace gas-fired radiant fur-
naces and decarbonise a wide range of hard-to-abate, high-temperature
endothermic chemical reaction processes. Although previous studies by the
authors have confirmed the feasibility of using a turbo-reactor for steam
cracking reactions, the numerical investigation presented in this work
broadens the scope of potential applications for the machine to a variety of
energy-intensive chemical processes, including those used for hydrogen
production. This step change in technology could be the catalyst needed to
enable rapid scale-up of low-carbon hydrogen technology. The innovative
design of the turbo-reactor is fundamentally based on converting all of the
imparted mechanical energy into internal energy, rather than pressure. This
enables temperatures of up to 1,700°C to be achieved within an axial length
on the order of one metre, resulting in an increase in the power density of
50 to 1,000 times compared to a surface heat exchanger. This paper pre-
sents the first comprehensive analysis of the turbo-reactor’s robustness and
controllability across a broad spectrum of feeds, chemical reaction stages,
Mach number regimes, and operating points, conclusively demonstrating
the feasibility of a universal stage design strategy for repeatedly imparting
and dissipating energy for various endothermic reaction processes.

Introduction

Motivation and background

Decarbonisation of hard-to-abate high-temperature endothermic chem-
ical reaction processes, such as steam cracking of hydrocarbons, ethylene
dichloride cracking, plastic recycling, hydrogen production through
steam methane reformation (SMR), and ammonia decomposition, is a
significant challenge of this decade (Thiel and Stark, 2021). These pro-
cesses are essential components of large-scale global industries. For
example, the hydrocarbon cracking market was recently valued at $240
billion, with a global annual capacity of 400 million tons per annum
(Mtpa) (Bender, 2014). This is expected to grow to $350 billion, with a
capacity of 600 Mtpa, by 2030. Furthermore, with the rapidly growing
support for low-carbon hydrogen and ammonia for transport, industry,
energy storage, and power generation, it is expected that their demand
will increase exponentially, potentially reaching to 200 Mtpa by 2030,
with a market value of $320 billion (IEA, 2022).

J. Glob. Power Propuls. Soc. | 2024 | 8: 111-126 | https://doi.org/10.33737/jgpps/185623 . wm


http://crossmark.crossref.org/dialog/?doi=10.33737/jgpps/185623&domain=pdf
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.33737/jgpps/185623
https://doi.org/10.33737/jgpps/185623
https://journal.gpps.global

Rubini et al. | Decarbonisation of endothermic chemical reaction processes https://www.journalssystem.com/jgpps/,185623,0,2.html

The primary challenge is that large-scale energy-intensive sectors (e.g., chemical/petrochemicals steel, and
cement) account for almost 20% of global CO, emissions (IEA, 2021), mainly due to heat generated by fossil
fuel combustion. To address this challenge, a new class of turbomachines has been developed to replace gas-fired
surface heat exchangers (specifically the firebox/furnace unit) used in these industrial processes, as shown in
Figure 1.

Heavy industry can be transformed radically by exploiting the complex flow physics and controllable energy
conversion processes possible within a turbomachine. This novel turbomachine, known as the RotoDynamic
Reactor (RDR) or turbo-reactor, works on the principle of directly imparting mechanical energy to the working
fluid supplied by a renewably powered electric motor as the mechanical driver (Rubini et al., 2021; Coolbrook
Oy, 2022). As a result, Figure 1 demonstrates that the turbo-reactor can significantly increase power density by
up to two orders of magnitude compared to a surface heat exchanger, leading to a reduced plant footprint, as
well as lower capital, operating, and maintenance costs. This is achieved by converting almost all of the imparted
mechanical energy into internal energy, rather than compressing the gas as is done in a compressor (which is
another example of an energy-imparting machine). Therefore, high working fluid temperatures of up to 1700°C
can be achieved within short axial distances of less than one metre, depending on the working fluid properties.
This can result in a significant improvement in the efficiency and yield of the reaction (Rubini et al., 2022b).
Previous work by the authors presents a detailed introduction and analysis of stage design, energy transformation
train, and fundamental flow physics (Rubini et al., 2021, 2022a,b; Karefyllidis et al., 2023).

Figures 2 and 3 highlight the significant role of the RDR in decarbonising a diverse set of high-temperature
endothermic reaction processes for the production of high-value commodity chemicals in the chemical industry,
such as steam cracking, thermochemical plastic waste recycling, SMR for hydrogen production, and ammonia
decomposition for hydrogen recovery. Alternative strategies to decarbonise these sectors include hydrogen-fired
(Weydahl et al., 2013) or electric furnaces (Delikonstantis et al., 2019), but these suffer from large thermal resis-
tances that hinder energy transfer (Venkataraman et al., 2003), low power density, and non-uniform temperature
profiles within the tubes, all of which can degrade the efficiency of the process. Furthermore, there are additional
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Figure 1. A schematic analysis of the energy transfer mechanism in a surface heat exchanger against that in the
turbo-reactor.
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Figure 2. A schematic of the elemental stage and multistage environment for the RotoDynamic Reactor, illustrating
a typical temperature profile for some example endothermic chemical processes that could be driven by the RDR.

challenges related to scalability at high temperatures for electric furnaces and low energy conversion efficiency
< 60% (Lu et al., 2022) and nitrous oxide emissions for hydrogen-fired furnaces.

Objectives of this study

This first-of-its-kind paper demonstrates the applicability of the RDR for decarbonising a wide range of endo-
thermic reactions within the chemical industry (see Figure 3). This study confirms the robustness and control-
lability of the system subjected to different feedstocks, variable reaction states, and a range of operating points. A
broad spectrum of operating states is generated by harnessing variations in thermophysical/thermochemical fluid
properties corresponding to different feedstocks (e.g., n-hexane, methane, etc.) and reaction progress states. The
RDR is shown to be resilient and flexible, and energy can be effectively imparted and dissipated despite using a
fixed stage design and boundary conditions.

The turbo-reactor: direct energy transfer for endothermic chemical reactions

Controllable elemental stage design for ultra-high power density energy input

The turbo-reactor concept and detailed design have been developed over many years of collaboration with
Coolbrook Oy (2022) and are based on the original patent of Bushuev (2016). This new machine unlocks a rad-
ically new design space for high-power-density energy-imparting machines, as shown in Figures 2 and 4.
Figure 4 compares the single-stage constant speed ¢ —y and ¢ — C,, characteristics between the turbo-reactor
and an axial compressor. As the primary objective of an axial compressor is the increase of pressure, the work
coefficient y is limited by isentropic efficiency constraints throughout the operating range (see Figure 4b), and
system instability considerations at low flow coefficients ¢ (see Figure 4c). For the RDR, by eliminating the
requirement for an increase in static pressure, these constraints are bypassed within the relevant operating range
(that is, pexit/poin < 1). This results in the following key design differences from a compressor:

1. For low molecular weight fluids, an ultra-high loading coefficient of up to 8.0 is possible (see Figure 4b).
This is more an order of magnitude higher than that of a typical axial compressor, minimising the number of
stages required for heating. Figure 4b indicates that the work coefficient increases approximately linearly with
the flow coefficient, before turning to the vertical due to feed-composition-dependent choking limitations.

2. Within the choking limits of the working fluid, the RDR can leverage very high relative Mach numbers
¢ =~ 1.0 and flow coefhicients (up to ¢ ~ 1.0) without the risk of system instability and overall performance
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Figure 3. Schematic illustration of potential opportunities for turbomachines to decarbonise high-temperature

endothermic reaction processes in the chemical and petrochemical industry.
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degradation. This enables a high flow capacity per unit frontal area, resulting in a smaller machine footprint.

3. Since there is no requirement to support a global adverse pressure gradient, Figure 4c illustrates that the onset
condition for violent dynamic system instability is circumvented as (0C,,./0¢) < 0 (Greitzer et al., 2007).
Therefore, the RDR is robust, controllable, and inherently free of large-scale system instability (i.e., negative
aerodynamic damping) over a wide range of operating states. However, it is noted that local instability may
still grow within certain blade rows.

These features are achieved by imparting almost all the available exergy into the fluid as kinetic energy (KE)
using high-turning supersonic impulse rotor blades (see Figure 2) rather than pressurising the gas. Through aero-
dynamic losses, this KE is then rapidly dissipated into internal energy within the diffuser and vaneless space.
This allows very high temperatures to be attained in a fraction of a millisecond without a pressure rise across the
stage. For example, a temperature change greater than 300 °C per stage can be achieved with air as the working
fluid. As a result, the flow path length required to heat a given mass of fluid to a specified temperature can be
reduced by nearly two orders of magnitude compared to a furnace (see Figure 1).

In a multistage environment, the flow must be reconditioned before the next rotor row. A stator vane is used
to rapidly accelerate the flow to help it recover before entering the downstream row and to provide the necessary
high Mach number with a large negative swirl angle (to the rotor). The favourable pressure gradient attenuates
residual flow non-uniformities from the upstream mixing process, ensuring high performance across the multi-
stage architecture (Karefyllidis et al., 2023).

Addressing the limitations of surface heat exchange

Compared to radiant furnaces, the RDR provides a fundamental advantage: mechanical energy is directly trans-
ferred into the fluid, making it the hottest part of the system. This is in contrast to furnaces, where the walls are
the hottest part of the system due to the heat transfer process. This inherent feature of volumetric energy add-
ition bypasses two key challenges encountered in radiant coils. First, the heat transfer area requirement is
avoided, allowing a significantly shorter gas path (see Figure 1). Reaction selectivity is a function of residence
time; therefore, the primary product yield can be increased.
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Figure 4. A comparison between an axial compressor and turbo-reactor (both energy imparting machines), showing
(a) the primary objectives, (b) the single-stage flow coefficient ¢ against stage loading y characteristic speedline,
and (c) the single-stage flow coefficient ¢ against total-to-static pressure rise coefficient C,. . characteristic.

J. Glob. Power Propuls. Soc. | 2024 | 8: 111-126 | https://doi.org/10.33737/jgpps/185623 __ s


https://doi.org/10.33737/jgpps/185623
https://www.journalssystem.com/jgpps/,185623,0,2.html

Rubini et al. | Decarbonisation of endothermic chemical reaction processes https://www.journalssystem.com/jgpps/,185623,0,2.html

Second, as indicated in Figure 1, the thermal and velocity boundary layers within the tubes are thick and mis-
matched. As a result, the majority of the fluid’s mass is concentrated at the centre, but the highest temperature is
at the surface. This results in coke deposition on the walls due to high metal temperatures (for hydrocarbon
feeds) and overcracking due to nonhomogeneous reaction progress. By avoiding these limitations, the RDR
enables a more homogeneous and efficient reaction for all chemical processes, as well as lower coking rates for

hydrocarbon-based feeds.

Fine-tuned control of the endothermic reaction dynamics

For high-temperature endothermic chemical reactions, where the enthalpy of reaction Ay, Hyyg is positive, a tur-
bomachine can be used to replace conventional radiant furnaces. The turbo-reactor preheats the gas mixture to a
temperature where the reaction proceeds efficiently, followed by further customised stages to maintain the average
optimum reaction temperature during the subsequent enthalpy-draining reaction, as shown in Figure 2. This
paper will show the versatility of the RDR using four example applications (see Figure 3) summarised below.

1. Steam cracking: transforming heavy hydrocarbons into higher-value olefins such as ethylene (C,Hy4) and pro-
pylene (C,Hg). This is a thermal decomposition (i.e., pyrolysis) reaction in an oxygen-free environment.

2. Thermochemical recycling of mixed plastic waste (Kusenberg et al., 2022): decomposing pyrolysis oil (PyOil)
back into virgin-quality olefins (see Figure 3). PyOil is converted to olefins using the same process mentioned
above (see 1.).

3. Steam methane reforming: the RDR is used to produce syngas (CO + H;) from natural gas (CHy). This
syngas is processed and separated into hydrogen (H,) and carbon dioxide (CO,) (Rostrup-Nielsen and
Christiansen, 2011).

4. Ammonia (NH3) decomposition: converting ammonia into hydrogen (H;), which is becoming an important
process to release H, from an ammonia energy carrier for cleaner and more efficient combustion (Jackson
et al., 2019).

A common feature among the working fluids used in these applications is that they are all superheated vapours
following the ideal gas law with a temperature-dependent isobaric heat capacity (i.e., the mixture is a semi-perfect
gas). In the first three applications, superheated steam is added to the feed to reduce the coke (i.e., solid carbon)
deposition on the surfaces. Therefore, steam plays a crucial role in determining the properties of the mixture.
The fact that the mixture is a single-phase, semi-perfect gas (rather than a non-ideal fluid) significantly simplifies
turbomachinery design and modelling processes.

The objective of the non-reacting, ultra-fast preheating section (150 °C < 7" < 620 °C) for all chemical pro-
cesses is to maximise the flow of energy into the fluid within a minimum distance and time scale. In some con-
figurations of the preheating zone, the vaneless space can be eliminated by integrating the diffuser and the stator.
As a result, the flow can enter successive stages with a higher and higher flow coefficient, enabling a potential
increase in stage loading across the multistage architecture (until an equilibrium is reached).

Once preheating is complete and the gas mixture is at the reaction activation temperature, the vapour enters
the reaction zone where the turbo-reactor provides a tailored temperature profile based on the application-specific
reaction dynamics (see Figure 2). This is achieved using a non-uniform axial distribution for the interstage vane-
less space length (see Figure 2). For each stage, the axial dimension depends on the local heat of reaction, which
is a function of the thermochemical state.

Numerical methodology

In the following sections, the versatility of the turbo-reactor will be demonstrated in its ability to operate effect-
ively across a wide range of feedstocks and reaction conditions for various chemical processes powered by the
RDR. The basic requirements for each process, based on the design of the datum stage, are summarised in
Table 1. To evaluate the performance of the machine under these varying conditions without relying on compu-
tationally intensive reacting flow simulations, a framework has been developed to decouple the aecrodynamics and
chemical kinetics. This is introduced in the next section.

A decoupled framework for evaluating the effects of chemistry on aerothermal performance

A low-order approach is taken to decouple computational fluid dynamic (CFD) simulations and chemical
kinetics. This is summarised in Figure 5 and can be explained as follows. Offline, 1-D detailed kinetic simula-
tions are conducted for steam cracking (of an n-hexane and ethane feed), SMR, and ammonia decomposition
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Table 1. Approximate preliminary requirements for the preheating and reaction zones based on the datum stage.

Feed/ Preheating zone (150°C < T<900°C) Reaction zone (T = 900°C)
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Figure 5. (Left) The methodology for constructing performance maps of the RDR for a broad range of chemical pro-
cesses and reaction states and (Right) temperature-dependent variations in thermophysical properties, speed of
sound, and non-dimensional choking mass flow rate w.r.t. reaction progress in the range 150-1,000°C.
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reactions across a broad temperature range (150°C < 7" < 1,000°C) covering both the preheating and reaction
zones. All of the reactions are taken near completion to capture a broad range of reaction states.

The impact of the chemical reaction is effectively lumped into changes in the fluid properties, with four vari-
ables forming the parameter space: static temperature 7, heat capacity ratio y, isobaric specific heat capacity ¢
and dynamic viscosity p. By sampling from this fluid property space (see Figure 5) and performing a non-
reacting CFD calculation for each sample, the performance can be evaluated under different reaction conditions
without performing costly reacting flow simulations. The aerothermal performance of the turbomachine is
characterised in the same way as conventional turbomachines using the non-dimensional groups shown in

Equation 1 and defined in Dixon and Hall (2013):

Total pressure ratio
P Reynolds number

P ATh (m WRlow QD y)
Ty T 9 = 9 ’ e,
po1 Tor D?po1 " \/YRTy

Non-dim. blade speed

(1)

Stage loading coeff.

Capacity func.

where py is the total pressure, R is the gas constant, 7 is the mass flow rate, D is the mean diameter and € is the
rotational speed. The terms highlighted in red are composition-dependent, indicating that turbomachinery per-
formance is a direct function of the state of progress through each reaction. It is noted that there are two key
implicit assumptions in this analysis. First, it is assumed that the aerodynamics and chemistry can be decoupled,
and therefore are not assumed to be strongly interacting. Second, the fluid properties are assumed to be constant
across a stage. In general, these are crude assumptions; however, these approximations allow us to gain rapid
insight into how different reaction states change aerothermal performance.

Block (1): 1-D chemical kinetic modelling

For each feedstock and chemical process illustrated in Block (1) of Figure 5, a chemical reaction mechanism is
automatically generated using RMG-PY (Gao et al., 2016). This includes both gas-phase reactions and heteroge-
neous surface-phase (catalytic) reactions. An in-house 1-D reactor model, built on top of a plug-flow reactor
(PFR) model and a stiff ordinary differential equation solver within caANTERA (Goodwin et al., 2022), is used to
approximate the enthalpy supplied by the rotor separated by user-defined time intervals representing the resi-
dence time per stage. Both ammonia decomposition and SMR require catalysts. For both, the
surface-area-to-volume ratio is set to 400 m*> m~2, which could be tuned if required.

For each reaction, the validity of the semi-perfect gas assumption was analysed. The Redlich-Kwong real gas
equation of state was used to simulate the gas mixtures at the relevant operating points. For almost all regimes,
the compressibility factor Z and fugacity coefficient @ deviated by less than 2% from their ideal gas values. For
SMR, at low temperatures of 7" < 200°C and at high pressures of 30 bar, the deviation from ideality increased
to a maximum of ~8% for Z and @. However, the error quickly dropped to a negligible level once the tempera-
ture rose by 100°C. This provides confidence in the semi-perfect gas assumption over an extensive range of con-
ditions and feedstocks.

Block (2): sampling the fluid property space

The parameter space is formed by randomly sampling 7; y, ¢,, and . As the non-dimensional groups on the
right-hand side of Equation 1 involve combinations of these parameters, such as the stagnation speed of sound
VYRTpy:1, only samples where the capacity function, speed of sound, non-dimensional blade speed, etc., fall
within the known ranges, are accepted. These known ranges are determined from precursor 1-D chemical kinetic
simulations covering a range of feedstocks and feed conversion states (see previous section).

Block (3): 3-D steady non-reacting RANS CFD modelling

To evaluate acrothermal performance, 500x steady three-dimensional, non-reacting RANS calculations using a
single stage were performed for each sample in the parameter space (see Block (3) in Figure 5). This was achieved
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using the flow solver TBLOCK (Denton, 1983, 1986, 1992) with a mixing-length turbulence treatment. The
mixing length-scale is tuned on a block-basis and is set by the turbulent length scale calculated from high-fidelity
LES. The computational setup, which employed a simplified computational domain and numerical treatment,
allowed hundreds of CFD simulations to be run within a few hours. To assess mesh independence, three grades
of mesh density were simulated. The mass-averaged flow coefficient, stage loading coefficient, and rotor exit
Mach number error were within 0.7%, 1.9%, and 2.0%, respectively. This gives us confidence in the trends pre-
sented in the following sections.

Although the mesh is relatively coarse and the turbulence modelling relatively simple, it is emphasised that the
main objective is to determine qualitative trends rather than absolute values. Moreover, the main quantity of
interest is the bulk work coefficient, which is found to be less sensitive to turbulence modelling and mesh

density for the impulse-type blades used here.

Robustness of the turbo-reactor concept to feed variability

This paper presents the first instance in turbomachinery in which the flow is reacting across the majority of the
gas path length. This results in significant variations in the thermophysical fluid properties from inlet to outlet.
These changes cover a broad range of molecular weights; therefore, leading to reaction-dependent variations on
turbomachinery performance, more specifically, due to changes in the gas dynamics (¢ = /yR7, v, W, etc.). In
this section, we demonstrate the controllability of the machine over a broad range of Reynolds numbers, Mach

numbers, and flow coefficients to illustrate the robustness of the concept to feed variability.

Influence of Reynolds number on aerodynamic performance

The Reynolds number Re = pVb/u (based on the stator exit conditions and true blade chord) varies with feed
composition and reaction progress due to changes in fluid density and dynamic viscosity. Figure 6a suggests that
stage loading is weakly dependent on Reynolds number over a wide range (1 x 10* < Re < 2.5 x 10°), drop-
ping by only 9% over the investigated range. As expected, more energy can be imparted into the fluid at high
Reynolds numbers. Figure 6b indicates that this is because, in the low Reynolds number regime, there is a higher
level of flow separation as the boundary layer is more sensitive and cannot negotiate local adverse pressure gradi-
ents. Higher flow separation leads to higher blockage and lower throughflow capacity, as well as increased flow
deviation. Since stage loading scales with flow coefficient and flow turning, the specific energy input falls at low
Reynolds numbers. However, the change is relatively minor (see Figure 6a).

Aerothermal performance maps covering a wide operating range

This section demonstrates the applicability of using a turbomachine for four different chemical processes using a
uniform stage design, fixed annulus flow area, and fixed boundary conditions. These conditions include a fixed
imposed pressure ratio pexit/po.in ~ 0.98 and blade tip speed. As highlighted at the bottom right of Figure 7, by
varying the fluid properties (see Figure 5) while fixing pexit/poin, the system naturally experiences variations in
the operating point, set by the flow coefficient ¢p = V,/U. This variation is exploited to probe the response of
the dynamical system (i.e., the RDR) subject to input perturbations (i.e., fluid properties). As a result, the
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Figure 6. (a) Variation of stage loading coefficient with Reynolds number and (b) the isentropic Mach number distri-
bution for two extreme Reynolds number states, corresponding to different reactions powered by the RDR.
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Figure 7. Aerothermal performance maps showcasing the reaction-progress trajectories with thick solid lines for
four applications of the turbo-reactor (for a fixed Re = 100,000 and pressure ratio pexit/Po.in = 0.98).

robustness and controllability of the machine can be demonstrated over a wide range of fluid properties and
hence operating regimes. Of course, during normal operation, the delivery pressure, stage design, and annulus
flow area can be customised for each stage and for each chemical reaction to maintain and match the optimum
velocity triangles.

Each thick solid line indicated in Figure 7 represents the trajectory through non-dimensional parameter space
using decoupled detailed 1-D kinetic calculations. This detailed chemical analysis is performed independently,
and the results are superimposed on the performance maps. These lines effectively illustrate how aerothermal per-
formance varies along the streamwise direction across a multistage machine for each chemical process. For all
reactions, the imposed pressure ratio is fixed; therefore, the Mach number decays across the multistage machine.
Since density decreases and the flow area is fixed, this is accompanied by an increase in the flow coefficient
toward the rear of the machine. Therefore, the stage loading is higher near reaction completion. At the beginning
of the reaction, the feeds are initially separated in the non-dimensional parameter space (see Figure 7). However,
as the reactions progress, they all converge toward the higher loading region.

More generally, two insights can be gained from the response of the performance metrics shown in Figure 7.
First, the ratio of specific heats has a relatively small impact on the stage loading. Secondly, the dominant para-
meters driving changes in flow physics are the non-dimensional blade speed and flow coefficient. The non-
dimensional blade speed is inversely proportional to the speed of sound (see Figure 5 and Equation 1) and varies
by almost a factor of 4.5, whilst the flow coefficient, which sets the velocity triangles, varies by almost a factor of
2 (due to the density variation). The stage loading coefficient does not respond significantly, with a maximum
deviation of 15%, illustrating the robustness of the turbo-reactor despite the use of a fixed elemental stage. This
margin can be further reduced by adjusting the delivery pressure and modifying the flow area to match the flow
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coefficient and the restore the velocity triangles. Since there is no onset condition for violent system instability
(see Figure 4c), the machine can provide a high enthalpy input over a broad range of reaction and operating
states.

Parameter space boundaries: extremes of the Mach number regime

Two extreme Mach number regimes, covering a wide range of feed molecular weights (2.0-86.0 g mol™") and
hence the speeds of sound (280-1,150 ms™"), are selected from the parameter space shown in Figure 7 and are
compared in more detail in Figure 8. The low Mach number regime corresponds to an ammonia feed toward
reaction completion, and the high Mach number regime corresponds to an n-hexane feed before the reaction
starts. The first case represents a front stage of the machine, which is capacity-limiting due to the low speed of
sound (see Figure 5 (Right)), and the second case represents a rear stage. The high Mach number case (see
Figure 8 (Right)) is presented to illustrate the robustness of the flow at off-design regimes. However, in practice,
the mismatched velocity triangles can be partially corrected by adjusting the delivery pressure to accommodate a
higher mass flow rate, increasing the annulus flow area, and/or increasing the throat area to raise the swallowing
capacity near the choke point.

Figure 8 provides three key insights into the flow physics of the system. First, within the rotor, the low Mach
number case is mainly affected by PS separation and blockage, whereas for the high Mach number case, an
increased positive incidence angle results in a higher level of SS separation contaminating the flowfield. This is
because (I) the flow coefficient drops by almost a factor of 2 for the high Mach number case (II) the Mach
number is supersonic, making the flow sensitive to small changes in incidence (<1.5°), and (III) a shockwave at
the rotor inlet contributes to further SS boundary layer separation through shockwave boundary layer interaction
(SWBLI).

Second, the gas mixture in the low Mach number regime (Figure 8 (Lef?)) consists of 70% hydrogen on a
mole basis. As hydrogen has a low molecular weight and hence a high speed of sound, it can accommodate a
higher flow coefficient at a given pressure ratio and a fixed annulus area. This allows for a greater change in tan-
gential velocity whilst avoiding the SWBLI in the rotor, resulting in higher stage loading (see Figure 8). As the
flow is far below the choking limit, an even higher flow coefficient can be achieved by increasing the delivery
pressure (see Figure 4b). Therefore, it is evident that the local fluid properties (set by the local composition state)
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Figure 8. Comparison of the midspan relative Mach number distribution at two “extreme” corners of the parameter
space where the fluid properties and local gas composition lead to two polar speed of sound regimes.
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have a significant influence on the operating range, compressibility, and loading capability for a fixed geometry.
With the current datum design, the operating range of the high molecular weight n-hexane feed (Figure 8
(Right)) is more restricted, and the ¢ — y characteristic is almost vertical (see the low speed of sound boundary
in Figures 4b and 4c). However, for a given fluid, the design can be altered to balance the operating range and
the specific energy input rate per stage.

Finally, the results presented demonstrate that the RDR can still achieve a reasonably high level of specific
energy input (Ahy &~ 220 kJ kg™ !) despite large-scale flow separation due to incidence and SWBLI, as indicated
in Figure 8 (Right). This flexibility of the machine is a direct consequence of the fact that isentropic efficiency
does not impact the performance of the machine. Without a requirement to resist an adverse pressure gradient,
entropy can be generated without dramatic repercussions for the specific energy that can be imparted into the
fluid. Despite an elevated level of flow separation within the passage, the flow within the rotor is turned through
an angle close to the blade metal angles. Therefore, the specific energy imparted into the fluid remains high,
albeit at the expense of a reduced flow coefficient due to blockage. In the high Mach number regime, a higher
total pressure ratio across the rotor (see Figure 7) results in an increased local choking mass flow rate. This
ensures that a reasonable level of mass can still be swallowed, despite a reduction in the effective throat area due
to blockage in the diffuser. As the total pressure is rapidly dissipated downstream, there is no global adverse pres-
sure gradient, as discussed in the next section.

A breakdown of the energy conversion mechanisms

Once the kinetic energy (KE) has been absorbed by the flow through the rotor, it must eventually dissipate into
internal energy # within the diffuser and vaneless space. In some configurations of the machine, such as the ultra-
fast gas preheating zone before the reaction starts, the vaneless space can be removed, and the majority of the
energy dissipation occurs every 2—4 stages. In contrast, for a gas mixture undergoing reactions, it is more optimal
to dissipate the mechanical energy at every stage to repeatedly balance and compensate for the drop in tempera-
ture caused by the reaction.

A well-designed energy transformation system aims to convert kinetic energy into internal energy over the
minimum possible time scale, typically less than 0.5 ms. This is achieved controllably through both an isentropic
pressure rise and through entropic dissipation mechanisms equivalent to aerodynamic losses. By increasing the
entropic rise ds, the increase in static temperature 47 can be maximised within a minimum time scale while
removing any minor unwanted gains in static pressure dp. This principle can be expressed by the Gibbs equation
¢ydT = (1/p)dp + Tds. Exploiting aerodynamic losses in this way is in stark contrast to conventional
energy-imparting machines.

Figure 9 illustrates an approximate breakdown of the energy conversion mechanisms at the two flow regimes
shown earlier in Figure 8 above. The energy conversion breakdown is determined by integrating the viscous dissi-
pation rate Susic (Denton, 1993) zonally for five regions in the diffuser-vaneless-space system listed in Figure 9
(Leff). A more detailed description of the “loss audit” methodology can be found in Moore and Moore (1983)
and Pullan et al. (2004). The sixth energy conversion mechanism accounted for is the isentropic pressure
rise Cigentropic (Se¢ Equation 2), which is calculated using isentropic relations between two known states. Other
conversion sources, such as tip leakage, are neglected.

c,A Uisentropic
gisentropic - )
bO,rotor — Frotor

Equation 3 is used to calculate the entropic portion .. of the total energy conversion coefficient
q p p entropic gy
¢ = Lisentropic T Centropic- 1t is noted that the subscript (qr) refers to the rotor exit station.

Sysi . AV,
gentropic - - where Syisc = J]I dv (3)

. 9 Tl] E—
m(}JO,rotor - rotor) ) dx]

Figure 9 illustrates the differences in the energy conversion mechanisms for two feeds at different reaction
states. In the subsonic case (i.e., high-temperature decomposed ammonia), isentropic energy conversion domi-
nates since the flow in the blade passage is more attached. For the supersonic case, there is still a contribution
from isentropic pressure rise, but the contribution is smaller, and the mechanism is dominated by pressure rise
due to the isentropic component of the shockwave action rather than diffusion induced by changes in the effect-
ive flow area.
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Figure 9. A breakdown of kinetic energy (KE) to internal energy (Au = c,AT) conversion mechanisms including both
entropic dissipation and isentropic pressure rise contributions. The breakdown for a single stage is compared for
two extreme Mach regimes corresponding to thermophysical properties encountered for two different reactions.

In both cases, the energy conversion due to trailing edge (TE) mixing is large since the TE is thick (42% of
the blade pitch), blunt and square. In the supersonic case, this energy conversion source is well over 50% of the
total energy conversion. This is significantly higher than the subsonic case as TE mixing loss scales with Mach
number Denton and Xu (1990). In the supersonic case, the entropy generated through the shock is relatively
small, meaning that the direct impact of the shock is minor. However, there is a substantial indirect impact from
the shockwave due to shock-induced boundary layer separation. This significantly enhances boundary layer dissi-
pation as well as downstream mixing.

This analysis shows that, despite variations in the incoming dynamic head over a wide range of operating
points and feeds, almost 60% of the rotor exit kinetic energy can be dissipated into internal energy over a short
distance (<50 mm). In different regimes, the flow self-adjusts the contributions from each conversion mechanism
to match the downstream boundary condition. Future work will investigate the energy conversion mechanisms
in more detail.

Summary and conclusions

This study has demonstrated the feasibility of using an electric-motor-driven turbomachine to mitigate carbon
emissions and improve the operability, controllability, and reaction performance of four crucial energy-intensive
endothermic reaction processes. The numerical investigation presented in this paper has revealed several key
design characteristics of the concept summarised in Figure 10, which are as follows:

1. It has been shown that a universal stage design philosophy can be used for a wide range of feeds and reaction
states. The specific energy input remains relatively high over a wide range of conditions. Since the collection
of molecular weights covered is extensive, many other relevant chemical and non-chemical processes should
fall within this range.

2. The robustness of the turbomachine has been successfully demonstrated over a wide range of operating and
Mach number regimes by inducing operating point excursions through fluid property perturbations. The
stage loading only dropped by 15% over a broad set of flow conditions, indicating the flexibility of the RDR.
Additionally, the turbomachine showed a weak dependence on the Reynolds number, with only a 9% vari-
ation in the work coefficient over two orders of magnitude of the Reynolds number.

3. Without a requirement for pressure gain, the design restrictions of efficiency and system instability are no
longer relevant. Therefore, a high level of incidence and separation can be endured, facilitating a high level of
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Key Features of the Turbo-Reactor Concept

Direct Mech. Energy Transfer: 100x — 1000x higher power density compared with heat exchanger

No Pressure Gain: all imparted mech. energy converted into heat in 0.5 ms through dissipation

No System Instability: removed condition for system instability onset compared with compressors

Flexibility: robust to feed variability and tolerant operating point excursion (machine is controllable)

Improved Reaction Selectivity: shorter residence times enable higher yields & lower coking

Figure 10. Schematic block diagram summarising the key features of the new RDR concept.

energy input and swallowing capacity over the operating range. The limits of the RDR are set only by
choking (which is a restriction on the throughflow capacity of the machine) and not by system instability. Of
course, local flow instability within certain blade rows may still occur.

4. Over a broad range of gas velocities and Mach numbers—corresponding to different feeds and reaction states
—this work has shown that kinetic energy can be dissipated into internal energy (and static temperature rise)
over an extremely short time scale of 0.5 ms, enabling a compact machine for ultra-fast gas heating. The pro-
cessing mechanisms self-adjust in different flow regimes.

In summary, a turbomachine is a robust and efficient means of heating a wide variety of (endothermically) react-
ing gas mixtures to high temperatures. This analysis covers a broad spectrum of fluid properties, therefore suggest-
ing that a similar elemental stage design could also be used to heat other non-reacting gas mixtures, enabling
decarbonisation of energy-intensive industries, such as steel, cement, glass, and aluminium, while simultaneously
reducing the volume 50 to 1,000 times relative to conventional surface heat exchangers.

Nomenclature

Symbols

b true blade chord, m

c=yRT speed of sound, m st

Cyps = % total-to-static pressure rise coefficient
¢ isobaric heat capacity, J kg™' K™

¢y isochoric heat capacity, J kg™ K™
ho stagnation enthalpy, J kg™

Arang98 enthalpy of reaction, ] kg_l

" non-dimensional choking mass flow rate
P static pressure, Pa

20 stagnation pressure, Pa

R Vb specific gas constant, ] kg_1 K!

Re = — Reynolds number

Sosic viscous dissipation rate, W

T static temperature, K

Au internal energy change, J kg™'

U mean blade speed, m s~

v domain volume, m?®

V absolute velocity, ms™ !
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axial velocity, ms™
Vi, al velocity. !
y = C—‘D heat capacity ratio
g v energy conversion coefficient
u dynamic viscosity, Pa s
Ahy : o
v="1n stage loading/work coefficient
v
¢ = Ux flow coefficient
7 shear stress tensor, Pa
Acronyms

PFR  plug-flow reactor

PS/SS  pressure/suction surface

RDR  RotoDynamic Reactor (turbo-reactor)
SMR  steam methane reforming

SWBLI shockwave boundary layer interaction
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