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ARTICLE INFO ABSTRACT

Keywords: This study proposed a novel helical-fin-assisted micro-step Helix combustor to improve the performance of
Micro-combustion micro-combustors under high flow rates. The effects of the helical fins on the flow and combustion characteristics
Helical fin

were analyzed with the aid of detailed hydrogen-air chemistry and a conjugated heat transfer mode. The per-
formance of the proposed Helix combustor and the conventional micro-step combustor was compared. With the
increase of the inlet velocity, two flame stabilization modes can be identified, i.e., the helical-fin-anchored flame
and the traditional step-stabilized flame. The intensified heat transfer conjugation between the flame and helical
fins enables the ignition and stabilization of the premixed flame before the inlet velocity reaches 34 m/s. The
swirl flow induced by the helical fins reduces the length of the recirculation zones behind the step while aug-
menting the mixing between the hydrogen and the high-temperature products, which finally improves the
combustion efficiencies. The helical-fin-anchored flame is preferred for thermo-electric/photovoltaic systems due
to the uniform yet high wall temperature, as well as higher thermal efficiency. Meanwhile, the step-stabilized
flame in the proposed combustor shows advantages of higher combustion efficiency and higher exhaust tem-
perature for micro- engines under higher inlet velocities.

Combustion performance
Conjugate heat transfer
Mixing

Consequently, the performance regarding the flame stability and com-
bustion efficiency will be significantly changed in micro-combustors.
The heat transfer conjugation between the flame and the wall as an
unavoidable effect on the flame stability in the micro-scale combustion
has received plentiful research. Unlike the traditional single direction
heat-loss effects considered in thermal quenching of the flame in narrow
channels [11], the bidirectional heat transfer between the gas and solid
phases has been comprehensively investigated in micro-combustors to
reveal mechanisms for flame instability and to explore strategies for
flame stabilization. Several unique flame behaviors such as slow-
burning flame [12] and repetitive ignition and extinction dynamic
flame [4] are found in narrow channels due to the contributions of heat
conjugation between flame and wall. The “excess enthalpy” combustion
realized through heat recirculation between the high-temperature
exhaust and the unburned mixture significantly extends flammability
limits and stability of the flame in micro-combustors [13]. Following
those studies, the heat management strategies in terms of heat loss and
recirculation are further investigated [14]. The wall materials with
anisotropic thermal conductivity were applied to enhance the heat

1. Introduction

Micro-scale combustion has attracted much attention recently as a
promising heat and power source for small-scale apparatus. Compared
with the commonly utilized micro-scale batteries, micro-scale combus-
tion has advantages in energy density, output power, and recharge time.
Micro-scale combustion has applicability in a diversity of fields, such as
thermoelectric or thermophotovoltaic systems, engines or turbines, and
fuel reformers [1]. However, issues arise when it comes to the minia-
turization of the combustion system. The increase of surface-to-volume
leads to strong thermal and chemical coupling between the flame and
wall, the residence time for reaction and mixing between reactants re-
duces significantly, and the mixing intensity moderates at a relatively
low Reynolds number in micro-scale combustors. These issues lead to
weak flame stability. Several unsteady flame behaviors have been
observed in previous studies, such as oscillating flames [2,3], flames
with repetitive extinction and ignition (FREI) [4,5], rotating/spinning
flames [6,7], flame streets [8], and symmetry-breaking flames [9,10].
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Nomenclature

A cross-sectional area of the channel, m?

Cc reaction progress variable

Cp specific heat, J/(kg<K)

Cy specific heat of the wall, J/(kg+K)

D;,D,,D3 inner and outer diameters of the combustor, mm
dsy vector of surface element

h enthalpy of the fluid, J/kg

h, convective heat transfer coefficient, W/(m? « K)
hg enthalpy of speciesg, J/kg

h, radiant heat flux, W

h height of the fins, mm

H, combustion enthalpy of hydrogen, J/kg

Jg mass diffusion flux of speciesg, kg/(m? « s)

Li,Ly,Ls length of the different parts of the combustor
Le Lewis number

L, nominal combustor length

mu,,,.  mass flow rate of hydrogen integrated over outlet, kg/s
My, , mass flow rate of hydrogen integrated over z slices, kg/s
My, mass flow rate of hydrogen at the inlet, kg/s

p pressure, Pa

R gas constant

R, hydrogen consumption ratio

R production rate of speciesg, kg/(m> « s)

Ry, consumption ratio of hydrogen, kg/(m? « s)

R, hydrogen penetration ratio

S area of the cell surface in axial direction

To ambient temperature, K

t time, s

T flame temperature, K

Tout average exhaust gas temperature at outlet, K
Tyall temperature of the wall, K

Tw.o outer surface temperature of the wall, K

u;, uj,u,  velocity component, m/s

\4 velocity vector

Vo, Ve axial and radial components of velocity, m/s
Vin inlet velocity, m/s

w1 width of the fins, mm

X;,Xj,x,  coordinates in rectangular coordinate system
y transverse coordinate

Y, mass fraction of species g

Greek symbols

AHpor normalized total enthalpy change

€ surface radiative emissivity

7e combustion efficiency

7, conversion ratio of chemical energy to radiant heat
A thermal conductivity of the gas mixture, W/(m « K)
Aw thermal conductivity of the wall, W/(m « K)
u dynamic viscosity, kg/(m « s)

p density, kg/m®

Pw density of the wall, kg/m3

T cell volume

o Stephan-Boltzmann constant, W/(m? « K*)

® edge length of the bluff-body

Omeg_xy ~ Mmagnitude of vorticity, st

Abbreviation

Helix micro-step combustor with helical fins
MPTV  micro-thermophotovoltaic

RZ recirculation zone

Step original micro-step combustor

recirculation and reduce the heat loss [15]. The concept of a multi-
channel combustor [16,17] was utilized to strengthen the preheating
by forming a counter-flow between burnt products and unburnt re-
actants. The micro-combustor filled with porous mediums [18] and
micro-pin-fin arrays [19] is proposed for the micro-thermophotovoltaic
(MTPV) system, where the energy conversion efficiency improved
significantly with the contributes of them in enhancing heat recircula-
tion and expanding reaction zones. The high surface-to-volume ratio
also renders noticeable chemical interactions between the flame and
wall in the micro-combustor, facilitating surface catalytic combustion
that is ignited at a much lower temperature than gas-phase combustion
[20,21]. Because of that, the heat recirculation combustor with coupled
catalytic and gas-phase combustion are favorable to sustain a stable
flame under a high heat-loss ratio [22,23].

However, the benefits of heat recirculation and catalytic combustion
in strengthening reactivity and reducing chemical time diminish with an
increasing flow rate as the heat and species transported from flame to
wall are limited by insufficient residence time. Various flame holders are
adopted to stabilize the flame in micro-combustors. The flow separation
near the flame holders induces flow recirculation zones, which provide
high-temperature radicals and low-velocity bays for flame stabilization.
Wan et al. [24] found that the central bluff-body in a planar micro-
combustor greatly extends the blow-off limit of the hydrogen/air pre-
mixed flame. Bagheri et al. [25] compared performances of micro-
combustors with different type bluff-bodies, where the central bluff-
body-assisted cases exhibit higher exhaust temperature, lower wall
temperature, and poorer flame stability compared to the wall-blade
ones. Niu et al. [26] investigated the flame stability of the central
bluff-body and found that the blow-off limit increases as the blockage
ratio increases from 0.2 to 0.4. A variant of central bluff-body which

with slits on both sides is proposed by Yan et al. [27] to extend the reflux
behind the bluff-body and enhance the combustion efficiency. The dual-
convex fin was utilized by Pan et al. [28] to strengthen hydrogen con-
sumption in micro combustors operated at relatively low velocities. The
cavity structure as a frequently-utilized flame holder in supersonic
combustors [29] was also introduced in the design of micro-combustors.
Li et al. [30] found that the mutual assistant coupling of heterogeneous
and homogeneous combustion can boost the consumption rate of
methane and broaden the operation range of the stable flame in a micro-
combustor with cavity and catalyst segments. Wan et al. [31] investi-
gated the combustion characteristics of the hydrogen/air premixed
flame in a dual wall-cavity assisted micro-combustor, where no blow-off
was observed under the examined inlet velocities. The flame was split
near the tip under high inlet velocities, drastically reducing combustion
efficiency. Besides, central bluff-bodies [32] and guide vanes [33] were
combined with the cavity to suppress the split of the flame and improve
the combustion efficiency of the cavity-based micro-combustor through
strengthening the flow recirculation and mixing.

The backward step as a favorable flame holder has also been adopted
and extensively investigated since the primary stage of the micro-
combustion technology development. Yang et al. [34] compared the Hy/
air premixed flame behavior and wall temperature of the micro-
cylindrical combustors with and without a step, and concluded that
the step anchored the flame in a wide operational range with a high yet
uniform wall temperature, which is preferred for the applications based
on thermal energy from the outer wall such as thermophotovoltaic,
thermoelectric, and fuel reformer. The stability of CH4/air premixed
flame was investigated in the stepped micro-combustors by Kumar et al.
[35,36]. Unlike the Hz /air premixed flame anchored by the recirculation
zone behind the step [34], the CH,4/air premixed flame is more likely to
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stabilize downstream of the recirculation zone and exhibits oscillations
or even blow-out under relatively high inlet velocities. Zarvandi et al.
[37] found that the added H, provided vital radicals to ignite and sta-
bilize the CH, /air premixed flame near the step wall and led to a more
uniform wall temperature. Besides, the multi-stages step was proposed
by Khandelwal et al.[36] and Peng et al. [38] to improve the flame
stability of CHy/air flame and stabilize the flame position of the Hy/air
flame, respectively. Yilmaz et al. [39] investigated the performance of
micro-combustors with backward step and cavity, respectively. The re-
sults show that the backward-step combustor has superiority in wall
temperature distribution and radiant energy conversion. The studies of E
et al. [40] and Yang et al. [34] on stepped micro-combustors show that
the exit temperature and combustion efficiency decrease with the in-
crease of inlet velocities, whereas the wall temperature eventually rises
to a quasi-stable stage, suggesting a limit of the output thermal power
[41].

Therefore, the research interest for stepped micro-combustors
mainly focused on wall temperature distribution and energy output
under moderate flow rates, with the purpose of applications in MTPV or
micro-thermoelectric systems. The combustion performance under
higher flow rates by using backward steps and their potential in micro-
engines have rarely been explored. It was pointed out that improving the
exhaust gas temperature rather than the wall temperature is the key to
achieving higher efficiency of the micro-engine system under high flow
rates [42,43]. As the merits of the backward step in stabilizing flame
have been proved in the previous study [34,44], improving the com-
bustion efficiency should be crucial for enhancing exhaust gas temper-
ature. In this study, a newly designed micro-step combustor with helical
fins in the inlet channel is investigated. The helical fins are expected to
enhance preheating effect of the inlet channel [45,46] and strengthen
the mixing between the fresh mixture and the burned gas near the step
wall through the activated swirl flow [35,47]. Even though the swirl
flow has been reported to broaden the stability limits in micro-step
combustors [30,41], its effect in improving combustion efficiency,
especially under high flow rates, has not been comprehensively inves-
tigated. Therefore, the combustion characteristics and the performances
of the helical fin enhanced micro-step combustor are numerically
investigated and compared with a conventional micro-step combustor
under increasing inlet velocities. The characteristics of the flame-wall
coupling, flame-flow interactions, and the mixing of reactants are
analyzed to reveal the underlying mechanisms of the improvements.

2. Numerical methodology
2.1. Combustor geometry

The micro-step combustor with helical fins mounted on the inner
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wall of the inlet channel is shown in Fig. 1. The inner diameter of the
inlet channel before the step wall is D; = 2mm and the inner diameter of
the chamber behind the step areD, = 4mm, both of them are enveloped
by the solid wall with an outer diameter ofD; = 6mm. The length of the
inlet channel and total length of the combustor are L; = 7mm andL, =
27mm, respectively. The helical fins are created by spirally revolving a
rectangle along four helical trajectories equally embedded in the inner
wall of the inlet channel. The pitch distance of the helical trajectory
isL3 = 6.28mm. The width and height of the rectangle are w; = 0.3mm
andh; = 0.3mm, respectively. The micro-step combustor with the same
dimensions but without helical fins referring to the experiments of Li
et al. [48] is investigated for comparison. For convenience, the micro-
step combustor with helical fins is called Helix combustor, and the Li’s
micro-step combustor is called Step combustor.

2.2. Numerical configurations

The Hy/air premixed flame and the conjugated heat transfer within
the Helix combustor are modeled in the three-dimensional (3-D) domain
shown in Fig. 1. The reacting flow in the combustor is modeled by
solving transient Navier-Stokes equations together with transport
equations of enthalpy, species, and turbulence quantities. The following
assumptions are made, (a) radiant heat transfer within solid and gas
regions are ignored [49], (b) work done by viscosity and pressure are
omitted, (c) gravity effect is ignored, (d) Dufour effects are ignored. The
final governing equations are given as follows.

6@? +a%_ (puiYe) = %*Rg @

where p is the density, u the velocity and p the pressure, the subscripti, j
and k presenting three directions of Cartesian coordinates; ; and /1 are
the effective dynamic viscosity and thermal conductivity of the mixture;
h and hg denote the total enthalpy of the mixture and gas speciesg; C, is
the specific heat of the mixture;Yy, J, and R, are the mass fraction, the
mass diffusion flux, and the net production rate of gas species, respec-
tively. The ideal gas law is employed to close the Egs. ((1)-(4)),

p=pRT 5)

L,

Fig. 1. Schematics of the combustor with helical fins.
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where R is the gas constant and T is the temperature of mixtures. Given
the high inlet velocities investigated in this study (the minimum Rey-
nolds number is larger than 2400) and the swirling flow induced by
helical fins, the turbulent effect is modeled by the realizable k —e tur-
bulent model, whose applicability has been proved in previous numer-
ical studies on micro-combustors with swirling flows [46,50,51]. The
turbulent combustion is modeled with the finite rate model, where the
finite chemical rate is calculated based on a hydrogen oxidation mech-
anism containing 19 reversible reactions and nine species [52]. The
thermophysical and transport properties of individual species, including
thermal conductivity, mass diffusivity, and viscosity, are calculated
based on CHEMKIN-format thermodynamic [53] and transport database
[54]. Mixture properties are calculated with the idea-gas mixing law.

The heat transfer coupling between the solid wall and the flame is
modeled via solving the solid heat transfer equation as well,.

a(pwchwall) J (l aTwall)
" ox;

or T oox;
where p,,, C, are the density, specific heat of the wall, 4, is the con-
ductivity of the wall, and T,,; denotes the wall temperature. The wall
material is assumed to be stainless steel, with the constantp,,,C,, and 4,,
of 8000kg/m3, 0.46kJ/(kg+K), and 13.5 W/(m+K) [55].

The Hy/air mixture with uniform velocity is fed through the inlet
boundary. The equivalence ratio and initial temperature of the mixtures
are fixed at 0.5 and 300 K, respectively. Zero-gradient condition with
ambient pressure is applied on the outlet of the combustor. On the in-
terfaces between the fluid and solid regions, the coupled thermal
boundary is imposed with restrictions of equal heat flux and tempera-
ture in the neighbor sides of the two regions. The non-slip and zero-
gradient conditions are specified on the interfaces for velocity and
species boundaries. The heat flux from the outer wall to the ambient is
determined by.

(6)

Tv4

o

q="hy(Two—Ta) +e0(Ty o — Ts) 7
where h, is the natural convective heat transfer coefficient, Ty o is the
local temperature of the outer wall, and T,, are the ambient tempera-

ture, ¢ is the wall emissivity, and o is the Stefan— Boltzmann constant. A

1/4
simplified equation, h, = 1.42 (M) [56] is employed for free

convection on the vertical cylindrical outer surface. The T,, = 300K and
e = 0.5 are adopted [48].

The turbulence, combustion, and conjugate fluid—solid heat transfer
are solved by the commercial software ANSYS-Fluent v14. A pressure-
based SIMPLE algorithm is used to resolve the velocity—pressure
coupling. The second-order upwind scheme is applied for the spatial
discretization, and the time marching is realized by the first-order im-
plicit scheme. The solution is converged at scale residuals smaller than
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10-° for energy and 102 for the others. The flame is ignited by patching
a high-temperature zone in the recirculation zone behind the step wall.

2.3. Grid independence and model validation

Hex-dominant mesh is adopted with partial refinement in regions
near the helical fins and step wall. Three sets of grid systems are
generated to ensure grid convergence. As shown in Fig. 2(a), the mass
fraction of H, and temperature distributions along the z-axis of the Helix
combustor at an inlet velocity of 34 m/s are compared between fine,
medium, and coarse meshes with 6.37, 2.63, and 0.94 million cells,
respectively. The discrepancies between different meshes are incon-
spicuous, especially for the medium and fine meshes, indicating that
grid convergence has been achieved. The results by the medium mesh
with an average size of 60 pm are used in the subsequent analysis to
satisfy the accuracy and save the computational cost. Moreover, the
experimental data of the outer wall temperature of the Step combustor is
collected from the experiments of Li et al. [48] to validate numerical
results of the Step combustor utilized in the experiments. Given the low
inlet velocity of 4 m/s applied in the experiment, the Reynolds number
(Re) based on the combustion chamber diameter Dy = 4mm is around
880 which indicating the laminar regime for the flow. However, the
study of Kuo and Ronney [57] on a micro-scale “Swiss-roll” combustor
suggests that the turbulent transport modeling is required for Re larger
than 500 to predict heat recirculation accurately. To confirm that, the
numerical results obtained using laminar and turbulent models are
compared with the experimental results in Fig. 2(b). The turbulent
model obtains a smaller difference between the numerical and experi-
mental results than the laminar model, especially for the high-
temperature region. Because the Reynolds number is much higher
than 500 for the high inlet velocity investigated in this study, the real-
izable k —e turbulent model is preferred. It can be seen that the tendency
of the measured outer wall temperature has been well captured by the
turbulent simulation results. The maximum discrepancy of 3.15% be-
tween them is found near the inlet side, which can be interpreted by the
deviation of the thermal boundary modeled with Eq. (7) with the actual
heat conduction through the long metal pipe in the experiment [48]. The
metal heat conduction usually has a higher heat sink effect and thus may
produce a lower temperature near the inlet. Overall, the predicted outer
wall temperature with the turbulent model shows reasonable agree-
ments with the experimental data.

3. Results and discussion
3.1. Flame patterns under various inlet velocity

Fig. 3 shows the contours of temperature and mass fraction of OH
(Yon) at various inlet velocities Vj, for the Step and Helix combustors.
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2o e ~ <
-3 S RN
gE | e S
[0} 2 /- O
o= g
£® ‘W
@ = 750 ]
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Fig. 2. (a) Grid independence study, and (b) comparison of the outer wall temperature between numerical and experimental results at an inlet velocity of 4 m/s.
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Fig. 3. (left) Temperature and (right) OH contours on the central plane of Y = 0 and various Z slices (the positions are indicated by yellow dash-dot lines) with
overlaid flame surfaces (transparent surfaces) of (a) Step and (b) Helix combustors at increasing inlet velocities. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

The contours of reaction progress variable C = 0.5 [58] are depicted to
show the flame fronts for both micro-combustors. The progress variable
is defined based on the main products,.

(Yo + You) — (Yo + You) in

C= (8)
(Yr20 + You) mar — Y20 + You) in

A similar flame behavior can be found for both combustors, i. e., the
flame zone indicated by OH retreats to the thinner zones near the wall
with the increase of V;,. Such tendency was also observed in previous
studies of the step-based micro-combustors [59,60], and can be inter-
preted by the decreasing of residence time under high V;,. There are
significant differences between the Step and Helix combustors despite

the above-mentioned behavior. At relative low V;,, the flame root is
anchored by helixes and the reaction zone extends into the inlet channel,
while the traditional step-stabilized flame is anchored by the recircu-
lation zone behind the step. Compared with the Step combustor, the
flame front becomes shorter, and the wall temperature of the inlet
channel increases significantly. As V;, increases, the flame anchored by
the helical fins is blown off and transits to the step anchored mode as in
the Step combustor. The flame surface is deformed from a smooth cone
into a shorter spiral cone. The temperature and OH distributions on the
Z-slices form a special “quatrefoil” shape and a regular “annulus” shape
in the Helix and Step combustors, respectively. As V;, increases to 86 m/
s, the flame tip starts to extend out of the Step combustors and the flame
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tip split at the outlet before the occurrence of “tip-opening” [31]. No tip-
opening occurs for the Helix combustor, even at a high velocity ofV;, =
86m/s..

3.2. The helical fin anchored mode

Variations of the axial velocity (V,) and the net consumption rate of
hydrogen (Ry,) of the helical fin anchored flames with increasing inlet
velocities are shown in Fig. 4. A large amount of hydrogen is consumed
within the inlet channel of the Helix combustor and the largest Ry, is
obtained near the helical fins rather than the shear layer behind the step
in the Step combustor. With the increase of Vj,, the flame anchoring
position recedes, and meanwhile, the reaction intensity behind the step
increases. The gas expansion due to heat release and the blockage effect
of the helical fins drive V, to be much higher in the Helix combustors
than in the step combustors. With higher axial velocities and stronger
shear flow in the Helix combustor, larger recirculation zones (RZ,
denoted by the solid yellow lines of V, = 0) are formed behind the step.
With the increase of Vi, the axial velocity increases and the length of RZ
shrinks gradually in the Helix combustor, while RZ extends in the Step

26m/s

18m/s 22m/s 30m/s 34m/s

(b)

091

120
A

=
=
— E
< —
& £
. 3
= 3
w
%
] =
S I
o
=]

26m/s 30m/s 34m/s

lm/s

22m/s

Fig. 4. Variations of the (left) axial velocity (V,) and (right) net consumption
rate of hydrogen (Ry,) for the helical fin anchored flames in Helix combustors
and their counterparts in Step combustors with increases of inlet velocities. The
contour lines of V, = 0 (solid yellow lines) are overlaid to indicate the flow
recirculation zones, and the trend of their heights is depicted by the yellow dash
lines. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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combustors. The shrinkage of RZs in the Helix combustor with
increasing V, will be interpreted in the following section. Besides, it
should be noted that the Helix combustor does not fully taken the
advantage of large RZs since the flame are anchored by the fins and most
of the hydrogen are burnt before the step.

To illustrate the flame anchoring mechanism of the helical fins, the
temperature contours of the solid wall and the distributions of HO,
under Vi; = 34 m/s are shown in Fig. 5. The radical HO; is the main
product before ignition and also the major reactant for chain-branching
reactions [61], which starts from the linear chain reaction H + O(+M)
= HO2(+M) at relatively low temperature [62]. The ignition of the he-
lical fin anchored flame can be divided into two major stages, the in-
duction stage (from Z = —7 to Z = —4 mm) and the self-sustaining stage.
At the induction stage, the HO; is firstly formed near the hot inner
surface of the helical fins where the mixture has been heated to activate
low temperature reactions. Further downstream, the wall temperature
increases, and the accumulated HO, near the fins during the induction
stage is consumed to generate H and HyO and release heat for chain
reactions. The released heat sustains the flame in the self-sustaining
stage, where a large amount of HO; is formulated in the low-
temperature central zone as shown on the Z = —1 mm slice. The
observation that wall surfaces ignited the premixed hydrogen flame with
a temperature higher than 1000 K coincides with the previous study
[63]. Thus, the temperature of the helical fins is essential for flame
stabilization in the inlet channel. From Fig. 5, it can be found that the
helical fins gain higher temperature than the inlet channel walls when
heat is transformed from flame to solid wall, and that trend inverts in the
upstream preheating region. It implies that the helical fins can build up a
stronger heat conjugation between the wall and the flame, which pro-
motes the heat feedback from the post-flame zone to the fresh mixture to
ignite the flame near the fins and render a higher flame stabilization
limit in the inlet channel consequently.

The inner wall temperature (Tinne) of the inlet channel for the helix
combustor is shown in Fig. 6. As Vj, is increased from 22 m/s to 34 m/s,
Tinner reduces with the receding of the reaction zone, especially at Vi, =
34 m/s. The maximum Tipper is higher than 1000 K [63]. However, as the
Vi further increases, the heat feedback through the fins reduces and fails
to ignite and stabilize the flame. Once the flame recedes to be anchored
by the step wall at velocities higher than Vi; = 36 m/s, the low Tinger N0
longer permits surface ignition any more.

3.3. The step stabilized mode

As shown in Fig. 7, for step anchored flame in both types of com-
bustors, the flame root is firmly stabilized by the recirculation zone (RZ)

N

1050

900

Z=-5mm

Z=-6mm

Fig. 5. The ignition process of the helical fin anchored flame at V;, = 34 m/s.
The wall and flow regions are mapped with temperature and HO, respectively
in the z-slices and the inlet channel.
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indicates the position ofV, = 0. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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behind the step. The recirculation zone provides a low-velocity bay with
a high temperature and abundant radicals. The flame structures indi-
cated by V, and Ry, have significant differences between the Helix and
the Step combustor, especially for the recirculation zone. Even though
higher V, is observed in the central zone of the Helix combustor, a wider
low-velocity region is observed near the recirculation zone. From the
distribution of Ry,, thicker reaction zones with rich hydrogen and low
velocity is observed in the Helix combustor. The reaction zones pene-
trate deeper into the recirculation zone in the Helix combustor than in
the Step combustor. The length of the recirculation zone in the Helix
combustor significantly reduces as the flame transforms from the
helical-fin-anchored mode at V;; = 34m/s to the step-anchored mode at
Vin = 38m/s.

Variations of the magnitude of vorticity wmaeg_xy = 1/@x*> + w,? and
the reaction rate of hydrogen (Rp,) along the streamlines around the
recirculation zone are shown in Fig. 8. For the Step combustor, nearly
axisymmetric flow structures were observed and the vorticity is strong
on the shear/mixing layer of the recirculation zone. A complex three-
dimensional axisymmetric flow structure was produced by the helical
fins in the Helix combustor. Because the gas dilatation due to heat
release decreases the vorticity, wmeg_xy decreases significantly through
reaction regions, especially for the step stabilized flame in the Helix
combustor such as the “Helix-38 m/s” and “Helix-86 m/s” cases, where
the flame and flow interaction in recirculation zones intensified. The
decrease of vorticity near recirculation zones caused by the heat release
should be blamed for the significant decrease of the length of RZs for the
Helix combustor. Similar observations were also reported in a previous
experiment on a larger scale step combustor, where the flame stabilized
behind the step reduces the length of the recirculation zone, which can
be by up to 50% compared with that in a cold flow [64], since the
thermal expansion reduces the shear stress in the axial direction [65].
Similarly, arising of a weak reaction region behind the step of the
helical-fin-anchored-flame cases contributes to the decrease of recircu-
lation zones shown in Fig. 4.

The strengthened flow and flame interactions not only effect the
shape of recirculation zones in the Helix combustor but also the re-
actions of hydrogen as demonstrated in Fig. 7 and Fig. 8. The contours
ofRy,, as well as the profiles of major species, reaction rates, and tem-
perature are shown in Fig. 9 to illustrate the effects of helical fins on the
flame. The dominant hydrogen-consuming reactions are the chain re-
actions O +H, = H+OH (R2) and Hy +OH = H,O +H (R3) [61]. Thus,
the profiles of O, OH and H;, are plotted as the major species. The regular
“annulus” type flame surfaces in the step combustor are stretched by the
swirl flow to form a “quatrefoil” shape flame in the Helix combustor. The
annulus flame has a thinner zone with a higher Ry, near the flame front
(denoted by the red line), especially when it approaches the step wall (z
= 0). The“quatrefoil” shape flame exhibits a lower Ry, but wider reac-
tion region in the post-flame zone near the wall. From the profiles of
reaction rates, most of the hydrogen is consumed through R3, whose
reaction rate is determined by the Yom, Yu, and temperature. Near the
flame front, Ry, increases with temperature and Yon. As the reaction
zone further approaching the wall, Ry, is controlled by Yy, rather than
temperature and Yoy because hydrogen is deficient there. The swirl flow
enhances the mixing between the cold fresh mixtures and the high-
temperature products, which not only decreases the temperature near
the flame front but also increases Yy, in the postflame zone. Due to such
contradictory effects, a wider reaction zone with weaker reactivity is
observed in the Helix combustor, especially near the step wall.

To examine the integrated effects of the helical fins on hydrogen
transport and reaction, the hydrogen penetration ratio R, and con-
sumption ratio R, are compared in Fig. 10 between two types of com-
bustors. R, is defined as the ratio of the hydrogen mass flux integrated
over the surface of the flame front (Sy) from step wall (z =0) toz =Z and

the mass flow rate of hydrogen at the inlet (My,) calculated byR, =
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Fig. 8. Streamlines colored by the magnitude of vorticity (up) and the reaction rate of hydrogen (down) near the recirculation zones (illustrated by the isosurfaces of

v, = 0 in grey color) the Helix and Step combustors.

A
‘/‘; pYr2VedSy

7 , where the numer-
'H-

. . I, — «dS|
. R, is determined byR, = W
2 Hy

ator represents the consumed hydrogen before z = Z. The flame surface
of both combustors colored by the hydrogen mass flux through the
surface are inserted in Fig. 10 as well. R, and R, are compared only for
affected region of the helical fins from Z = 1 to 6 mm. Compared with
the linear increasing of R, in the Step combustor, R, increases rapidly in
the Helix combustor, especially near the step wall due to the enhanced
mixing by the fins. With the increase of R, R. shows a similar tendency,
suggesting a mixing-controlled combustion. The difference between R,
and R, indicates the amount of hydrogen reacted in the preheat region.
R —R,, is larger in the Helix combustor than that in the Step combustor
due to the enlarged flame surface area by the wrinkling effect, as shown
in Fig. 9. Although the recirculation zone is smaller, with a lower tem-
perature and weaker reaction intensity in the Helix combustor, the total
amount of hydrogen consumed near the recirculation zone is much
higher than the Step combustor due to the enhanced mixing and
enlarged wrinkled flame surface area.

3.4. The performances of combustors

The wall temperature and thermal radiation are key aspects for
micro-thermophotovoltaic (MTPV) and micro-thermoelectricity sys-
tems. The temperature distribution on the outer wall (T,,q) is plotted
along the z-axis direction as shown in Fig. 11a., T,q has a nearly uni-
form value of 1080 K for the helical-fin-anchored flame termed as
“Helix-22m/s”. A similar variation tendency of Ty is observed for both
combustors with the step-wall-stabilized flame, where the T, exhibits
an S-shape variation, i.e., rapidly rising near the step wall from a low
inlet temperature and finally approaching a flat stage. The variation of
total enthalpy (AH) through the Z-slices is calculated to indicate wall
heat transfer between the flame and the wall. As shown in Fig. 11b, a
positive AH indicates the preheating effect by the wall, while a negative

AH implies heat loss. For “Helix-22 m/s”, the flame was ignited spon-
taneously near the inlet and heated the wall subsequently, resulting in a
high T,,.. At a lower hydrogen flow rate, the smaller decreasing rate of
AH indicates a weak heat loss and a lower T,,; behind the step wall. As
Vi, increases from 22 m/s to 86 m/s, the steeply rising curve of AH in-
dicates a strong preheating effect under the step-wall-stabilized mode,
which results in the decreasing of T,,q; before the step. At the same time,
improved preheating with the aid of helical fins leads to a lower T,q; of
the inlet channel, as shown in Fig. 11a.

Fig. 12a compares the variation of radiant heat flux, h, integrated
over the outer wall between the Helix and Step combustors under
different inlet velocities,.

by = ndyeo / Ty Ocydl ©)

The radiant heat flux increases monotonically with the increase of V;,
and T, in the Step combustor. For the Helix combustor, h, increases
with V;, in most ranges, while a rapid drop appears as V;, increases from
34 m/s to 38 m/s, which is caused by the transition of the flame mode.
At inlet velocities V;, < 34 m/s with flame anchored by the helical fins,
the Helix combustor presents a higher yet uniform T,y compared to the
Step combustor. One example is shown in Fig. 11a for the “Helix_22m/s”
case. However, under higher inlet velocities, the flame stabilization
mode transits from helical-fin-anchored to step-wall-stabilized, where
both h, and T, of the Helix combustor become lower than the Step
combustor. Fig. 12b compares the energy conversion efficiency (#,) from
chemical energy to radiant energy calculated as,.

f— hr
B 1‘}11'-1z *H.

1, (10)

where My, and H, are the mass flow rate and combustion enthalpy of
hydrogen. With V;, increases from 18 m/s to 118 m/s, 7, decreases from
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19.7% to 2.9% in the Helix combustor and from 13.0% to 3.4% in the
Step combustor. It implies that the contribution of per unit mass
hydrogen on h, decreases with the increasing mass flow rate. Due to the

differences in cross-section area and gas density, mass flow rates are
different for the Helix and Step combustors at the same inlet velocity. To
evaluate the effect of this difference, variation of h, and #, with the mass
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Fig. 12. The radiant heat flux and energy conversion efficiency of the Helix and Step combustors at increasing inlet velocities.

flow rate are compared in Fig. 12a and b, respectively. The dependency
of h, and 7, on the mass flow rate is similar with them on the flow ve-
locity. Under same mass flow rate, larger increases of h, under helical-
fin-anchored mode and greater decreases of h, under step-wall-
stabilized mode were caused by the helical fins. The helical fin is
capable of improving both the radiant heat flux and energy conversion
efficiency through anchoring the flame in the inlet channel under rela-
tively low inlet velocities. And maximum increments of 38% and 54%
are achieved for h, and 7, in this study.
Fig. 13 plotted the combustion efficiency defined asy, =
(MH+:2"“"“), where my, ,, is the mass flow rate of residual hydrogen
2

integrated over the outlet. 57, decreases with the increasing of the inlet
velocity for both combustors, and a near 100% efficiency is achieved at
the low velocities. A distinct falling stage is observed between V;, = 86
m/s and 94 m/s for the Step combustor, which corresponding to the
leakage of hydrogen due to tip opening. With the aid of the helical fins,
7. of the Helix combustor improves compared with the Step combustor.
The increment amplifies at larger V;, and the largest increment of 9.7%,
i.e., from 85.3% to 93.6%, is achieved at 102 m/s. Fig. 13 shows the

10

averaged exhaust gas temperature Ty, on the outlet, which is the
determining factor for the efficiency of gas turbines [43]. With the in-
crease of Vi, Touge initially increases and then drops, which is in
accordance with the decreasing of heat loss (5,) and heat release (1)
shown in Fig. 12 and Fig. 13. With the combustion efficiency of the Helix
combustor gaining more superiority over the Step combustor, Toyqe: Of
the Helix combustor exceeds that of the Step combustor at Vi, = 40 m/s.
And the maximum increment of Ty is from 1314.3 K to 1415.7 K at
Vin = 102 m/s. Variations of 5, and Ty With the increase of mass flow
rate are also given in Fig. 13, which show the same tendencies
depending on the inlet velocity. The improvement of 5, and T,y in the
Helix combustor under the same mass flow rate is larger than that at the
same inlet velocity.

Fig. 14a shows the profiles of hydrogen consumption ratio R.

My, —m . . . .
HZTW{” with the increase ofVj,. Here my,, is the mass flow rate of Hy

2
integrated over cross-sections perpendicular to the Z-axis. The Helix
combustor has an overall higher R, than the Step combustor, with the

discrepancy increases firstly and then decreases when approaching the
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combustor length versus inlet velocity of different combustors.

outlet. For the helical-fin-anchored flame, e.g., “Helix 22m/s”, the
discrepancy increases in the inlet channel where the flame anchored,
while for the step-wall-stabilized flame the difference is enlarged near
the step wall. With the receding of the enhance effect of helical fin, the
reaction rate decreases when approaching the flame tip as shown in
Fig. 4 and Fig. 7, leading to the decrease of the discrepancy ofR.. The
slopes of R, curves decrease with the increasing of Vj,, as the flow
residence time for H; combustion is reduced. Noted that under relatively
low velocities, R, is consumed almost completely before the outlet,
especially for the Helix combustor. The nominal combustor length Ly,
which is defined as the distance from the inlet to the position where R,
0.8 is plotted in Fig. 14b to evaluate the potential of the helical fins in
downscaling of the combustor. Compared with the Step combustor, L, of
the Helix combustor is prominently reduced, especially under the
helical-fin-anchored flame mode. As the flame transforms to the step-
stabilized mode with the increasing of Vj,, a sudden rise of L, is
observed. The maximum decreasing ratios of L, for two flame modes are

11

36.2% and 15.7%, respectively.

Based on above discussion, we can find that the Helix combustor
shows great advantage as an emitter given the higher radiant energy and
energy conversion efficiency at relatively low inlet velocities (under
helical-fin-anchored mode). It also exhibits superiority in combustion
efficiency and outlet temperature at higher inlet velocities (under step-
wall-stabilized mode), suggesting its potential application in micro-
engines.

4. Conclusions

This study proposed a novel helical-fin-assisted micro-step
combustor. The performance of the proposed Helix combustor and the
conventional micro-step combustor was compared. The effect of the
helical fins on the flow and combustion characteristics was analyzed
with the aid of detailed hydrogen-air chemistry and a conjugated heat
transfer mode.
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Two flame stabilization modes were observed in the Helix combustor
with increasing inlet velocity. In the range of relatively low inlet ve-
locities, the flame can be ignited by the high-temperature helical fins
and stabilized in the inlet channel due to the preheating effect. At higher
inlet velocities, the flame is transformed to the step-stabilized mode,
where the swirl flow induced by the helical fins strengthens the mixing
between the fresh mixture and high temperature products and consid-
erably improves the combustion efficiency.

Under the helical-fin-flame model, the radiant power and the radiant
energy conversion efficiency are significantly improved compared with
the step combustor, with maximum ratios of 38% and 54%, respectively.
Under higher inlet velocities, the flame is anchored behind the step wall.
The combustion efficiency and the outlet temperature of the step-
stabilized flame decrease with the increase of inlet velocity. The heli-
cal fins improve both the combustion efficiency and the outlet temper-
ature. The maximum improvement is at 105 m/s, where the combustion
efficiency increases from 85.3% to 93.6%, and the outlet temperature
rises from 1314.3 K to 1415.7 K. Larger improvement was achieved
under the same flow rate. Thus, the helical fin enhanced micro-step
combustor has a high application potential as the emitter of MTPV
systems under moderate flow rates. Furthermore, the helical fin
broadens the applicability of micro-step combustor in micro-engines at
higher inlet velocities. The application-oriented structural optimization
of the Helix combustor for MPTV, micro-engine system or the integra-
tion of them will be carried out in future studies.
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