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� Bluff body augmented micro cavity combustors are numerically investigated.

� Combustion efficiencies of original micro-cavity-combustors improve significantly.

� Altering of flow structure and species mixing are the dominating mechanisms.

� The local Damk€ohler number characterizes the variation of combustion efficiency.
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Bluff body augmented micro-cavity combustors are proposed in this study to enhance the

combustion efficiency under high inlet velocities. The original and two types of bluff body

supplemented micro cavity combustors, namely CAVITY, TRIANGLE, and FIN combustors

are numerically investigated. The results show that the combustion efficiency (hc) of bluff

body augmented combustors are higher than that of the CAVITY combustor, and the

largest increment of 10.8% is obtained in the FIN combustor. The underlying mechanisms

for the improvement in hc of the FIN and TRIANGLE combustors have been analyzed. It is

demonstrated that the altered flow field structures and transvers reactant transport

induced by the bluff body play dominant roles. Moreover, the local Damk€ohler number

(DaL) is introduced, which is defined as the ratio of the local hydrogen reaction rate and the

convective mass transport rate. The variation of hc along the streamwise direction in the

proposed combustors is determined by the value of DaL.
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Nomenclature

A cross-sectional area of the channel at x, m2

Cp specific heat, J/(kg∙K)
Cw specific heat of the wall, J/(kg∙K)
C2, C1ε C3ε C1 constants for ε equation

DaL local Damk€ohler number

Dk;m binarymass diffusion coefficient of species k, m2/s

Gb generation term of k inducing by buoyance, kg/

(m,s3)

Gk generation term of k inducing by shear of mean

velocity, kg/(m,s3)

h enthalpy of the fluid, J/kg

ho convective heat transfer coefficient, W/(m2, K)
_Hc;in flux of total combustion enthalpy of H2 at the

inlet, W

hc combustion enthalpy per unit mass of H2, J/kg

hin total enthalpy of mixture at inlet

hk enthalpy of species k, J/kg

HLR heat loss ratios

k turbulent kinetic energy, m2/s2

L1 overall length of combustors, mm

L2 distance between inlet and entrance of the cavity

of combustors, mm

L3 length of the cavity, mm

L4 distance between the bottom of bluff bodies and

the cavity trailing edge, mm

m;
c transverse hydrogen mass flux, kg/(m2, s)
_mH2 ;in

_mH2 ;x mass flow rate of hydrogen at the inlet and x

location, kg/s

p pressure, Pa

q heat loss rate, W

Re Reynolds number

RH2 consumption rate of H2, kg/(m
3,s)

Rk production rate of species k, kg/(m3, s)

s unit surface, m2

Sct turbulent Schmidt number

T∞ ambient temperature, K

t time, s

T flame temperature, K

Tmax maximum flame temperature, K

Tu unburned gas temperature, K

Tw temperature of the wall, K

To outer surface temperature of the wall, K

u streamwise component of velocity, m/s

ui uj velocity component, m/s

u'
i u

'
j fluctuating components of the velocity, m/s

v transverse component velocity, m/s

vin inlet velocity, m/s

W0 overall width of combustors, mm

W1 channel height of combustors, mm

W2 depth of the cavity, mm

W3 wall thickness of combustors, mm

W4 edge length of the regular triangle, mm

W5 gap distance between fines, mm

x streamwise coordinate

xi xj coordinates in rectangular coordinate system

y transverse coordinate

YH2 mass fraction of the species H2

Yk mass fraction of species k

YM dissipation rate of k contributed by fluctuating

dilatation in compressible turbulence, kg/(m,s3)

Greek symbols

D _H flux of total enthalpy change, W

DHnor normalized total enthalpy change

ε dissipation rate of turbulent energy, m2/s3

εr surface radiative emissivity

hc combustion efficiency

q0 aft angle of the cavity, 45�

q1 angle of the fin, 60�

leff effective thermal conductivity of the turbulent

flow, W/(m,K)

lw thermal conductivity of the wall, W/(m,K)

m dynamic viscosity, kg/(m,s)

mt turbulent viscosity, kg/(m,s)

r density, kg/m3

rw density of the wall, kg/m3

s Stephan-Boltzmann constant, W/(m2,K4)

sk; sε Prandtl number for k and ε

t unit volume, m3

f equivalence ratio

c reaction progress variable

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2
Introduction

In recent years, with the rapid development of micro-

electromechanical systems (MEMS), the demand for minia-

turizing its power supply system becomes urgent. Compared

with traditional chemical batteries, combustion-based

micropower generation devices offer the advantage of signif-

icantly higher specific energy density [1]. Therefore, micro-

scale combustion has received considerable research

interests, and numerous micropower generation devices

fueledwith hydrogen/hydrocarbon have been designed as one

of the promising power sources for MEMS [2e4]. However,

compared with the normal-sized combustors, downscaling

tends to exacerbate the technical challenges in sustainably
Please cite this article as: Zhang Z et al., Numerical investigation on th
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stable yet high-efficiency combustion in the micro combus-

tors. The heat loss to the walls [5e7] and radical quenching

[8,9] can be pronounced due to the linearly increased area-to-

volume ratio with the decreasing of combustor size, which

could lead to combustion instability and even flame extinction

[10e12]. In addition, the residence time for the reactant

mixture reduces significantly in micro scale combustors,

which decreases the combustion efficiency as the fuel flow

rate increases [13,14].

To achieve a wide flame stability scope and high combus-

tion efficiency in micro combustors, different strategies have

been proposed. The “Swiss-roll” structure [15], porous media

[16,17] and multichannel [18,19] are applied in micro com-

bustors to achieve heat recirculation between the reaction

zone and solid structures, where the negative effects of heat
e performance of bluff body augmented micro cavity-combustor,
ydene.2019.12.004
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loss on flame stability and combustion efficiency are

compensated by the “excess enthalpy” combustion [20]. Cat-

alytic combustion [21e23] is also proven to be promising in

micro combustors with the advantages of the large surface-

area-to-volume ratio and the suppression of radical deple-

tion [24]. However, the catalytic combustors have the evident

weakness of high costs and limited service life.

Besides heat recirculation and catalytic combustion, flow

modulation has been proven to be an effective approach to

anchor the flame and thus improve flame stability. The flame

holders frequently adopted in normal-scale combustors, such

as backward-facing step, bluff body, and cavity have also been

widely investigated for the micro-combustors. The backward-

facing step configuration was adopted in a micro-combustor

by Yang et al. [25]. According to their experiments in cylin-

drical micro-combustor with a backward-facing step, high yet

uniform wall temperature was observed for a wide operating

range of flow rates and equivalence ratios. Given the excellent

performance in wall temperature distribution, the backward

facing step has been widely employed in micro-

thermophotovoltaic (MPTV) systems [26e29]. Besides, Wan

et al. [30,31] developed a micro-combustor aided by a bluff

body, with significantly extends the blow-off limits of pre-

mixed hydrogen/air and methane/air flames through the

coupled effects of recirculation zone, preheating, and prefer-

ential transport. The effects of blockage ratio [32] and shape of

bluff-body [33,34] on the flame stability have been studied as

well to guide the optimization of the bluff-body aided micro-

combustors. Besides, O2 enhancement [35] and H2 assistance

[36] combustion were adopted in bluff-body combustors to

improve the thermal performance attributed to the enhanced

combustion kinetics. Recently, Yan et al. [37] proposed a bluff-

body with slits on both sides in micro-combustor, which im-

proves the combustion efficiency and velocity extinction limit

compared with the traditional bluff-body due to the enlarged

recirculation zone induced by the bluff-body. The effects of

structure parameters, the slit width and the angle of control-

lable flow on combustion characteristics were analyzed as

well [38]. Nevertheless, it should be noted that high wall

temperature regions will shrink and move downstream

apparently as the inlet velocity increases in those bluff-body

type combustors, as reported in the studies. The non-

uniformity of wall temperature can be detrimental to the

combustor structure due to the induced thermal stress.

Themicro cavity-combustors were observed to have better

flame stability along with uniform temperature distribution

[39e41], indicating its potential inmicro propulsion andMTPV

systems. Li et al. [42] studied the synergistic effects of catalyst

segmentation and cavities in premixed methane/air micro

combustor, where the flame stability and combustion effi-

ciency have improved significantly with the aid of the etching

cavities. Moreover, the non-catalytic meso/micro combustor

with cavitieswere investigated extensively. The studies on the

combustion characteristics of H2/air and CH4/air mixture in

microchannelswith cavities [43e52] pointedout that theflame

blow-off limitwas extended over several times comparedwith

traditional straight micro-channel combustors. While the

flame stabilities of both CH4/air and H2/air fueled combustors

were extended evidently, though their flame behaviors were

quite different. The CH4/air premixed flame [44,45] splits at the
Please cite this article as: Zhang Z et al., Numerical investigation on th
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end of the ramped cavity and blows off subsequently with the

increase of inlet velocity. Concerning the lean H2/air micro-

cavity combustor [47e49], the flame was split in the tip

before the flame blow-off occurred with the increasing of inlet

velocity. As a result, the combustion efficiency reduces

significantly as fuel leaks from the opened tip without com-

bustion. Therefore, alleviating the “flame tip split” phenome-

non is crucial for the leanH2/air fueledmicro-cavity combustor

to improve its combustion efficiency. The investigation on the

effects of initial conditions of inlet flow, such as temperature

[47], pressure [48] and oxygen proportion [50] indicated that a

higher inlet temperature and oxygen proportion and an

appropriatepressureconditionarebeneficial for improving the

combustion efficiency. In addition, effects of wall materials

were also considered. A non-monotonic effect of thermal

conductivity on combustion efficiencywas concluded [46], and

a double layer wall assembled with different materials was

proposed to improve the performance of single layer com-

bustors [51]. Moreover, structure optimizing is worthy of

further investigation, which is more feasible in practical

application. The lean hydrogen/air fueled micro-cavity com-

bustors with various cavity depth were investigated [49], in-

verse dependence was observed for the combustion efficiency

and the cavity depth at relatively low and high inlet velocities,

respectively. The studyon theeffects of cavity aft rampangle, q

[52], found that the q ¼ 90
�
cavity possesses a higher reaction

rate, however, theflame is prone to be interruptedat the endof

the cavity with high strain rate and may lead to a dramatical

decline in combustion efficiency if the inlet velocity is high.

The abovementioned structure optimizing efforts on the

micro-cavity combustor mainly focuses on the cavity. As the

“flame tip splitting” phenomenon appears in the downstream

of the cavity, the structure optimizing in this part is a natural

choice. Therefore, in this study, a new type of micro channel

combustor that combines the bluff-body and cavity has been

proposed to improve the performance, especially the com-

bustion efficiency of the original micro cavity-combustors.

Considering the excellent capability in flame anchoring

proven by the previous studies, a bluff body is placed behind

the cavity to suppress the flame split and increase the com-

bustion efficiency. The combustion efficiency and flame

structures of hydrogen/air premixedmicro cavity-combustors

with and without bluff bodies are investigated numerically

with various inlet velocities. The characteristics of thermal

coupling, species transport and chemical reactions in the

proposed combustors with different types of auxiliary bluff

bodies are analyzed to further provide guidelines for the

optimization of micro-combustors.
Numerical methodology

Geometric model

The micro combustors to be studied are schematically shown

in Fig. 1. The geometry of oppositely located dual-cavity micro

combustor is designed following the experimental work of Fan

et al. [41]. The overall length (L1), width (W0), and channel

height (W1) of the combustors are 18 mm, 20 mm, and 1 mm,

respectively. The cavity locates at 3 mm (L2) away from the
e performance of bluff body augmentedmicro cavity-combustor,
ydene.2019.12.004
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Fig. 1 e Schematic diagrams of the (a) CAVITY, (b) TRIANGLE, and (c) FIN combustors.
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combustor inlet. The length (L3) and depth (W2) of the cavity

are 3 mm and 1 mm with an aft angle (q0) of 45�. The wall

thickness (W3) is 2 mm. Two different types of bluff bodies

were employed in the present study, i.e., the regular triangle

mounted on the center and the fin mounted on the inner

surface of the micro-channel. The blockage ratio of the bluff

body installed behind the cavity is maintained 0.5 in all the

cases. Therefore, the edge length (W4) of the regular triangle

and the gap distance (W5) between the fins are equally 0.5mm.

The angle of the fin (q1) is 60�, i.e., the fin is half of the regular

triangle. The distance (L4) between the bottom of different

bluff bodies and the cavity trailing edge is 2 mm. For conve-

nience, the combustors with pure dual cavities, combined

with regular triangle and fin are termed as CAVITY, TRIAN-

GLE, and FIN, respectively hereinafter.

Computational model

Considering the large width to height ratio (W1
W0

¼ 20), a two-

dimensional numerical model is used to simulate the com-

bustion of premixed hydrogen/air mixture in the micro com-

bustors, as shown in Fig. 1. The continuumassumption of fluid

is applicable as the characteristic length scale of the combus-

tors in this study is sufficiently larger than themolecularmean

free path of the gas flowing through the combustor. Thus,

Navier-Stokes equations are valid for the current simulations.

For the combustors scale down to micro scales, the flame is

prone to embody unstable and turbulent behaviors evenunder

a laminar inflow condition due to the strong interactions be-

tween heat, flow and chemical reactions, which has been

observed in many numerical [53,54] and experimental [10,55]

studies. Besides, according to the study of Kuo and Ronney [56]
Please cite this article as: Zhang Z et al., Numerical investigation on th
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on “Swiss-roll” heat recirculating micro combustor, the

modeling of turbulent effect is required for Reynolds number

(Re) larger than500. For theexaminedcombustors in this study,

Re is larger than500 at inlet velocity above 8m/s. To account for

the turbulence effect, realizable k� ε turbulent model is

adopted in the present study. The capability of this two equa-

tion turbulencemodel has been confirmed in previous study of

micro-combustors with cavity [39,57] and bluff-body [37,58]

structures. The computational domain is comprised of the

fluid region and solid structures, heat conduction in the solid

walls solved to account for the strong thermal coupling be-

tween thewall and the fluid flow in themicro combustors [59].

The Reynolds-averaged governing equations for gas phase and

wall are shown below.

Continuity equation:

vr

vt
þ vrui

vxi
¼0 (1)

Momentum equation:

vruj

vt
þ v

vxi

�
ruiuj

�þ vru0
iu

0
j

vx
¼ v

vxi

�
m
vui

vxj

�
� vp
vxj

(2)

Energy equation:

vrh
vt

þ v

vxi
ðruihÞ¼ v

vxi

�
leff

Cp

vh
vxi

�
þ v

vxi

X
k

hkJk þ
X
k

hkRk (3)

v

vxi

�
lw

vTw

vxi

�
¼ vðrwCwTwÞ

vt
(4)
e performance of bluff body augmented micro cavity-combustor,
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Species equation:

vrYk

vt
þ v

vxi
ðruiYkÞ¼ v

vxi

��
rDk;m þ mt

Sct

�
vYk

vxi

�
þ Rk (5)

wherer, t and p denote the density, time and pressure,

respectively; ui is the velocity component in i direction;xi and

u
0
i denote the coordinate in rectangular coordinate and fluc-

tuating component of velocity, respectively; m, Cp, h are the

dynamic viscosity, specific heat, and enthalpy of the fluid; leff ,

mt and Sct represent the effective thermal conductivity, tur-

bulent viscosity and Schmidt number, respectively.Jk is the

diffusive flux of species k, as presented in the first term of the

right-hand side of Eq. (5). Yk, Dk;m, hk and Rk are the mass

fraction, binary mass diffusion coefficient, sensible enthalpy

and reaction rate of species k, respectively; Besides, the den-

sity, specific heat, temperature and thermal conductivity of

the wall are termed as rw;Cw; Tw and lw, respectively.

For the realizable k-ε turbulence model, two additional

transport equations of turbulent kinetic energy (k) and its

dissipation rate (ε) are solved to close the Reynolds-averaged

Navier-Stokes equations.

v

vt
ðrkÞþ v

vxj

�
rkuj

�¼ v

vxj

��
mþ mt

sk

�
vk
vxj

�
þGk þGb � rε� YM (6)

v

vt
ðrεÞþ v

vxj

�
rεuj

�¼ v

vxj

��
mþ mt

s
ε

�
vε

vxj

�
þ rC1Sε� rC2

ε
2

kþ ffiffiffiffiffi
yε

p

þ C1ε
ε

k
C3εGb (7)

where sk and s
ε
are Prandtl numbers for k and ε respec-

tively; Gk and Gb denote the generation terms of k inducing

by shear of mean velocity and buoyance respectively; YM

represents the dissipation rate of k attributed to fluctuating

dilatation in compressible turbulence.; C1, C2, C1ε and C3ε

are constants.

The ideal gas law andmixing law are employed to calculate

the density and specific heat of the gaseous mixture. The

thermal conductivity and viscosity of the fluid are determined

as mass fraction-weighted averages of the individual proper-

ties of all species. For each species, the specific heat is calcu-

lated using a piecewise polynomial fit of temperature. Besides,

the kinetic theory is used to calculate the thermal conduc-

tivity, viscosity, and diffusivity of pure species.

For boundary conditions, the premixedH2/air with uniform

velocity distribution and initial temperature of 300 K is spec-

ified at the inlet of the combustor, and the equivalence ratio

(4) of the mixture is set to 0.5 unless specifically stated. The

pressure outlet boundary with ambient pressure is imposed at

the outlet. The thermal conditions of inner walls are coupled

with the outer surface of the fluid zone, and non-slip and zero

species flux boundary conditions are specified. The discrete

ordinates (DO) radiation model is applied to conclude the ra-

diation between the inner surfaces [44]. For the outer

combustor surfaces with temperature of TO, the heat loss

fromouterwall to the ambient consists of both convective and

radiative parts is calculated by

q¼hoðTO �T∞Þ þ εrs
�
T4

O �T4
∞

�
(8)

where the convective heat transfer coefficient,ho, surface
Please cite this article as: Zhang Z et al., Numerical investigation on th
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emissivity, εr, and ambient temperature, T∞, are set to 20 W/

(m2,K), 0.92 and 300 K, respectively [30]. The value of Stephan-

Boltzmann constant, s, is 5:67� 10�8W=ðm2K4Þ.
A detailed mechanism [60] consisting of 13 species and 19

reversible elementary reactions is adopted for homogenous

combustion of H2/air mixture, whereas the heterogeneous re-

actions on combustorwall are neglected. Thermodynamic and

transport properties of the pure species are acquired from the

database of Sandia National Laboratories [61,62]. Fluent 6.3 is

used to solve the conservation equations ofmass, momentum

and energy, along with the species transport equations. The

second-order upwind scheme is applied for the discretization

of the convection terms. The coupled pressure and velocity is

solved by the SIMPLE algorithm. The convergence criteria

based on absolute residuals is 1� 10�6 for all equations.

Grid independence and model validation study

The multi-block structured quadrilateral mesh was applied

with further refinement in regions near shear layers for three

types of micro-combustors. Three mesh sets were generated

for the CAVITY combustor to ensure the grid convergence,

where the cell numbers of the coarse, medium and fine

meshes are 23,086, 38,500 and 73,343, respectively. The

hydrogen mass fraction along the centerline and the tem-

perature of the external wall of the CAVITY combustor are

compared for the three mesh sets at the inlet velocity of 10 m/

s. As shown in Fig. 3a, inconspicuous difference for the pro-

files of H2 mass fraction along the centerline and the external

wall temperature can be observed, indicating the convergence

of the computational grid. Consequently, the medium level

mesh of 38,500 cells, as a balance of computational cost and

accuracy, is used in the subsequent modeling. The medium-

level mesh has a minimum size of 20 mm and an average

mesh size of 50 mm, as illustrated in Fig. 2.

To validate the numerical model used in this study, the

exhaust gas temperatures of the CAVITY combustor are vali-

dated against the experimental data and the numerical results

by Wan et al. [41] and Su et al. [39] at 4 ¼ 0:3 under various

inlet velocities. As depicted in Fig. 3b, though the present

simulation shows relatively larger discrepancies compared

with the experimental data at low inlet velocities, agreements

between the present results with experimental measure-

ments are remarkably improved at higher inlet velocities. A

possible explanation for this discrepancy may lie in the sys-

temic error in the temperature measurement. The reading of

the thermal couple is always lower than the exact value of the

flame temperature due to the radiative heat loss according to

previous study [63]. An underestimate of the ratio of the sur-

face emissivity to convective heat transfer coefficient in the

temperature correction can result a lower exhaust gas tem-

perature, especially in high-temperature situations, as is the

case in the differences between the numerical and experi-

mental results. Moreover, the numerical results show good

agreements both qualitatively and quantitatively with the

numerical results obtained in the same micro cavity-

combustor in Refs. [39,41]. Therefore, the present computa-

tional methodology is applicable, especially at high inflow

velocity region,whichwill be themain concern for the present

study.
e performance of bluff body augmentedmicro cavity-combustor,
ydene.2019.12.004
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Fig. 2 e Themesh for the two-dimensional (2-D) micro-combustors near (a) the cavity zone, (b) the bluffbody zone, and (c)the

hfin zone.

Fig. 3 e (a) Grid independence study and (b) comparison of exhaust gas temperature between numerical and experimental

results.

Fig. 4 e Variations of combustion efficiency at different

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6
Results and discussion

Performances of different combustor layouts

The overall combustion efficiencies at the outlet of the com-

bustors with different layout are shown in Fig. 4. The com-

bustion efficiencyðhcÞ of the combustor at streamwise location

x is defined based on the conversion rate of H2:

hc ¼
_mH2 ;in � _mH2 ;x

_mH2 ;in
� 100%¼

�Z
YH2

rudA

�0
x�Z

YH2
rudA

�
ðx¼0Þ

� 100% (9)

where r is the density of the mixture, u is the x component of

velocity, _mH2 ;inand _mH2 ;x are the mass flow rate of hydrogen

through the channel at inlet and x location, YH2
is the mass

fraction of the species H2, A is the cross-sectional area of the

channel at x location. It can be seen that under relatively low

inlet velocities ðvin ¼ 12 � 20m =sÞ, the combustion efficiencies

are close to 100% and decrease slightly with further increase
Please cite this article as: Zhang Z et al., Numerical investigation on th
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in inlet velocity. The combustion efficiencies decrease with

almost the same rate regardless of the combustor layout for
inlet velocities for different combustor layouts.

e performance of bluff body augmented micro cavity-combustor,
ydene.2019.12.004
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inlet velocities less than 20 m/s. As the inlet velocity further

increases, the combustion efficiency decreases rapidly. It can

be clearly observed that the decreasing rate is affected by the

combustor configurations. With bluff body inserted behind

the cavity, the combustion efficiencies have improved

compared to the traditional cavity combustor with pure dual

cavities. The improvement in combustion efficiency of bluff

body augmented combustors becomes prominent as the inlet

velocity further increases. The FIN combustor exhibits a

continuous increase on the increment of combustion effi-

ciency as velocity increases and gains the largest increment of

10.8% compared with the CAVITY combustor at vin ¼ 52m=s.

Whereas, a non-monotonous variation of the increment of hc

is observed for TRIANGLE combustor, which achieved the

largest increment of 5.4% at vin ¼ 40m=s. Moreover, according

to the definition fromWan et al. [41], the “flame splitting limit”

of inlet velocity is at hc ¼ 0:8. Accordingly, the flame splitting

limit of CAVITY, TRIANGLE, and FIN combustors are around

46 m/s (45 m/s in Ref. [41]), 48 m/s and 52 m/s, respectively.

Variations of combustion efficiencies along the streamwise

direction for different combustors with inlet velocity ranging

from 16 to 40 m/s are shown in Fig. 5, where the region be-

tween the blue dash lines indicates the cavity zone

ðx¼ 3 � 7mmÞand the red dash line denotes the end position

of the bluff body (x ¼ 9 mm). The combustion efficiency pro-

files have three distinguishable regions, i.e., the preheat re-

gion, the quick increasing region, and the plateau region. The

preheat region represents the preheat zone in which the re-

actants are heated up, whereas almost no H2 consumed. By

comparing Fig. 5aed, it can be found that with the increase of

inlet velocity, the growth rate of combustion efficiency along
Fig. 5 e Combustion efficiency distribution along the streamwis

32m=s; and (d) vin ¼ 40m=s.
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the flow direction slows down. Besides, the length of plateau

region shortens and even vanished at vin ¼ 40m=s, resulting in

the declines of combustion efficiency at the combustor outlet.

As shown in Fig. 5a, the combustion efficiencies of different

micro-combustors at relatively low velocity are less influ-

enced by the bluff body, and the final combustion efficiencies

at the combustor outlet are almost identical. With further

increase of the inlet velocity, the profiles of combustion effi-

ciencies along the streamwise direction of different combus-

tors become significantly different in the region behind the

bluff body as shown in Fig. 5c and d. Among them, the FIN

combustor exhibits the highest combustion efficiency till the

combustor outlet, while the hc profile of TRIANGLE combustor

undergoes a relative decreasing before exceeding that of the

CAVITY combustor. In addition, it is noted that the combus-

tion efficiencies profiles of different combustors are almost

overlapped ahead of the bluff body, implying that the effects

of the bluff body in enhancing combustion efficiency are

limited in the downstream region of the bluff bodies. Conse-

quently, the effects of the bluff body on combustion efficiency

become more pronounced as a larger fraction of inlet

hydrogen is consumed in regions behind the bluff body with

increased inlet velocity.

To gain more insight into the sharply descending in com-

bustion efficiency at relatively high inlet velocities and the

effects of the bluff body, the contours of mass fraction of OH

and the flame front structures (white dash line) for different

combustors at vin ¼ 24m=s and 40m=s are shown in Fig. 6. The

flame front is defined by the reaction progress variable, c,

which shows good continuity in illustrating the structures of

the flame front in the lean hydrogen/air Bunsen flame [64].
e direction for (a) vin ¼ 16 m=s, (b) vin ¼ 24 m=s,(c) vin ¼
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Fig. 6 e Mass fraction contours of OH with overlaid flame fronts (red dash line) for (a)vin ¼ 24m=s and (b). (For interpretation

of the references to color in this figure legend, the reader is referred to the Web version of this article.) vin ¼ 40 m=s
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The reaction progress variable is defined as the dimensionless

flame temperature, T, normalized by the maximum flame

temperature Tmax and the unburned gas temperature Tu:

c¼ T� Tu

Tmax � Tu
(10)

The white dash contour line at c ¼ 0:6 visualizes the flame

front structure, which approximately coincides with the

contour of OH concentration.

As shown in Fig. 6, the reaction zones indicated by OH

distributions are located in the cavity and the downstream

boundary layer. In the region before the bluff body, the OH

distribution seems to be independent with the inserted bluff

body, which is consistent with the overlapped combustion

efficiency profiles before the end of bluff bodies depicted in

Fig. 5. For the region behind the bluff body, the OH mass

fraction distribution is obviously altered by the bluff body as

also characterized by the variation of the flame front struc-

tures. It is noteworthy that contrary to the conventional bluff

body stabilized flame mode [30,65], the flame is formed in the

side region rather than the wake area for the TRIANGLE

combustor. As shown in Fig. 6a, with bluff body mounted, the

OH radicals in the downstream boundary layer is concen-

trated upwards. Meanwhile, the position of flame tips moves

upstream from x ¼ 13.8 mm to approximately x ¼ 12 mm and

11.2 mm for the TRIANGLE and FIN combustors, respectively.

In this respect, it can be deduced that the bluff body structure

could be beneficial to shorten the traditional micro-cavity

combustors. With the velocity increasing from 24 m/s to

40 m/s shown in Fig. 6b, the flames are greatly prolonged for

the TRIANGLE and FIN combustors and even split at the flame

tips for the CAVITY combustor. The prolonged flame and

flame-tip opening respectively result in the shrink of effective

reaction zone and the leakage of hydrogen, which are

responsible for the reduction of combustion efficiency at high
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inlet velocity. This flame splitting phenomenon has also been

observed in previous experimental and numerical studies in

micro/meso scale combustion [66,67]. Nevertheless, the flame

is still anchored in the cavity whereas flame tip split occurred,

and no flame blow-off is observed within the simulated con-

ditions. The results manifest the excellent performance of the

micro-combustors with cavities in terms of flame stability.

Besides, with the aid of a bluff body behind the cavity, the

combustor’s performance improves significantly. Among the

three combustor layouts, the FIN combustor has the highest

combustion efficiency and shortest flame length.

Temperature distribution and heat loss analysis

The thermal coupling between the flame and solid wall is

essential for the flame stabilization and in improvement of

combustion efficiency in the micro combustor. To investigate

the effects of the bluff bodies on thermal coupling, tempera-

ture contours for different combustor layouts are shown in

Fig. 7, where relatively high inlet velocities of 24m/s and 40m/

s are selected to illustrate the differences between various

combustors in unsplit and split statuses. High-temperature

zones are formed in the cavities and the boundary layers,

which are coincidedwith the OH distributions shown in Fig. 6.

The temperature distributions in the upstream of bluff bodies

are almost the same regardless of the combustor configura-

tions, while the gas temperature behind the bluff bodies is

notably altered due to the effects of the bluff bodies on flow

field structures and reactions modulation. For all combustor

layouts, the temperatures in the center regions decline rapidly

as the inlet velocity increases from 24 to 40 m/s, which is

caused by the prolonged flame and the reduced combustion

efficiency. As for the temperature distributions in solid wall,

the discrepancy among the combustors are small and mostly

limited to the region behind the bluff body. As shown in Fig. 7,
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Fig. 7 e Temperature contours at vin ¼ 24m=s and (b) vin ¼ 40 m=s

Fig. 8 e Normalized total enthalpy change profiles along

the streamwise direction at vin ¼ 40m=s.
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the wall temperature of the combustor with an inserted bluff

body is lower than that of the CAVITY combustor. This

discrepancy is mainly due to the lower temperature in the

boundary regions behind bluff body, which directly alters the

heat transfer between the flame and wall.

In order to quantify the thermal coupling in different

combustor layouts, the normalized total enthalpy change

(DHnor) along the streamwise direction is defined as,

DHnor ¼ D _H
_Hc;in

¼

Z
ruðh� hinÞdA� Z
YH2

ruhcdA

�
ðx¼0Þ

(11)

where D _H is the flux of total enthalpy change comparing to

that at the inlet, _Hc;in is the flux of combustion enthalpy of H2

at the inlet, hin is the total enthalpy of the mixture at the inlet,

hc is the combustion enthalpy per unit mass of H2. Profiles of

DHnor along the streamwise direction for different combustor

layouts at vin ¼ 40 m=sare shown in Fig. 8. The DHnor declines

along the streamwise direction as heat is transferred from gas

to solid wall except for the “preheat zone” and the “bluff-body

zone”. The increase of DHnor in the “preheat zone” can be

attributed to the heat recirculation effects [7], i.e., an indirect

heat transfer from the burned gas to the fresh gas mixture via

the heat conduction through the combustor wall. An addi-

tional sharp spike of DHnor appears in the “bluff-body zone” for

the bluff body augmented combustors due to the rapid de-

creases of gas temperature in the boundary layers for the

TRIANGLE and FIN combustors, as shown in Fig. 7b. The pro-

files of DHnor in the upstream region of bluff body for the

different combustors are almost overlapped, which reach the

largest DHnor of around 0.1 at the end of preheat zone.With the

bluff body inserted, the decreasing rate of DHnor is slightly

decreased in regions behind the bluff bodies, and eventually

leads to smaller decrements in DHnor at the outlet (x ¼ 18mm).

Accordingly, the heat loss ratios ðHLR¼�DHnorðx¼ 18Þ *100%Þ
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of CAVITY, TRIANGLE and FIN are 5.56%, 4.66% and 4.91%

respectively, the largest reduction on HLR is only 0.8%

observed in the TRIANGLE combustor for vin ¼ 40 m=s. Obvi-

ously, this marginal improvement on heat loss ratio is not the

dominating mechanism in influencing the combustion

efficiency.

Flow field structures visualization

Previous studies on bluff body stabilized flame in micro/meso

scale combustors confirmed that the recirculation regions

formed behind the bluff body can significantly enhance the

flame stabilization due to the low-speed region and the

accumulation of active radicals as well as heat [30,65]. Fig. 9

shows the contours of streamwise velocity for the three

combustors at the inlet velocity of 40 m/s. It can be observed
e performance of bluff body augmentedmicro cavity-combustor,
ydene.2019.12.004
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that a dual-vortexes flow structure is trapped in the cavity,

which provides the low-speed zones for flame anchoring in

themicro-cavity type combustors [41,42]. Besides, the velocity

field behind the bluff bodies is quite different from the CAV-

ITY combustor, where the small dual-vortexes are formed

behind the bluff-bodies, and the main flow near the exit is

accelerated to higher velocities.

To gain an insight into the effects of bluff bodies on the

flow structure and interaction between flow and reaction.

Mass fraction distributions of OH with the contour line of

streamwise velocity in the zones behind the bluff bodies are

shown in Fig. 10. The cases with inlet velocity of 24 m/s and

40 m/s were plotted separately to reveal the inlet velocity in-

fluences on different layouts. As shown in Fig. 10, the thin

low-speed boundary layer accumulating OH radicals is formed

in all combustors. Moreover, in the bluff body augmented

combustors, the bluff bodies induce larger low-speed recir-

culation zones owing to the strong shear and boundary-layer

separation effects. However, it is worth noting that in the

TRIANGLE combustor no noticeable active radical accumula-

tions and temperature rise in the recirculation zone can be

observed, indicating that combustion cannot be sustained in

the recirculation zone behind the triangulate bluff body. On

the contrary, the wake zone of fins in the FIN combustor has

trapped a large amount of high temperature products, which

anchors the flame and consequently improves the flame sta-

bility and combustion efficiency. With the increase of inlet

velocity, the velocity increased in the thin boundaries, which

account for the prolonged flame and the weakened combus-

tion efficiency. Meanwhile, the non-reactive recirculation
Fig. 9 e Contours of the streamwise velocity for different

combustor layouts at vin ¼ 40m=s.
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zone in the TRIANGLE combustor is expanded as well,

implying a negative effect on the improvement of combustion

efficiency. Therefore, both favorable and adverse effects of

bluff bodies exist in the FIN and TRIANGLE combustors.

Reactants transport and reaction rate analysis

Fig. 11 shows the distributions of mass fraction (YH2) and

consumption rate of H2 (RH2) in the regions behind the bluff

body of different combustors. It is found that the TRIANGLE

combustor has the largest consumption rate, and the RH2 near

the boundaries are much higher in the bluff body augmented

combustors compared with the CAVITY combustor. Besides,

comparing the distributions of YH2 and RH2, a strong de-

pendency can be observed between them. According to the

previous study [68], RH2 is mainly controlled by the reactions:

OþH2/HþOH (12)

OHþH2/H2OþH (13)

Under fuel-lean conditions, the consumption rate of H2 is

controlled by the concentration of H2 rather than that of O and

OH, which can explain the dependence between YH2 and RH2

as shown in Fig. 11. Accordingly, the H2 transport from center

to the boundary is essential for the consumption rate of H2.

To investigate the effects of the bluff bodies on hydrogen

transportation, the hydrogen mass fraction overlaid with the

contour lines of transverse hydrogen mass flux (m;
c) near bluff

bodies is shown in Fig. 12, the m;
c is defined as,

m;
c ¼ rYH2

v (14)

where v is the velocity component in the transverse direction.

As shown in Fig. 12, the bluff body provides an order of

magnitude enhancement of the m;
c near itself, which signifi-

cantly improves the mixing between the high-temperature

products and the cold reactants. The strong mass trans-

portation of hydrogen from the combustor center regions to

the lateral zones near the upper and lower sides of the bluff

body in the TRIANGLE combustor contributes to the increase

of YH2 in the near-wall region as shown in Fig. 11. Conse-

quently, a higher and wider consumption rate distribution is

presented in the TRIANGLE combustor as depicted in Fig. 11,

which contributes to the increase of combustion efficiency

compared with the CAVITY combustor.

Local Damk€ohler numbers

The value of the Damk€ohler number is important to deter-

mine the combustion efficiency ofmicro combustors [1,69]. To

evaluate the interactions between flow filed and the reaction

of different layouts, the local Damk€ohler number, DaL, is

defined as

DaL ¼ reaction rate
convective mass transfort rate

¼ RH2t

rus
(15)

where t and s are the unit volume and surface, respectively.

The profiles of DaL in the transverse direction are depicted in

Fig. 13 for various locations behind the bluff body at vin ¼40m/

s. It can be found that the DaL have the maximum value at the
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Fig. 10 e Contour line of streamwise velocity (up) and OH mass fraction distributions overlapped with streamlines (down)

behind the bluff bodies at (a)vin ¼ 24m=s and (b) vin ¼ 40m=s

Fig. 11 e Contour lines of mass fraction (up) combined with

contours of consumption rate (down) of H2 atvin ¼ 40m=s.

Fig. 12 e Contours of hydrogen mass fraction overlaid with

iso-lines of transverse mass flux of hydrogen at

vin ¼ 40m=s.
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boundary of the TRIANGLE and FIN combustors, whereas the

peak value ofDaL is appeared in the region between y¼ 2.2 and

y ¼ 2.3 mm for the CAVITY combustor. Obviously, the overall

DaL of bluff body augmented combustors is superior to the

CAVITY combustor, and the FIN combustor has the largest

DaL. With the increase of x from 10 to 13, the maximum of DaL

of CAVITY, TRIANGLE and FIN decreases from 3.64, 5.57 and

11.85 to 2.15, 1.92 and 2.13 accordingly. The results show that

the bluff body mainly facilitates the combustion near the

wake of them. As depicted in Fig. 13a, in the wake region near

the bluff body of the TRIANGLE combustor, the DaL is lower

than that in the CAVITY combustor and close to zero except in

the zone near the boundary, which leads to the decrease in the

combustion efficiency as shown in Fig. 5. Recall the expanding
Please cite this article as: Zhang Z et al., Numerical investigation on th
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of non-reacting wake region with the increased inlet velocity

in Fig. 10, the reduction of DaL in this region could be attrib-

uted to increase of inlet velocity, as a result of the improve-

ment of the combustion efficiency for the TRIANGLE

combustor.

The effects of the bluff body on combustion efficiency can

be characterized by the value of DaL. The low-speed reacting

zones and enhanced transverse hydrogen transport induced

by the fin structure produce a synergy effect to increase the

DaL, and remarkably improve the combustion efficiency of the
e performance of bluff body augmentedmicro cavity-combustor,
ydene.2019.12.004
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Fig. 13 e Profiles of DaL along transverse directions at various locations behind the bluff body at vin ¼ 40m=s
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FIN combustor consequently. For the TRIANGLE combustor,

the contrary effects of central buff body on DaL in the non-

reacting recirculation region and the near-boundary region

diminish the increment of combustion efficiency, especially at

higher inlet velocities.
Conclusion

In this study, the performances of themicro cavity combustor

with and without the augmentation of the bluff bodies have

been numerical studied with detailed H2/air chemistry. Two

types of bluff bodies, namely the triangulate and fin shaped

configurations, are studied compared with the original cavity

combustor under different inflow velocities. The effects of

bluff body configurations in improving the flame stabilization

and enhancing the combustion efficiency are revealed in

terms of the thermal coupling, flow field analysis, reactant

transportation, and chemical reactions. A local Damk€ohler

number is defined to evaluate the coupling effects of fluid flow

and chemical reactions. The main conclusions from the nu-

merical analysis can be concluded as.

(1) The combustion efficiency declines accompanied by

prolonged and splitting flame as the inlet velocity

increases.

(2) The supplemented bluff body behind the cavity can

significantly increase the combustion efficiency of the

original micro cavity combustor. The fin-like bluff-body
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shows the optimal performance with the largest in-

crease ratio of 10.1% for combustion efficiency.

(3) Heat transfer analysis demonstrates that the reduction

of heat loss fraction is not the main contributor for the

improvement of combustion efficiency in the bluff body

augmented combustors.

(4) For the FIN combustor, the synergy effect of low-speed

wake region accumulated with high temperature

products and the enhanced transverse transport of

hydrogen induced by the fin structure contribute to the

significant improvements in combustion efficiency. For

the TRIANGLE combustor, the intensified hydrogen

consumption rate due to the intense mixing is receded

by the large weakly reactive recirculation zone behind

the bluff body.

(5) The local Damk€ohler number defined as the ratio of

hydrogen consumption rate and convective mass

transport rate is consistent with the variation of com-

bustion efficiency along the streamwise direction,

which provides an important indicator for the structure

optimization of the micro-cavity combustors.
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