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Abstract. Irregular surfaces are often present in a wide variety of heat transfer applications where equipment
compactness is sought. The presence of irregularities or rough elements also disturbs the flow field near the solid
surfaces changing the heat transfer rate. In the present study, axisymmetric confined reactive flows within cylindrical
tubes with wall irregularities are analyzed. The reactive flow is described by the classical Shvab-Zeldovich formulation
for unitary Lewis number. The mathematical model is based on mass, momentum, and mixture fraction conservation
equations and considers the Burke-Schumann reaction mechanism and ideal gas behavior. Temperature dependence of
the thermophysical properties is considered in the model. The Finite Volume Method is employed to discretize the
governing equations, with a collocated grid arrangement. The SIMPLEC algorithm is employed to address the
pressure-velocity coupling. A parametric study is conducted to evaluate the effects on the recirculation zones and the
flame shape of the position and the size of the irregularities, of buoyancy and of the Reynolds number of the fluid flow.
The shape and high of the flame are strongly affected by the changes in the wall irregularities as well as the
recirculation zones besides the Reynolds number modifications drive changes in the flame behavior.
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1. INTRODUCTION

Diffusion flames play an important role in practical combustion applications. The term diffusion flame was applied
by Burke and Schumann (1928) to designate flames in which fuel and oxidant are initially separated and mixing occurs
in a region where combustion occurs, forming a flame structure. Although in practical applications are usually subject
to turbulent flow, laminar diffusion flames provide the basic component for flamelet model, in which the structure of
turbulent diffusion flames are interpreted as a composition of a set of laminar diffusion flames (Garcia et al, 2020).

Studies of confined flames in channels are important due to application in fire tube boilers (Ortiz, 2011) and tube
firing burners. Most studies of diffusion flames in the presence of irregular walls are related to flame holders, for which
the solid wall is located downstream of the flame (Nascimento, 2005), as in the flame holders. Flame/wall interaction,
for example, is a field of combustion that has not been investigated yet with sufficient care (Shilong and Yuxin, 2020).

Flame holders like bluff-body and cavity are an effective strategy to anchor the flame owing the recirculation zone.
Despite, the flame holder cannot significantly extend the flammability limit of the mixture, heat recirculation is
commonly used as method to broaden the flammable range based on equivalence ratio (Wan et al, 2020 ). The thermal
condition of flame holder and combustion chamber wall and their interaction on flame stabilization was investigated
(Wan and Zhao, 2020). Ansari and Amani (2018) found that the flame can be well anchored by the cylindrical bluff-
body flame holder in a micro plate combustor. The bluff-body ball also had a significant effect on improving the flame
stabilization of methane/air premixed mixture (Pan et al, 2020).

In the present study, the chemical reaction terms in the conservation equations are treated by the classical Shvab-
Zeldovich formulation for unitary Lewis number. Single step, infinitely fast chemical reaction is considered, making
possible to combine species conservation and energy conservation equations, and defining the flame locus under the
hypothesis of infinitely thin flame. The wall irregularities are placed alongside the flame allowing for interaction
between the reaction sheet and the irregular boundary. Effects on flame height and shape are evaluated. A parametric
study is conducted to evaluate the effects on the recirculation zones and the flame shape of the position and the size of
the irregularities, of buoyancy and of the Reynolds number of the fluid flow.
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2. MATHEMATICAL MODEL

A sketch of the physical domain is shown in Fig. 1. The physical domain consists of two concentric circular tubes
where fuel and oxidizer are injected through the inner and annular space, respectively. On the inlet, fuel and oxidizer
velocity profiles are considered uniform but not necessarily equal. It is also considered adiabatic conditions for the

annular space tube and atmospheric pressure on the outlet of the burner. At an arbitrary position, there is a region where
the domain suffers constrictions and expansions to return to its original diameter.
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AT

Figure. 1. Representative model of the physical problem.

The reactive flows in multicomponent systems are governed by three laws of conservation, they are: mass
conservation, momentum conservation and energy conservation. These conservation laws can be mathematically
written as the equation of continuity, equation of moment, equation of energy and equation of chemical species.

In order to simplify this set of equations, the heat flux due the radiation effects is neglected. This simplification is
done because of the low absorptivity of the gases used in the present study. To further simplify the governing equations
it is assumed that the dissipation by viscous stress and the flow work is negligible as well as the Soret e Dufour effects.
Besides, the specific heat is considered constant for all chemical species and the diffusion velocity obey the Fick’s law.

The flame sheet model, first introduced in (Burke and Schumann, 1928), makes the hypothesis that the chemical
reaction is confined in a thin reaction zone where fuel and oxidizer cannot coexist, this assumption results in the
absence of oxidizer in the fuel side and of fuel in the oxidizer side. Fuel and oxidizer flow towards the reaction zone in
stoichiometric proportions, this condition becomes necessary in order to the reactants be completely consumed. In this
model, the chemical reactions are described by a single one-step irreversible reaction corresponding in an infinitely fast
conversion of reactants into stable products, as Eq. (1).

VEF+v50, +vyN, = vpP+ryN, (1)

where v is the stoichiometric coefficient, F is the fuel and P is the product. The nitrogen is considered an inert gas in
this reaction.

The equations of chemical species and energy can be linearly combined in order to eliminate the reaction terms.
Thus, a chemistry-free conservation equation, Eq. (5), can be written in terms of mixture fraction.

The reactive flow governing equations are written, in the cylindrical axisymmetric coordinate system, as
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where x and rare axial and radial coordinates, tis time, u e v are axial and radial velocities, p and u are the
density and dynamic viscosity of the mixture, p is pressure, g is gravitational acceleration, D is mass diffusivity of the
mixture and Z is mixture fraction.

Denoting the variables at the flame surface with the subscript f , it can be shown that the mixture fraction at

the flame Z; can be given by (Willian, 1965):

-1
sY,
Z, =1+—8 (6)
You

where Y is the mass fraction, the subscripts F, and A, denote the condition in the inlet of the inner and outer tube,
respectively, and s represents the stoichiometric mass coefficient.

With the formulation for the mixture fraction Z, it is possible to obtain the temperature profile and the mass

fraction of the chemical species from the solution of Egs. (2)-(5).

On the fuel side of the flame, the Eqgs. (7)-(11) are used for determination of temperature and chemical species

fields:

h
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Yy =Yna (1-2)+2Z¥yg (11)

and on the oxidizer side:
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where T is temperature, W is molecular weight of each specie, ¢, is specific heat at constant pressure in mass unit

and hgp is enthalpy of reaction.
In the case of two products, as Eq. (17):

VEF+vo0, +vyNy > vp P +vp P+ N, 17

The species profiles Yp, e Yp, are given by:

WF,1 v
Yo =|———— (18)
Wpvp +Wp vp,
Wp v
Yp, = PPy (19)
Wpvp +Wp vp

Temperature variation of the thermophysical properties and transport coefficients is given by the Egs. (20)-(22):

pwW

— mix 20
P="Tp R, (20)
pD=—£ (21)

Prref
T V4
H= Hyet {T_] (22)
ref

where W, is the molecular weight of the mixture, R, =8.314J-K™*.mol™ is the universal gas constant,
7=0.7,T,s =298 K and 4, =1.85-10 g/cm-s are reference values for air (Kanury, 1982).

The heat generation parameter hgpp /Cp is given by an estimated value for the flame experimental temperature T, ,
according to the Eq. (23):

hgp 1| Te—Ta (1_Zf ) T
__RP _ ~Te
Cp  Yer Z; '

(23)

For a methane-air flame, T; =2050 K (Xu and Smooke, 1993).
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The governing equations (2)-(5) are subject to the following boundary conditions:

@:v:%:o @0<x<L,r=0 (24)
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U=ug,v=0,Z2=1 @x=0,0<r<Rg (26)

U=ugy,v=0, Z=0 @x=0,Rx <r<Ry (27)
oz

v-n:v-t:a—:o @0<x<L,r=R,(x) (28)
n

where p, is the atmospheric pressure, n and t are the normal and tangential vectors to the solid wall, respectively. A
Gaussian function R, (x) models the wavy wall as:

—(x-H )2

Ry(X)=Ry,—Pe @ (29)

where, as exposed in Fig. 1, H is the axial position of the wavy wall peak, P controls its radial position, o controls
the width of the wavy wall and e =~ 2.718 is the Euler’s number.
The initial condition is given by:

u=v=Z=0 p=p, @t=0,0<x<L,0<r<Rgy (30)

that corresponds to static isothermal oxidized only conditions.
3. NUMERICAL METHODOLOGY

The Finite Volume Method was used to discretize the governing equations (2)-(5), with a collocated grid
arrangement, and the WUDS (Weighted Upstream Differencing Scheme) interpolation scheme, in a structured mesh.
Grid is numerically generated by the solution of a partial differential equations system. The SIMPLEC (Semi-Implicit
Method for Pressure Linked Equations-Consistent) algorithm is employed to address the pressure-velocity coupling.

Initially a grid convergence study was conducted considering the limiting case without irregularities. The examined
meshes were 40x40, 80x80 and 160x160 volumes. The streamlines and temperature profiles obtained with the three
meshes were compared. According to the gains on results in relation to the simulation computational time, the 80x80
grid was selected for the present study.

Besides the grid convergence study, code validation using numerical (Xu and Smooke, 1993) and experimental
(Mitchell et al, 1980) literature data was also performed. Results show that we cannot reproduce the experimental
results in their entirety behavior. A necessary condition is the chemical reactions treatment considering finite rate and
more sophisticated reaction mechanisms. However, the model can estimate the temperature field, the flame position and
its height, and the molar fractions of the chemical species in the complete combustion of the hydrocarbon in a
satisfactory way. The detailed validation procedure and its results are shown in (Leitdo, 2017) and (Sauer, 2012).

4. RESULTS

In order to explore the results, a base case is initially established. From the base case, a parametric study is
conducted to evaluate the effects on the recirculation zones and the flame shape of the position and the size of the
irregularities, of buoyancy and of the Reynolds number of the fluid flow. The base case operational conditions are
shown in Tab. 1.
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Table. 1. Base case conditions

Geometric Parameters Ro =2.54 cm Rg =6.35 mm L=30cm
Operational conditions Fuel Side@ O0<r<Rg, x=0 AirSide@ Rg <r <Ry, Xx=0
Axial input velocity Ug =45cm/s Uo =9.88cm/s
Radial input velocity ve =0cm/s Up=0cm/s
Mass fraction YCH4 =1.0 Yo2 =0.232, YN2 =0.768
Input temperature Tn=298K @ 0<r<Rgy, x=L
Output pressure Pour =1.0atm @ O<r<Ry, x=L
Chemical reaction CH, +2(0, +3.76N, ) — CO, + 2H,0+7.52N,
Reynolds number Re =2Ryugp/ 1 =317.6
Gravity g =9.81 m/s (Axial direction; opposite to the fluid flow)
Wavy wall model R,(X) =Ry —P .ef(X;H)z @ 0<x<L
Wag’;’r;"ni‘ytgr‘zome”'c H =025L P = 0.50R, o =510~

Figure 2 shows the difference in the temperature field, streamlines and flame shape between the base case and the
limit case without irregularities. For better visualization, the results are plotted for a complete section of the burner,
although the governing equations are solved in an axissimetric domain.

The flame presents an over-ventilated behavior for both cases. For the base case (Fig. 2a), immediately upstream of
the irregular wall peak, the oxidant-rich flow deflects in the centerline direction, deforming the flame, and decreasing
flame height (h; =9 cm) when compared to the case without irregular wall ( h; =9.25 cm) (Fig. 2b). This reduction in

the flame height is related to the improvement in oxidant transport, due to enhanced convective effects by the irregular
wall for the base case.

Besides the change in the radial velocity that affects the flame upstream of the irregularity peak, an increase of the
axial velocity along the centerline is also observed, due to the reduction in the transversal area imposed by the irregular
wall.

An increase in the recirculation zone downstream of the irregular wall peak is also observed due to the wall
irregularity that induces the flow separation. Under conditions of absence of gravitational forces, axial convective
effects are reduced. Buoyancy force accelerates the high temperature gases in the axial direction, lengthening the flame.

B 7T T W 7 (™A

T(K): 400 700 1000 1300 1600 1800 T(K).400 700 1000 1300 1600 1900
30 30

Figure 2. (a) Base case; (b) Case without irregularities. Temperature field, streamlines in black (shown only in half
domain) and flame shape in white.
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In order to evaluate the buoyancy effects on flame and flow field parameters, in Fig. 3, zero gravity acceleration
('g) simulations were conducted from the cases shown in Fig. 2. Gravitational effects are responsible for the entry of
cold external air near the solid wall, generating or intensifying recirculation zones, a characteristic that can be observed

comparing Fig. 2b with Fig. 3b. Thus, in the absence of gravitational effects, the over-ventilated flame width increases
for the referred case with and without irregularities, as shown in Fig. 3a and Fig. 3b.

T(K): 400 700 1000 1300 1600 1900 T(K):400 700 1000 1300 1600 1900
30 30

25

ricm) ricm)

(@) (b)

Figure 3. (a) Base case nullifying the gravitational force; (b) Case without irregularities nullifying the gravitational
force. Temperature field, streamlines in black (shown only in half domain) and flame shape in white.

The influence of the number of peaks was also studied trough, simulations considering two undulations in the
irregular wall. The undulations peaks were positioned at the axial positions H =0.25L and H =0.125L . The parameter

o was changed to 1-107* so the decay of the Gaussian function that models the irregular wall is more pronounced. The
results are shown in Fig. 4.

T(K): 400 700 1000 1300 1600 1900
30

Figure. 4. Two undulations wall. Temperature field, streamlines in black (shown only in half domain) and flame shape
in white.

The inclusion of more undulations peaks, when compared to the base case (Fig. 2a), generate new recirculation
zones, downstream of the undulations. Flame shape is affected upstream of the peak of each undulation as oxidant is
deflected towards the channel centerline. Figure. 4 (h; =8.56 cm) shows a stronger flame deflection connected with

the irregular surface peak closer to injection than the deflection in a higher axial position. The existence of larger radial
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velocities in the region upstream of the undulation closer to injection as compared to the radial velocities upstream of
the other undulation as observed from the streamline shapes in Fig. 4 is responsible for this effect.

The influence of the irregularity position it was also investigated through changes in the parameter H from the
original value ( H = 0.25L ) to the conditions of H =0.125L and of H =0.5L . The results are shown in Fig. 5.

For the case with H =0.125L (h; =8.35cm) (Fig. 5a), the flame height is 7% lower than the base case
(h; =9.0cm) (Fig. 2a). The flame deflection occurs in a lower axial position associated with the oxidant deflection.

The recirculation zone is formed in a lower axial position due to the irregularity new position, which induces the flow
separation closer to the injection surface.
For the case with H =0.5L (h; =9.26 cm) (Fig. 5b), the flame height is 3% higher than the base case. Two

recirculation zones are observed for this irregularity position, one upstream of the irregularity caused by buoyancy
effects, and another one downstream of the irregularity, caused by both buoyancy effect and solid wall shape that
induces the fluid flow separation downstream of the peak of the irregular wall (see Fig. 2a).

T(K): 400 700 1000 1300 1600 1900 T(K): 400 700 1000 1300 1600 1800
30 30, E

0
r(cm) r(cm)

(@) (b)

Figure. 5. Irregularity position: (a) H =0.125L ; (b) H =0.50L . Temperature field, streamlines in black (shown only in
half domain) and flame shape in white.

The irregularity height effect was also investigated changing the parameter P from the original value (P =0.5Ry)
to the conditions of P =0.25R, and of P = 0.65R, . The results are shown in Fig. 6. For the case with P =0.25R, (Fig.
6a), it is verified that the flame reaches an intermediate height (h; =9.2 cm) between the value obtained in the base
case (h; =9.0 cm) (Fig. 2a) and the case without irregularities ( h; =9.25 cm) (Fig. 2b). Decreasing the irregularity

size reduces the deflection of the oxidant-rich stream flow towards the domain centerline direction, leading an increase
the flame height.
For the case with P =0.65Ry (Fig. 6b), it is observed an opposite trend. Increasing the irregularity size, it is raised

the deflection of the oxidant-rich flow towards in the centerline direction, decreasing the flame height (h; =8.73 cm)
for a fixed irregularity position.
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TKy: 400 700 1000 1300 1600 1800 T(K): 400 700 1000 1300 1600 1800
30,
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Figure. 6. Irregularity size: (a) P =0.25R, ; (b) P =0.65R, . Temperature field, streamlines in black (shown only in
half domain) and flame shape in white.

Finally, the effect of the Reynolds number is investigated by changing the oxidant axial inlet velocity. Then, to
evaluate the influence of the Reynolds number, it is changed, in the case shown in Fig. 5b, the original value of ugy (see

Tab.1) to conditions of Re=500 (ug =15.55cm/s) and of Re=150 (uy =4.66 cm/s). The results are shown in
Fig. 7.

Increasing the Reynolds number of the flow (Fig. 7a), the oxidant flow increases, providing a larger amount of
oxidant, forcing the flame surface to achieve a smaller height (h; =9.2 cm) when compared to the similar case with

the original Reynolds number (Fig. 5b).

Comparing the temperature fields in Fig. 5b and Fig. 7a, we observe that a larger amount of oxidant entering at low
temperature affects the temperature throughout the entire domain, decreasing it, in a fixed axial position. This larger
amount of oxidant also changes the convection intensity, modifying the position of the recirculation zone downstream
of the irregularity position, which is formed in a higher axial position. The area of the recirculation zone is also
modified, caused by the fluid separation induced by the irregular wall shape itself. The recirculation zone became much
less intense with a bigger area extrapolating the solution domain.

Decreasing the Reynolds number of the flow (Fig. 7b), the oxidant flow rate is decreased, so the amount of oxidant
will be insufficient for the complete combustion of the fuel. The flame presents an under-ventilated behavior
(h; =6.58 cm), expanding into the solid walls. In this case, two recirculation zones are formed, one upstream of the

irregularity caused by the buoyancy effect, and another one downstream of the irregularity, caused by solid wall shape
that induces the fluid flow separation downstream of the peak of the irregular wall.

TiK): 400 700 1000 1300 1600 1900 T(K): 400 7OO 1000 1300 1600 1900
30 m 30

25 25

2 1 0 1 2 2 1 0 1 2
r fem) r {em)
(a) (b)

Figure. 7. Reynolds number: (a) Re =500; (b) Re =150. Temperature field, streamlines in black (shown only in half
domain) and flame shape in white.
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5. CONCLUSIONS

In the present study, we conducted an analysis of a reactive flow confined in a cylindrical tube in the presence of
irregular walls. A parametric study was conducted to evaluate the effects on the recirculation zones and the flame shape
of the position and the size of the irregularities, of buoyancy and of the Reynolds number of the fluid flow.

The irregularity affects the flame shape inside the tube. Increasing the irregularity maximum height or positioning
the irregularity closer to the reagent inlets, the over-ventitlated flame height decreases. Also, gravitational effects are
shown to narrow and to stretch the flame.

Recirculation zones are formed near the reagent inlets due to buoyancy effects, and just downstream of the
irregularity, caused by solid wall shape that induces the fluid flow separation. In some cases, these two recirculation
zones are shown to coalescence into a single flow structure. The variation in the number of Reynolds of the flow affects
directly in the temperature field, in the recirculation zones position and in the flame behavior: over- or under- ventilated
configuration.
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