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Abstract. In this paper, a numerical study on flow characteristics of fluid passing through four different
annular dump combustor configurations has been carried out. The two dimensional, steady differential equa-
tions for conservation of mass and momentum are solved for a fixed Reynolds number of 200, aspect ratio
(AR) of 2 and 40% central restriction. The variations of streamline contour, average static pressure distri-
bution and average stagnation pressure distribution have been studied in detail. After overall study, it may
be concluded that sudden expansion with central restriction and fence (Model-2) performs better in terms of
average static pressure distribution along the axis and average stagnation pressure drop variation at a section
while the Model-1 (sudden expansion with central restriction only) becomes more effective for corner region
mixing. The detailed model wise mathematical correlations are also presented in predicting different flow
characteristic parameters.
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1 Introduction

A combustor must contain and maintain stable combustion despite of very high air flow rates. To do so,
combustors are carefully designed to mix fuel and air properly for complete combustion of fuel. Flow with
recirculation increases the mixing intensity and stabilizes the flame. The performance of the dump combustor
may be improved by modifying its geometry. If a central restriction is placed at the inlet zone of plain dump
combustor, the modified configuration may be thought as an annular flow dump combustor. This annular flow
in a dump combustor may be characterized by two reversed flow regions; the corner recirculation zone and the
central recirculation zone. Moreover, the incorporation of the blowing at the top of the vertical wall or fence
at the downstream of throat of the annular flow dump combustor may also play a significant role as far as the
performance of the combustor is concerned.

From a brief review of literature, it is noted that different researchers have studied modified sudden
expansion configuration either numerically or experimentally. Among them, Sullerey et al.[9] have experi-
mentally studied the effect of inlet flow distortion on the performance of vortex controlled diffusers. For this
diffuser, they have considered sudden expansion geometry with a suction slot at the top and bottom portion of
the vertical wall and fence (downstream of the sudden expansion) with a fence subtended angle in the range
of 0 to 30 deg. They have used area ratios of 2.0 and 2.5 at a fixed Reynolds number of 105. The suction
rate is varied from 1 to 7 percent of the main flow. They have studied the performance in terms of diffuser
effectiveness and outlet velocity profiles. The diffuser effectiveness increases up to a particular bleed off is
noted by them. Sheen et al.[8] have experimentally investigated the flow characteristics in a concentric annular
flow over an axisymmetric sudden expansion with inlet modification. They have considered Reynolds number
ranging from 150 to 5800. For their configuration, the diameter expansion ratio is considered 1.987. Four
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typical flow patterns are observed by them. These are open annular flow, closed annular flow, vortex shedding,
and stable central flow.

Abu-Nada et al.[1] have carried out numerical investigation of heat transfer and fluid flow over a backward
facing step configuration under the effect of suction and blowing. They have used Reynolds number in the
range of 200 to 800 and bleed coefficient ranging from−0.005 to 0.005 for an expansion ratio of 2. They have
observed that the reattachment length of the primary recirculating bubble increases by increase in blowing
bleed coefficient and decreases by increase in suction bleed rate. They have also observed that suction increase
the size of the secondary bubble and blowing reduces it. Chakrabarti et al.[4] have carried out numerical
simulation on the performance of a sudden expansion with fence, viewed as a diffuser, in low Reynolds
number regime. They have considered Reynolds number ranging from 20 to 100, and distance of fence from
throat from 0.2 to 2 for the aspect ratio of 2, fence subtended angle of 10 and fully developed velocity profile
at inlet. They have observed that a sharp increase in average static pressure occurs at the section where the
fence is located.

Mandal and Majumder[6] have numerically investigated the effects of inlet center line turbulence on
reattachment length in an axi-symmetric sudden expansion. They have used area ratio of 1.47 for an axial
velocity as 10.6 m/s. They have observed that the recirculation bubble and reattachment length decreases
with increase in center line turbulence intensity. But after a certain limit of intensity, reattachment length is
constant. Yadav and Kushari[13] have reported an experimental investigation considering a low aspect ratio
dump combustor. The combustor exit is tapered and makes an angle of 35◦ with exit plane. During study, they
have considered the length of the combustor less than the reattachment length to get the flow reversal at tapered
section. They have noted that with increase in flow Reynolds number two recirculation zones are formed with
increasing strength. They have suggested that the reduction in velocity fluctuation at higher flow Reynolds
number improves mixing between the separated flow and the core flow. Takano et al. [11] have experimentally
studied the detailed structure of separated flow downstream of a backward facing step configuration. They have
considered a non uniform periodic disturbance along spanwise direction by using an injection of synthetic jet
array. They have used an expansion ratio of 1.67 with a step height of 4 mm. The Reynolds number based on
the step height ranged from 300 to 900 is considered. They have observed that non uniform injection velocity
affects the distorted vortex structure and reattachment distribution in the span wise direction which strongly
depend on the Reynolds number and injection velocities of the synthetic jet array.

Tuncer et al.[12] have experimentally investigated the stability and structure of lean premixed methane
air flames in a swirl stabilized premixed dump combustor at atmospheric pressure. At the inlet of the dump
plane, they have considered a 450 angled eight blades swirl vane which is installed on a 20m2 diameter centre
body. They have studied the flow field for fixed Reynolds number of 19400 with a constant swirl number of
0.74. They have observed two elliptically shaped counter rotating recirculation vortices behind the dump plane
and a central recirculation zone just downstream of dump plane. They have noted that the swirling flame is
neatly stabilized above the dump plane. Furthermore, this flame structure is slightly asymmetric. Cerantola
and Birk[2] have experimentally and numerically evaluated short annular diffusers with conical expansion at
exit of the annulus. They have considered swirlers with different swirl angles. They have used three area ratios
such as 1.61, 1.91 and 2.73 for an inlet Reynolds number of 1.4105. For 10 deg inlet swirl, they have observed
that AR = 1.91 diffuser gives highest performance. Taamallah et al.[10] have experimentally studied the
link between the flame macroscale structure and thermo-acoustic instabilities, in a premixed swirl-stabilized
dump combustor. They have used the fuel (methane), the swirl number (S = 0.7), the Reynolds number
(ReDin = 20, 000), the inlet temperature (300K). They have concluded that dynamic modes in the long
combustor are mostly associated with specific mean flame brush spatial distributions.

As per brief review of literature, it is noted that a number of researchers have studied the flow through sud-
den expansion with some modified configuration. However, the effect of different annular sudden expansion
configurations on the streamline contours, average static pressure distribution and average stagnation pressure
distribution is not addressed so far. Therefore, in this paper an attempt has been made to study the effect of
different annular sudden expansion configurations on streamline contours, average static pressure distribution
and average stagnation pressure distribution by considering four annular configurations such as sudden ex-
pansion with central restriction only, sudden expansion with central restriction and fence, sudden expansion
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with central restriction and blowing and sudden expansion with central restriction with fence and blowing
and these configurations are named as Model-1, Model-2, Model-3 and Model-4 respectively. Moreover, the
relevant mathematical correlations have also been developed in predicting different flow characteristic param-
eters like magnitude of maximum average static pressure rise, average stagnation pressure drop at the location
when static pressure rise becomes maximum, corner recirculating bubble length and central recirculating bub-
ble length for all the considered four models in terms of Reynolds number, percentage of central restriction,
aspect ratio and blowing percentage as and when required.

Sec. 1 deals with the introduction, literature review and objective of the work. In Sec. 2, the detail of
governing equations along with boundary conditions and numerical procedure is included. Sec. 3 presents the
achieved results of the work in detail along with relevant mathematical correlations among the flow parame-
ters. Sec. 4 highlights the specific conclusions of the present research work. The relevant nomenclature and
references have been placed in Secs. 5 and 6 respectively.

2 Mathematical formulation

2.1 Governing equations

Schematic diagrams of the computational domain for four different models are illustrated in Fig. 1
(a), (b), (c) and (d) respectively. The flow under consideration is assumed to be steady, two-dimensional
and laminar. The fluid is considered to be Newtonian and incompressible. The following dimension-
less variables are defined to obtain the governing conservation equations in the non-dimensional form;

Lengths : x∗ = x/W1, y
∗ = y/W1, L

∗
i = Li/W1, L

∗
ex = Lex/W1, L

∗
R = LR/W1,

L∗f = Lf/W1, W
∗ = W/W1, W

∗
b = Wb/W1;

Velocities : u∗ = u/U, v∗ = v/U ;
Pressure : p∗ = p/ρU2.

the relevant mathematical correlations have also been developed in predicting different flow 
characteristic parameters like magnitude of maximum average static pressure rise, average stagnation 
pressure drop at the location when static pressure rise becomes maximum, corner recirculating bubble 
length and central recirculating bubble length for all the considered four models in terms of Reynolds 
number, percentage of central restriction, aspect ratio and blowing percentage as and when required. 

Section-1 deals with the introduction, literature review and objective of the work. In section-2, 
the detail of governing equations along with boundary conditions and numerical procedure is included. 
Section-3 presents the achieved results of the work in detail along with relevant mathematical 
correlations among the flow parameters. Section-4 highlights the specific conclusions of the present 
research work. The relevant nomenclature and references have been placed in section-5 and 6 
respectively. 

2. Mathematical Formulation 

2.1. Governing Equations 
Schematic diagrams of the computational domain for four different models are illustrated in Fig.1. (a), 
(b), (c) and (d) respectively. The flow under consideration is assumed to be steady, two-dimensional 
and laminar. The fluid is considered to be Newtonian and incompressible. The following 
dimensionless variables are defined to obtain the governing conservation equations in the non-
dimensional form; 
 
Lengths: 1

* Wxx  , 1
* Wyy  ,, 1i

*
i WLL  , 1ex

*
ex WLL  , 1R

*
R WLL  , 1f

*
f WLL  , 

1
* WWW  , 

1b
*

b WWW   

Velocities:   u* = u/U, v* = v/U. 
Pressure:      p* =  p /ρU2    
 

  

      

Fig. 1: Computational domain of (a) Model – 1, (b) Model – 2, (c) Model – 3 and (d) Model – 4 
 
With the help of these variables, the non-dimensional mass and momentum conservation equations 
are written as follows, 
 

(a) (b) 

(c) (d) 

Fig. 1: Computational domain of (a) Model-1, (b) Model-2, (c) Model-3 and (d) Model-4

With the help of these variables, the non-dimensional mass and momentum conservation equations are
written as follows,
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where, the flow Reynolds number, Re = ρUW1/µ.

2.2 Boundary conditions

Four different types of boundary conditions are applied to the present problem. They are as follows:

1. At the walls: No slip condition is used, i.e.,u∗ = 0, v∗ = 0.
2. At the inlet: Axial velocity is specified and the transverse velocity is set to zero, i.e., u∗ = specified, v∗ =

0. Fully developed flow condition is specified at the inlet, i.e., u∗ = 1.5
[
1− (2y∗)2

]
.

3. At the exit: Fully developed condition is assumed and hence gradients are set to zero, i.e., ∂u∗/∂x∗ =
0, ∂v∗/∂x∗ = 0.

4. At the line of symmetry: The normal gradient of the axial velocity and the transverse velocity are set to
zero, i.e., ∂u∗/∂y∗ = 0, v∗ = 0.

2.3 Numerical procedure

The partial differentials Eqs. (1), (2) and (3) are discretised by a control volume based finite difference
method. Power law scheme is used to discretise the convective terms[7]. The discretised equations are solved
iteratively by SIMPLE algorithm, using line-by-line ADI (Alternating directional implicit) method. The con-
vergence of the iterative scheme is achieved when the normalised residuals for mass and momentum equations
summed over the entire calculation domain fall below 10−8.

In the computation, flow is assumed as fully developed at the inlet and exit and therefore, exit is chosen far
away from the throat. The distribution of grid nodes is non-uniform and staggered in both coordinate direction
allowing higher grid node concentrations in the region close to the step and walls. The grid sensitivity study
has been performed carefully considering aspect ratio of 2 and Re = 100 with 20% of central restriction
during the grid independence test. During this calculation, the non-dimensional inlet and the exit lengths are
considered to be 1 and 50 respectively. However the computations are also performed with L∗ex = 100. The
results show no significant variation on the important design parameters. Several test cases are run by using
different grid size to quantify grid independence study in terms of magnitude and location of max. This study
has been discussed in detail by Das and Chakrabarti[5]. Finally in our work we have considered the meshes
comprising of 41 × 37 grid nodes in the inlet section and 221 × 121 grid nodes in the exit section in the x−
and y−directions, respectively.

3 Results and discussion

The important results of the present study are reported in this section for various annular flow dump
combustor configurations.

1. Reynolds number, Re = 200;
2. Aspect ratio, AR = 2;
3. Central restriction, CR = 10% to 40%;
4. Fence subtended angle, FSA = 10 deg;
5. Distance of fence from throat, L∗f = 1;
6. Blowing, B = 10% of inlet mass.
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3.1 Variation of streamline contours

The recirculating bubble, immediately downstream of the sudden expansion is encountered in many prac-
tical systems like chemical process industry, mixing chamber or combustor. This recirculation zone improves
the mixing of the reactants, provides higher heat release inside chamber, and improves performance of the sys-
tem. Therefore, the detail study on the recirculation zone is included in this section. Fig. 2 illustrates the effect
of four different considered models on streamline contour. From the streamlines, it is noted that separation
phenomenon occurs downstream to the throat section and it reattaches at distal location for all cases. From the
figure, it is noted that size of corner recirculation zone is more for Model-1 compared to all other considered
models. The probable reason is that the extra diffusion occurs at the central zone when a restriction is placed
at this region. This diffusion at central zone also affects the corner zone which increases the size of corner re-
circulating bubble. Again fence configuration divides and reduces the length of corner region. Blowing effect
also reduces this corner recirculating bubble length which corroborates the observation of Abu-Nada et al.[13].
Therefore, maximum corner recirculation length is expected for the case of sudden expansion with central
restriction configuration only. As higher recirculating bubble size provides better mixing, this configuration is
best suited configuration compared to other for corner region mixing.

 

3.1. Variation of Streamline Contours 
The recirculating bubble, immediately downstream of the sudden expansion is encountered in many 
practical systems like chemical process industry, mixing chamber or combustor. This recirculation 
zone improves the mixing of the reactants, provides higher heat release inside chamber, and improves 
performance of the system. Therefore, the detail study on the recirculation zone is included in this 
section. Fig. 2(a) illustrates the effect of four different considered models on streamline contour. From 
the streamlines, it is noted that separation phenomenon occurs downstream to the throat section and it 
reattaches at distal location for all cases. From the figure, it is noted that size of corner recirculation 
zone is more for Model – 1 compared to all other considered models. The probable reason is that the 
extra diffusion occurs at the central zone when a restriction is placed at this region. This diffusion at 
central zone also affects the corner zone which increases the size of corner recirculating bubble. 
Again fence configuration divides and reduces the length of corner region. Blowing effect also 
reduces this corner recirculating bubble length which corroborates the observation of Abu-Nada et 
al.[6]. Therefore, maximum corner recirculation length is expected for the case of sudden expansion 
with central restriction configuration only. As higher recirculating bubble size provides better mixing, 
this configuration is best suited configuration compared to other for corner region mixing.  
 

 

 

 

 
Fig. 2(a): Comparison between Model – 1, Model – 2, Model – 3 and Model – 4 for AR=2, CR=40% and 
Re=200 
 

Comparison of central recirculating bubble size is shown in Fig. 2(b). This figure represents 
the enlarged view of the central zone for the same condition used in fig. 2(a). It is noted that central 
recirculaing bubble size of sudden expansion with central restriction and fence configuration is 

Model – 1 

Model – 4 with  
FSA=10 deg and 
B=10% 

Model – 2 with  
FSA=10 deg 

Model – 3 with 
B=10% 

Fig. 2: Comparison between Model-1, Model-2, Model-3 and Model-4 for AR = 2, CR = 40% and Re =
200

Comparison of central recirculating bubble size is shown in Fig. 3. This figure represents the enlarged
view of the central zone for the same condition used in Fig. 2. It is noted that central recirculaing bubble size
of sudden expansion with central restriction and fence configuration is slightly more compared to all other
considered configurations. The reason behind this may be that the presence of fence causes increased diffusion
which influences at corner as well as central recirculation zone also. For the case of blowing configuration, it
is observed that the size of the recirculating bubble at central zone remains more or less constant compared to
without blowing configuration. It is seen that because of blowing, a fluid layer is formed in the side wall. This
layer may enhance the cooling effect on the wall.
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slightly more compared to all other considered configurations. The reason behind this may be that the 
presence of fence causes increased diffusion which influences at corner as well as central recirculation 
zone also. For the case of blowing configuration, it is observed that the size of the recirculating bubble 
at central zone remains more or less constant compared to without blowing configuration. It is seen 
that because of blowing, a fluid layer is formed in the side wall. This layer may enhance the cooling 
effect on the wall. 

 

 

 

 

 
 
Fig. 2(b): Comparison between Model – 1, Model – 2, Model – 3 and Model – 4 at central region (enlarged view) 
for AR=2, CR=40% and Re=200 

3.2.   Variation of Average Static Pressure Distribution along the Axial Distance 
Static pressure is considered to be an important parameter in assessing the performance of various 
components of gas turbine engine such as diffuser, combustor etc. A high static pressure rise should 
be achieved with minimum stagnation pressure loss.  In the present work, the average static pressure 
at any cross section is determined by the following expression: 

                                 av

pdA
P

dA
 


                ---------------     (4) 

The average static pressure distribution curves along the axial distance for four different sudden 
expansion configurations are shown in fig. 3. From the figure, it is observed that the nature of the 
curve is similar for all the configurations. The general characteristics of all the curves are that in the 
inlet section the steep fall of average static pressure takes place at the throat. This is an expected 
behavior because, across the throat region, there is a sudden increase in area which enhances the 

Model – 1 

Model – 4 with  
FSA=10 deg and 
B=10% 

Model – 2 with  
FSA=10 deg 

Model – 3 with 
B=10% 

Fig. 3: Comparison between Model-1, Model-2, Model-3 and Model-4 at central region (enlarged view) for
AR = 2, CR = 40% and Re = 200

3.2 Variation of average static pressure distribution along the axial distance

Static pressure is considered to be an important parameter in assessing the performance of various com-
ponents of gas turbine engine such as diffuser, combustor etc. A high static pressure rise should be achieved
with minimum stagnation pressure loss. In the present work, the average static pressure at any cross section is
determined by the following expression:

Pav =
∫
pdA∫
dA

. (4)

The average static pressure distribution curves along the axial distance for four different sudden expansion
configurations are shown in Fig. 4. From the figure, it is observed that the nature of the curve is similar
for all the configurations. The general characteristics of all the curves are that in the inlet section the steep
fall of average static pressure takes place at the throat. This is an expected behavior because, across the throat
region, there is a sudden increase in area which enhances the denominator of the above expression sharply, and
presumably no amount of static pressure recovery across the region can compensate the steep fall of average
static pressure. Then, at the post throat region, at a given section there are zones of positive pressure and
negative pressure. The positive pressure zones are created because of the fluid in the main stream and negative
pressure zone are created by recirculating fluid at corner and central restriction zones. So the numerator of
the equation is greatly influenced by negative pressure zones. Accordingly, the average static pressure rise
at this post throat region nearer to throat is small. With the increase in distance from the throat towards
the downstream zone, the zone of positive pressure increases at the expense of the negative pressure zone.
The combination effect of positive and negative pressure zones, give significant pressure recovery within the
main stream due to increased kinetic energy diffusion. After reaching the maximum value, the average static
pressure gradually droops due to dominating frictional effect for the rest of the region. When all curves are
compared together, it is noted that the magnitude of average static pressure at any section is higher in case of
Model-2 compared to all other considered configurations. The probable reason is that the presence of fence
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causes increased diffusion at corner as well as central recirculation zone. This increased diffusion enhances
the magnitude of average static pressure rise at a section. It is also observed that magnitude of average static
pressure at any section decreases gradually in sequence for Model-1, Model-4 and Model-3 respectively.

 

Fig. 4: Variation of average static pressure

3.3 Variation of average stagnation pressure distribution along the axial distance

Stagnation pressure is very important parameter on which the overall cycle performance of gas turbine
engine depends. Stagnation pressure is constant in a stream flowing without heat or work transfer only if
friction is absent i.e., the stagnation pressure drop can be used as a measure of fluid friction. The computation
of average stagnation pressure at any section should take into considerations of the direction of the velocity
vector particularly in a flow situation, like the present case where the flow is the recirculating type. After
performing the energy balance, Chakrabarti et al.[3] have developed the following mathematical formulation
to estimate the stagnation pressure at a particular cross section;

Ps =

∫
Ae

(
pe + 1

2ρVe
2
)
uedAe∫

Ae

uedAe
. (5)

The suffix ’e’ represents the plane of measurement. In the present problem the stagnation pressure at any
location is computed using the dimensionless form of the above equation. It is obvious that according to the
present definition, average stagnation pressure, should always drop along the axial length.

The effect of configurations of four different considered dump combustor models has been compared
on average stagnation pressure drop at any section in Fig. 5. The general behaviour of all curves is drooping
characteristics. After overall comparison, the average stagnation pressure drop at a section has been found
minimum for case of Model-2 compared to all other considered models. It is also noted that the average
stagnation pressure drop at a section increases sequentially in the order of Model-1, Model-4 and Model-3.
The probable reason is that less stagnation pressure drop occurs at a section for the configuration of fence
compared to without fence. Also, it is noted that more stagnation pressure drop occurs at a section for the
configuration of blowing compared to without blowing. So, where performance in terms of minimum average
stagnation pressure drop at a section is the main criterion, in that condition Model-2 may be used compared
to all other considered models.
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Fig. 5: Variation of average stagnation pressure

3.4 Mathematical correlations

It is very difficult to measure the complex fluid flow characteristics through sudden expansion geometry.
Therefore, in this subsection, an attempt has been taken to develop mathematical correlations between differ-
ent flow characteristic parameters and considered flow variables for considered four models. Different flow
characteristic parameters are considered as magnitude of maximum average static pressure rise (P ∗av−max),
average stagnation pressure drop at the location when static pressure rise becomes maximum (P ∗sav−drop),
corner recirculating bubble length (L∗R) and central recirculating bubble length (L∗CR). Flow variables are
used as Reynolds number, percentage of inlet central restriction, aspect ratio and blowing. The least square
approximation is used to develop these equations in exponential form. All the numerical data obtained from
computations are used to develop the equation. The detailed model wise mathematical equations are given
below with the specified boundary conditions.

3.4.1 Magnitude of maximum average static pressure rise (P ∗
av−max) from throat

Model-1
P ∗av−max = 0.1606 (Re)0.1087 (CR)0.4654 (AR)−0.1958, for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%,

1.5 ≤ AR ≤ 3. It is observed that 75% predicted values are having error below 10%. P ∗av−max =
0.0565 (Re)0.235 (CR)0.5316 (AR)−0.3159 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%, 4 ≤ AR ≤ 6.
Where, 80% predicted values are having error below 10%.

Model-2
P ∗av−max = 0.1319 (Re)0.1018 (CR)0.4996 (AR)0.0555 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤

40%, 1.5 ≤ AR ≤ 3, where, 80% predicted values are having error below 10%. P ∗av−max =
0.2589 (Re)0.0871 (CR)0.4215 (AR)−0.3526 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%, 4 ≤ AR ≤ 6. It
is noted that all predicted values are having error below 8%.

Model-3
The following equation is valid forAR = 2 only P ∗av−max = 0.0227 (Re)0.3454 (CR)0.6986 (B)−0.1551

for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%, 2% ≤ B ≤ 10%. It is seen that 77% predicted values are having
error below 10%.

Model-4
The following equation is valid for AR = 2, B = 10% and FSA = 10deg. P ∗av−max =

0.0024 (Re)0.6753 (CR)0.8087 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%. Where 87% predicted values
are having error below 10%.
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3.4.2 Average stagnation pressure drop at the location when static pressure rise becomes maximum
(P ∗

sav−drop)

Model-1
P ∗sav−drop = 0.1216 (Re)−0.1185 (CR)0.7879 (AR)0.5111 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤

40%, 1.5 ≤ AR ≤ 3. Where, 80% predicted values are having error below 10%. P ∗sav−drop =
0.1694 (Re)−0.0505 (CR)0.6192 (AR)0.1636 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%, 4 ≤ AR ≤ 6.
Where, It is observed that 83% predicted values are having error below 10%.

Model-2
P ∗sav−drop = 0.0931 (Re)−0.0571 (CR)0.7947 (AR)0.4080 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤

40%, 1.5 ≤ AR ≤ 3. Where, 80% predicted values are having error below 10%. P ∗sav−drop =
0.2050 (Re)−0.0507 (CR)0.6382 (AR)0.1724 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%, 4 ≤ AR ≤ 6.
Where, It is observed that 93% predicted values are having error below 10%.

Model-3
The following equation is valid for AR = 2 only P ∗sav−drop = 0.3663 (Re)−0.2049 (CR)0.5886 (B)0.4032 for
50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%, 2% ≤ B ≤ 10%. Where, 75% predicted values are having error below
10%.

Model-4
The following equation is valid for AR = 2, B = 10% and FSA = 10deg. P ∗sav−drop =

2.6610 (Re)−0.2879 (CR)0.4203 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%. It is observed that all predicted
values are having error below 10%.

3.4.3 Corner recirculating bubble length (L∗
r)

Model-1
L∗R = 7.35 × 10−4 (Re)1.1777 (CR)0.2695 (AR)2.9678 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%,

1.5 ≤ AR ≤ 3. It is noted that 85% predicted values are having error below 10%. L∗R = 5.32 ×
10−5 (Re)1.8622 (CR)0.3473 (AR)1.7606 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%, 4 ≤ AR ≤ 6. Where,
79% predicted values are having error below 10%.

Model-2
L∗R = 0.0014 (Re)1.0919 (CR)0.2579 (AR)2.5958 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%,

1.5 ≤ AR ≤ 3. Where, 72% predicted values are having error below 10%. L∗R = 8.2213 ×
10−5 (Re)1.8076 (CR)0.2346 (AR)1.7320 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%, 4 ≤ AR ≤ 6. It is
seen that 80% predicted values are having error below 10%.

Model-3
The following equation is valid for AR=2 only L∗R = 0.0054 (Re)1.2196 (CR)0.2914 (B)−0.0590 for

50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%, 1.5 ≤ AR ≤ 3. Where, 76% predicted values are having error below
10%.

Model-4
The following equation is valid for AR = 2, B = 10% and FSA = 10deg. L∗R =

0.0101 (Re)1.0614 (CR)0.2812 for 50 ≤ Re ≤ 200, 10% ≤ CR ≤ 40%. Where, all predicted values
are having error below 10%.

3.4.4 Central recirculating bubble length (L∗
CR)

Model-1
L∗CR = 8.8067 × 10−4 (Re)0.4043 (CR)1.2404 (AR)−0.1860 for 50 ≤ Re ≤ 200, 10% ≤

CR ≤ 40%, 1.5 ≤ AR ≤ 3, where, 75% predicted values are having error below 10%. L∗CR =
0.0015 (Re)0.3901 (CR)1.0083 (AR)0.1424 for 50 ≤ Re ≤ 200, 30% ≤ CR ≤ 40%, 4 ≤ AR ≤ 6. It is
noted that 83% predicted values are having error below 10%.

Model-2
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L∗CR = 0.0010 (Re)0.3679 (CR)1.2392 (AR)−0.1252 for 50 ≤ Re ≤ 200, 30% ≤ CR ≤
40%, 1.5 ≤ AR ≤ 3. Where, 75% predicted values are having error below 10%. L∗CR =
0.0012 (Re)0.4044 (CR)1.0501 (AR)0.1522 for 50 ≤ Re ≤ 200, 30% ≤ CR ≤ 40%, 4 ≤ AR ≤ 6,
where, 75% predicted values are having error below 10%.

Model-3
The following equation is valid for AR=2 only L∗CR = 4.306×10−4 (Re)0.4280 (CR)1.3428 (B)−0.0022

for 50 ≤ Re ≤ 200, 30% ≤ CR ≤ 40%, 2% ≤ B ≤ 10%. It is seen that all predicted values are having error
below 9%.

Model-4
The following equation is valid for AR = 2, B = 10% and FSA = 10deg. L∗CR = 3.5747 ×

10−4 (Re)0.4519 (CR)1.38 for 50 ≤ Re ≤ 200R, 30% ≤ CR ≤ 40%. It is observed that all predicted
values are having error below 6%.

4 Conclusions

The variations of streamline contour, average static pressure distribution and average stagnation pres-
sure distribution for four different annular dump combustor models have been investigated. It is observed
that Model-1 offers maximum benefit for the perspective of mixing at corner region. But for central region
mixing, Model-2 or Model-4 shows same performance. For side wall cooling, Model-3 and Model-4 do the
similar performance. The magnitude of average static pressure rise at any section is higher in case of Model-2
compared to all other considered configurations. Also, minimum average stagnation pressure drop at a section
occurs in case of Model-2.

5 Nomenclature

Li : Inlet length (i.e., length between inlet and throat sections), m.
Lex : Exit length (i.e., length between throat and exit sections), m.
Lf : Distance of fence from throat, m.
LR : Reattachment length, m.
Porp : Static pressure, [N/m2].
P ∗av : Dimensionless average static pressure.
P ∗sav : Dimensionless average stagnation pressure.
Re : Reynolds Number.
u : Velocity in x-direction, ms−1.
v : Velocity in y-direction, ms−1.
U : Average velocity, ms−1.
V̄e : Velocity vector at section e-e, ms−1.
W : Width of central restriction, m.
W1 : Width of inlet duct, m.
W2 : Width of exit duct, m.
Wb : width of blowing slot, m.
AR : Aspect ratio = W2/W1.
CR : Percentage of central restriction = W/W1.
x, y : Cartesian co-ordinates.
ρ : Density, kgm−3.
µ : Dynamic viscosity, kgm−1s−1.

Subscripts
∗ : Dimensionless terms.
1-1 : Inlet.
2-2 : Exit.
e : pertaining to section e-e.
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