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Abstract- The present study presents a numerical investigation of the effects of swirl number on gaseous fuel combustion
characteristics and the cold flow field. A numerical simulation of the diffusion natural gas flames is presented in a 3-D combustor
tube model. Computational Fluid Dynamics (CFD) studies are carried out by ANSYS FLUENT package version 14.5. Seven swirl
numbers; S =0, 0.23, 0.5, 0.87, 1.5, 2 and 3 are used at excess air factors of 2.0 and 4.0 with constant inlet fuel mass flow rate at 0.4
g/s. The obtained numerical results are introduced to clarify the effects of the changing swirl number on the cold flow field and the
combustion characteristics, such as the Reverse Flow Zone (RFZ), circulation vortex eye position, flow pathlines, recirculated air
flow mass ratio, flame temperatures distributions, and combustion products concentrations. The obtained results show that when
increasing the swirl number and the excess air factor, the size of the Central Reverse Flow Zone (CRFZ) and the central vortex
increased, the flame length decreased, the recirculated flow mass ratio increased and the average percentage of CO and unburnt fuel
(CHa4) concentration at the combustor tube end decreased.

Keywords Numerical simulation, natural gas combustion, diffusion flame, swirling flow, emissions.

Nomenclature and abbreviations 1. Introduction

A/F Air to fuel mass ratio In the industrial applications, the combustion chambers
CRFZ Central Reverse Flow Zones consist mainly of three combustion zones after the inlet diffuser;
m, Combustion air mass flow rate, g/s the primary zone, where the major part of fuel combustion takes
iy Fuel inlet mass flow rate, g/s place and the flame being anchored in this zone, the intermediate
e Total inlet mass flow rate, g/s zone, at which the dissociated products complete the
M, Reversed mass flow rates, g/s combustion, and the dilution zone, at which the combustion
RFZ Reverse Flow Zone products are diluted to meet the required turbine inlet
R The hub (inner) radii of the swirler, mm temperature [1-3].

Ro The outgr radii of the szrler, mm The primary zone airflow pattern has a significant function
/D D}men.swnless radial distance in the flame stabilization [4-7]. The common feature of the flow
S Air swirl number patterns used in combustors is the creation of swirling flows [8-
Tintet Inlet temperature, K 11]. The swirling flow is clearly defined as a flow undergoing a
WRFZ Wall Reyerse FlOW ane concurrent or simultaneous axial, tangential, and vortex
X/D Dlmen519nless axial distance motions. The main important and desirable characteristic of
A Excess air factor ) swirl combustors is the formation of Central Reverse Flow Zone
a The vane angle of the swirler, degree (CRFZ) and the central recirculation zones inside the combustor.
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The recirculation zone has a main role in the flame stability
process; the stabilization is accomplished by transferring some
of the combustion products to be recirculated and to continually
ignite the fuel air mixture [12-14].

In addition, CO, unburned fuel, and other intermediate
species can reside within the combustor length and react to
completion. The resulting mixture structure and the flame
stabilization mechanism, obtained in the recirculation zone and
induced by the air swirling motion, have significant effects on
the combustion process control and the exhaust pollutants
formation [15-18].

There are different ways for generating flow recirculation in
the primary zone such as using air swirlers [19-20], bluff bodies
[21-22], and opposed jet [23-24]. Air swirler creates very strong
vortices through the air swirler blades located around the nozzle
of the fuel inlet to establish a stabilized flame [25-27]. The hot
gases are recirculated upstream toward the inlet fuel nozzle as a
result of the creation of low-pressure zone at the combustor tube
centerline and this results in the formation of swirling and
tangential recirculation zones that stabilize and hold the flame.
Swirling motion provides good mixing between the oxidizer or
air and the inlet fuel which positively affects flame stability and
enhances heat release rate and has a recognized effect on flame
size and shape [28].

Many researchers have studied the diffusion flames and
swirler designs; these studies include experimental and
computational techniques to obtain results by analyzing the
temperature distributions and velocity components at different
operating conditions, in addition to measuring the concentration
of pollutants in exhaust flow [29-33]. The renewable energy
sources play an important role all over the world in reducing
pollutants and using as alternative fuels as a result of fossil fuels
depletion problem [34-40]. The previous review shows that,
most researchers didn't employ the recent powerful techniques
of flow visualization and complex computations available at the
current modern CFD packages to understand the complicated
flow dynamics and its relationship with combustion process.

So that, the present work studied in more details using
numerical analysis, the effects of swirl number on gaseous fuel
combustion characteristics and the cold flow field. It is clearly
observed that the study of the flow field generated by the air
swirler as a flame stabilizer is very important. The present study
introduces cold and hot numerical studies on the air swirl
number effects on the combustion characteristics of gaseous
fuel. Also, the diffusion natural gas flame characteristics will be
investigated using different swirl numbers and excess air factors.

2. Mathematical Model

In the present study, a Computational Fluid Dynamics
(CFD) investigation for a 3D-turbulent swirl type combustor is
introduced using ANSYS 14.5. The ANSY'S package generally
consists of different software programs, three of these programs
have been used in the present study analysis, the first is the

ANSYS Design Modeler which is used to construct the
geometry, the second is ANSYS meshing which is used for mesh
creation, and the third is ANSYS FLUENT which is used for
solving the fluid mechanic, chemical reaction, heat transfer, and
combustion calculations.

2.1. Model domain

The used combustion chamber model is a cylindrical tube
0.2 m inner diameter and one-meter length with a restricted end
of the conical shape of 0.1 m length and 0.05 m exit diameter
which is located at its end as illustrated in Fig. 1. The natural gas
fuel nozzle of 0.01 m diameter is positioned at the swirler centre
of the combustor tube as illustrated in Fig. 1. Air is introduced
to the combustor through a swirler which has 16 uniform swirler
blades with inner and outer diameters of 0.072 m and 0.1 m,
respectively. In the present work, seven different air swirlers
which have blade angles of 0° (S=0), 15° (S=0.23), 30° (S=0.5),
45° (S=0.87), 60° (S=1.5), 66° (S=2) and 74° (S=3) are used.

The swirl number is commonly used to indicate the swirl
strength of the combustion air. The swirl number (S) of an
annular swirler with constant setting vane angle ¢ can be
determined from an expression given by Beer and Chigier [41]
as shown:

S = (Angular Momentum . R;) / (Linear momentum . Ro)

_2 [1 - (1%)3]

Airin —r = $0.05
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Fig. 1. The combustor model detailed dimensions in meters.
2.2. Mesh generation

ANSYS meshing application is used for generating the
mesh cells inside the combustor model. The unstructured
automatic mesh is created as shown in Fig. 2, using the
tetrahedrons with patch conforming algorithm method. Mesh
size is an important factor in mesh creation. When increasing the
number of mesh cells, a more accurate solution will be obtained
but more computing resources of memory and processing time
will be required. In the present study, a fine mesh option is
chosen to provide accurate results. In addition, successive
rounds of mesh adaption in FLUENT solver are executed until
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the solution became independent on the size and consequently
independent of the mesh as shown in Fig. 3.

-y

Fig. 2. Computational mesh of the combustor model.
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Fig. 3. The centerline axial flame temperature distributions for

different meshes and no. of cells at S = 0.5 with A/F=30 (A =

1.7).

2.3. Solver setting and turbulence model

Defining the solver setting and physics is considered as the
final stage in the process of the CFD modelling. The physical
setting of the used models such as the material general
properties, model and domain characteristics are defined in
ANSYS FLUENT.

In the present study, the steady state pressure-based solver
is used. Because the main flow is not hypersonic, the energy
equation model can be used, and a heat transfer can be modelled.
P-1 radiation model is considered a practicable model because it
can produce a fast and acceptable solution [42]. The results of
many turbulence models are compared with the experimental
results to obtain the suitable model. Fig. 4 shows that the SST k-
o model gives acceptable results which indicate a good
agreement with the experimental results and closest to the results
of the RSM model. The SST k-o model takes less time for
solution compared with RSM model. Also, the SST k-« model
was effectively developed with active blend and very accurate
solution of the k-o model in the regions close to the wall [43].
For the previous reasons, the SST k- is considered a suitable
and applicable model that can be used for the numerical analysis
in the present study.

In the present study, the non-premixed combustion model is
used for combustion modelling as previously studied [44-47].
The study is carried out at the atmospheric pressure and exit
pressure is defined as zero gauge. The boundary conditions are
defined for the different physical model regions such as the inlet
and outlet regions. Accurate and correct boundary conditions are
very important for obtaining high accuracy in the CFD solution.
The summary of the boundary conditions in the present study is
clarified in the following table.
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Fig. 4. The centerline axial flame temperature distributions for
different turbulence models at S=0.87 and with A/F=50
(2=2.9).

2.4. Model results

A 2D combustor model was created for the first simulation
trial in the present study, but high error between the calculated
and experimental results was found. So, the simulation analysis
carried out in a complete 3D model to get a good agreement with
the experimental measurements. In contrast with the 2D model,
the 3D model requires longer computational time as a result of
the large mesh numbers. The used combustor tube model has the
advantage of being symmetrical around its axis. Also, the used
flame stabilizer (air swirler) has 16 cyclic blades. From the
previous analysis of the combustor model, only one-sixteenth
section of the used combustor is modelled using the available
periodic boundary conditions to simplify the model and decrease
the computational time. The results obtained from this section
are more accurate than those from the full 3D model because the
mesh cell numbers increased which give better accuracy as
illustrated in the following figures (Figs. 5 and 6).

0.00 200.00
—
100.00 300.00

400.00 (mm)

Fig. 5. One-sixteenth section flow model of the 3D combustor
tube.
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Table 1. The used boundary conditions

Z T l Tin ety .
one Flow Specification “FP“ ertce et Species
type specification K
Inlet mr=0.4 g/s Turbulence intensity = 7% 300 Mean mixture
Fuel mass Axial velocity component = 1 Hydraulic diameter = 0.01 m Fraction = 1
flow Tangential velocity component = 0
m.= Changed as run Turbulence intensity = 7% 300 Mean mixture
. Inlet Axial velocity component = | Hydraulic diameter = 0.028 m Fraction =0
Primary
air mass Changed as run
flow Tangential velocity component =
Changed as run
Backflow directions specification: | Turbulence intensity = 7% 300 Mean mixture
Pressure | Normal to boundary Hydraulic diameter = 0.05 m fraction =0
Outlet . s
outlet Radial equilibrium  pressure
distribution
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Fig. 6. The centerline axial temperature distributions of the
experimental data, 2D, full 3D, and 3D-section numerical data
at S=0.87 and with A/F=50 (2=2.9).

2.5. Validation of computation

In order to validate the computational procedure,
comparison of the present calculations with the experimental
data [31] was performed. The combustor model tube used in the
present study for the model validation has the same geometrical
dimensions of that used for experimental results under the same
operating conditions. In the numerical simulation model
combustor as previously discussed, a periodic boundary
conditions can be enabled to only one-sixteenth section of the
combustor model. Figures 7 and 8 show detailed comparisons
between the experimental results and the current numerical
results in terms of the axial flame temperatures at the combustor
centerline. It is clearly observed that there is a good agreement
between the numerical and experimental results.
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Fig. 7. A comparison between experimental and numerical
results of the flame centerline axial temperatures at S=0.5 and
with A/F=30 (A=1.7).

1400

~=—Experimental result [31] ‘

1200 \ Numerical results
\»4-\

1000 F \/\—‘—\\_____‘_
= 1
<
Z 800
=
<
Z 600
&

400

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Axial distance (X/D)

Fig. 8. A comparison between experimental and numerical
results of the flame centerline axial temperatures at S=0.87 and
with A/F=50 (A=2.9).
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3. Results and Discussion
3.1. Effect of swirl number on flow pattern

The effects of the air swirl numbers on the flow pattern
inside the swirl combustor are investigated. The air swirl
number is changed as S =0, 0.23, 0.5, 0.87, 1.5, 2 and 3 by using
seven air swirlers having the same dimensions but differ in the
swirler vane angles which are 0°, 15°, 30°, 45°, 60°, 66° and 74°
respectively. The calculations are carried out firstly at cold flow
with two different air mass flow rates (1m,) equal 13.7 and 27.5
g/s then carried out later with excess air factor (A) = 2 and 4
keeping the natural gas fuel mass flow rate constant at 0.40 g/s.
The effect of air swirl number on the flow pattern with and
without combustion is studied for describing the Reverse Flow
Zone (RFZ) boundary, recirculated flow mass ratio, flow
pathlines, and vortex eye location.

The velocity distribution inside the combustor is very
important in studying the combustion flow pattern, especially
the axial flow velocity inside the reverse flow zone. This is
important in keeping the flow of the combustion gases at a low
velocity that acts as a heat source or spark initiation for the
introduced fresh mixture of fuel and air. To present the
numerical results in the present work, the axial velocity
distribution maps are obtained by representing the velocity at
different ranges by coloured regions on a flat plane passing
through the combustor centerline.

(i) Effect of swirl number on RFZ boundary

The air swirler has a main function as it enhances the
diffusion flame stability as it forms the recirculation zones at
which the circulated mass gives fast mixing between the fuel and
the oxidant. The trace of points that have zero axial velocity
divides the flow field into two zones which are the forward flow
zone and reverse flow zone (RFZ) with respect to the main flow
direction. The trace of these points is named as the boundary of
RFZ. This can be achieved by determining the positions at which
the axial velocity equals zero under the different operating
conditions.

The air swirl number effects on RFZ boundary with and
without combustion are shown in Figs. 9 to 11. At cold flow, for
S =0, a small size of RFZ is formed at the combustor centerline
attached to the air swirler because of the swirler hub diameter
(0.072 m) acting as a bluff disc. By increasing switl number to
0.23, additional small RFZ is formed at axial distance X/D = 0.9
from the swirler. By further increase of the swirl number, the
RFZ takes the shape of an ellipsoid where its size increases in
diameter through the axial length of the combustor far from the
air swirler to reach its maximum diameter, then decreases at a
certain position of the combustor axial distance. This reverse
flow zone is called the Central Reverse Flow Zone (CRFZ)
which is created due to the swirling motion added to the inlet
flow by the axial swirler. The size of the CRFZ grows in both
axial and radial directions and its length increases and shifts

closer to combustor tube end and the location of the stagnation
point moves downstream when increasing the air swirl number,
but the CRFZ fails to reach the combustor model tube exit as a
result of the end restriction. Also, the bottom of the CRFZ
increased in diameter and becomes more attached to the
combustor upstream with increasing the swirl number. Another
RFZ attached to the combustor corner is formed and called the
Wall Reverse Flow Zone (WRFZ). The WRFZ is formed due to
the abrupt expansion of the flow into the combustor and its size
decreases until disappearing when the air swirl number
increased.

The effect of changing swirl number at cold flow is the same
as in combusting flow. However, due to the fuel jet, a forward
narrow flow zone around the combustor tube axis and
downstream of the fuel inlet nozzle penetrates the CRFZ. This
region or zone shifts close to the centerline due to the higher
momentum values of the reserved flow masses when compared
with that of the fuel jet. Also, it is found that the size of the CRFZ
decreases in the case of combustion, because the thermal
expansion that took place in the forward flow region results in
increasing the volumetric flow rate. The thermal expansion
occurred also inside the CRFZ, but with smaller effect in
contrast with that occurred in the forward flow region, as shown
in Fig. 11.

(ii) Effect of swirl number on recirculated flow mass ratio

Most combustion systems such as gas turbine combustors
involve large regions of recirculating flows. These zones
provide a heat source, by upstream convection and hot circulated
combustion products gases mixing with fresh inlet air and fuel
streams, to serve as a source of continues ignition. The
circulation zone size strongly affects the production rate of hot
products and consequently the heat release rate from the
combustion process. In addition, this affects the thermal
efficiency.

S=0
$=0.23
$=05
0s £
04 ®
/ ! 03 =
0.2 8
o1 =
o 2
5 4 3 2 1 0 é-,
Axial distance (X/D) &
S=3

Fig. 9. The effect of the air swirl number on the RFZ
boundaries at m,= 13.7 g/s [Without combustion].
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Fig. 10. The effect of the air swirl number on the RFZ
boundaries at A = 4 [With combustion].
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Fig. 11. Comparison between the RFZ boundaries at S = 2
[without combustion at m,= 13.7 g/s and with combustion at A
=2 (m,= 13.7 g/s and m;= 0.4 g/s)].

The recirculated flow mass ratio inside the circulation zone
to the inlet flow mass is numerically calculated for three
different sectional surfaces at which axial distances of X/D = 1,
2.5 and 3.5 through the length of the combustor tube model. The
reversed mass flow rates [m,] that are passing through these
planes are calculated and divided to the total inlet flow [m;] and
plotted as shown in Fig. 12 at cold and combusting flows. The
recirculated mass ratio increased when the swirl number
increased at the three planes but at small swirl numbers, the mass
ratio has a small or zero value due to the absence of the RFZ. At
axial distance X/D = 1 and A = 4, the value of the recirculated
flow mass ratio at S = 0.87 is lower than that at S = 0.23 and at
S = 0.5, this exceptional behavior is due to that the CRFZ tends
to get longer and thinner starting from S = 0.87 which leads to
less reversed mass flow at X/D = 1.

(iii) Effect of swirl number on the flow pathlines

The flow pathlines are used in the present study for
visualizing the swirl flow motion which includes the circulation
zone, the RFZ, and the position or location of the vortex eye.
The pathlines are the lines which travels by buoyant particles in
the equilibrium with the fluid stream motion. Pathlines are
produced from ANSYS FLUENT program. Based on the
relative velocities, the pathlines are identical to the streamlines.
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Fig. 12. The effect of the air swirl number on recirculated mass
flow ratio without combustion at m,= 13.7 and 27.5 g/s and
with combustion at L = 2 and 4.

Figures 13 and 14 show the pathlines of the flow with and
without combustion. At low swirl number (<0.5), the effect of
the corner vortex is dominated while a small central vortex is
formed due to the CRFZ effect. By increasing the swirl number,
the size of the corner vortex decreases until disappearing while
the central vortex size is increased and gets larger. At
combusting flow, an additional vortex eye is observed due to the
axial fuel flow jet that penetrates the CRFZ; this vortex eye
location is almost the same under the different swirl numbers.
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By comparing the flow pathlines with and without combustion  reverse flow zone. The effect of thermal expansion inside the
at the same swirl number, it is found that the size of the central =~ reverse flow zone is smaller than that in forward flow region,
vortex decreased in case of combustion, because the thermal  this thermal expansion increases the volumetric flow rate.
expansion occurs in the forward flow region and inside the

Radial distance (1'D)

Axial distance (X /D)

$=3

Fig. 13. The effect of the air swirl number on the flow pathlines at m,= 13.7 g/s [without combustion].
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Fig. 14. The effect of the air swirl number on the flow pathlines at A = 4 [with combustion].
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(iv) Effect of swirl number on vortex eye location

The vortex eye is defined as the center of the recirculation
zone around which the streamline moves. The location of the
central vortex eye is shifted outward to the combustor wall by
increasing swirl number as shown in Figs. 15 and 16. This
movement is due to the stronger swirling action and tangential
momentum that forces the inlet flow in the radial direction to the
combustor corner. Increasing the swirl number increases the
tangential velocity while decreases the axial velocity which
leads moving the vortex eye upstream (to the burner head) and
outward (to the combustor wall). This shift is considered as an
indication for the shape of the RFZ and its boundaries. Shifting
the vortex eye close to the burner head (upstream) indicates that
the flame will be also close to the burner head with small length
and size which means that a small combustion chamber can be
used.
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. 0;7 = ® 38
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0
5 4 1 0
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Fig. 15. The effect of the air swirl number on the central vortex
eye location at m,= 13.7 g/s [without combustion].
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Fig. 16. The effect of the air swirl number on the central vortex
eye location at A = 2 [with combustion].

3.2. Effects of air swirl number on temperatures distribution and
species concentrations

In the following sub-sections, the effects of the air swirl
numbers on the natural gas flame characteristics such as the
flame temperatures distributions and species concentrations are
illustrated for different excess air factors.

(i) Effect of air swirl number on temperatures distributions

The flames temperature maps are plotted for natural gas
combustion for excess air factors of 2 and 4 when the fuel mass

flow rate is kept constant at 0.4 g/s. From Fig. 17, for weak swirl
[S <0.5], the temperature levels are relatively high, and the high-
temperature regions have larger sizes than those at strong swirl
for the same excess air factor. When the swirl number is
increased, the flame high temperatures region is shifted
upstream close to the burner head. It can be observed that, when
the swirl number increased, the circulation zone became
stronger, i.c., the recirculated air mass flow rate increased and
the mixing rate also increased and consequently it gives flames
with small sizes, i.e., shorter in length and wider in diameter.
This result indicates that, in this case, a compact combustion
chamber can be used.

The flames temperatures levels are lower with the higher air
swirl numbers because the flame high temperatures regions shift
upstream, and this leads to a flame with a shorter length. Also,
the average gases temperature at the combustor tube end is
decreased by increasing the swirl number. The outlet gases
temperature decreased by about 30 % and 20 % when the swirl
number increased from 0 to 3 at A = 2 and 4, respectively as
shown in Fig. 18.
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Fig. 17. The effect of the swirl number on the flame
temperatures maps at A = 2.
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Fig. 18. The effect of the air swirl number on the average gases
temperature at the combustor tube outlet.
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(ii) Effects of swirl number on the species concentrations

The effect of the air swirl number on the species
concentration, including CO, Oz, COz, CHsa, is studied using the
mole fraction maps and combustor average outlet values for A
equals 2 and 4 while the fuel mass flow rate is kept constant at
0.40 g/s as shown in Figs. 19 to 22. The concentration of CO is
high at the weak swirl and is decreased gradually by increasing
the swirl number and shifted upstream. The average CO
concentrations at the combustor tube outlet decreased by about
100 % when the air swirl number increased from 0 to 1.5 at A =
2 and by about 100 % also when the swirl number increased
from 0 to 0.87 at A = 4. The decrease in the CO concentrations
when the swirl number increased is because the combustion
process is improved, and this tends to reach the complete
combustion.

The concentration of Oz is low at the combustor centerline
and combustor upstream near the swirler because most of the
present O is consumed in the combustion. The O:

5 4 3

concentrations increased gradually axially through the
combustor length starting from a certain location downstream of
the combustor as an indication of the end of the chemical
reaction. This location moves upstream with the movement of
the flame by increasing the swirl number. In addition, increasing
the swirl number also increases the O concentration mole
fraction while the values of COz concentrations are decreased
and move upstream with increasing the swirl number. The CO2
concentrations at the combustor outlet are nearly constant for
higher swirl numbers.

The concentration of CHa is decreased with the axial
distance from the burner head. The length of CH4 penetration
decreases and shifts upstream the combustor with increasing the
swirl number and excess air factor. This is due to improving the
combustion of the fuel as the swirl number increases. The
average unburned fuel (CHs) concentration, exiting from the
combustor tube, decreased by about 100 % when the swirl
number increased from 0.0 to 1.5 with A =2 and by 100 % also
when the air swirl number increased from 0.0 to 0.87 with L = 4.

e
—_
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Axidal distance (X D)

S=15

Fig. 19. The effect of the swirl number on the CO concentrations with A = 2.
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Fig. 20. The effect of the swirl number on the CO2 concentrations with A = 2.
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Fig. 21. The effect of the air swirl number on the Oz concentrations with A = 2.
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Fig. 22. The effect of the air swirl number on the average unburned fuel (CHa4) concentrations at the combustor tube end.

2 - Comparing the experimental and calculated axial centerline
temperatures distribution using full 3D, and 3D section a
reasonable agreement is found.

4. Conclusion

The present study focuses on the numerical investigation of
the swirling flow field characteristics with/without combustion. 3 - Increase the air swirl number leads to:
The .effects of the air swirl pumber and the excess air factor are - Increasing the size of the CRFZ in both length and
studied on the RFZ, the circulated flow mass ratio, the flow - . S -

. o . g diameter while decreasing in the size of the wall reverse
pathlines, vortex eye positions or locations, the diffusion flame N :
A . flow zone until disappearing.

temperatures distribution, and concentrations percentages of the
combustion products. The air swirl number is varied from 0 to 3 - Increasing the circulated mass ratio.
considering the gaseous fuel as natural gas with a constant mass
flow rate of 0.40 g/s. Also, the excess air factor is changed as 2
and 4 in the combustion case. The obtained conclusions can be
summarized in the following:

- Decreasing the size of the corner vortex until disappearing
while increasing the size of the central vortex and shifting
the location of the central vortex eye to the combustor
corner.

1 - Comparing the experimental and calculated axial

temperatures distributions at the same operating conditions, a
good agreement is found.

- Decreasing the flame length and lowering the temperature
levels.

- Decreasing the concentration of CO and unburnt CHa.
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4- The average temperature at the combustor tube end is
decreased by about 30 % and 20 % by increasing the air swirl
number from 0 to 3 at A =2 and 4, respectively.
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