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Experimental and numerical modelling studies on optimized design of micro-mo-
dular air driven combustion nozzle have been developed. Moreover, optimal an-
gle of outlet swirler (vortex generator) connected in series with the nozzle has
been analyzed in the context of minimization of NOy in the flue gases. Numerical
modelling by ANSYS verifying the experimental data has been carried out. It has
been established that an angle of about 20° of the outlet vortex generator has
been able to assure optimal flame length and combustion efficiency.
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Introduction

Intensive development of energetics for electricity and heat supply in past century
led to significant contaminations of air and soils by emitted combustion products [1]. The
modern trend in energy transformation is the minimization of toxic combustion emissions [2]
upon strong environmental control and legislative regulations [3], oriented mainly towards
minimization of emissions of NOy and CO down to 25 ppm. All this restrictions demand de-
velopments of new combustion technologies and use of the natural gas principle environmen-
tally friendly fuel [4, 5].

It is well-known that one the most effective approach in the combustion proves
performance is the premixed combustion [6] where lean premixed prevaporized and rich
burn-quick quench-lean burn premixed stream allows reduction of NOx emissions due to at-
tained low flame temperature granted by almost perfect fuel-oxygen mixing and absence of
local hot zones. However, the premixed combustion of fuel-air mixtures strongly depends
on the flame stability and the mixing efficiency [7, 8]. Therefore, the development of new
combustion devices requires optimal geometry assuring almost high efficiency of the
process in them satisfying all imposed regulatory restrictions with regards to toxic com-
ponents emissions [3].

For the sake of clarity of explanations and comprehensiveness of the preliminary
analysis of existing situation a summary of literature data with relevant comments is
listed in tab. 1.
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Table 1. Studies on premixed combustion of gaseous fuels

Reference Methods Object Problem studied
Premixed combustion of
Bulat et al. Numerical methane in a annular -
[9] study combustion chamber and Emissions of CO and NOx
channel
. Premixed combustion of Effect of the vortex number and,
Iiirzzr?ilg ?28] Eng{USemal natural gas in quartz tube oxygen content in the fuel in reverse flows
y chamber and flame instability
: Turbulent vortex flow is The effect of the exist geometry on the
Wlflelt]al' NusrtrLeJ ical chambers related to gas structure of the vortex flow and vortex cores
y turbines in the chamber
Hossein Numerical nI: gfghé%gﬁ%?gtﬁ:ég%;fa Effect of the geometry on the combustion
etal. [12] study nozzle with a perforated exist efficiency in isothermal flow
Runyon Experimental | Premixed combustion of lean Determination of the reasons
etal. [13] study methane in vortex chamber leading to flame
Linetal. | Experimental E:SI?Caglrggnct)i Lhnetﬁfefi)crtegiilézl Analysis of Wobbe index, heat release ability
[14] study combustion efficiency and the theoretical demand of air supply
- . It was demonstrated that dimensionless
Zhao et al. Numerical aﬁgf?rﬁte?;ii]ii melz}(;ir:;?e?]ftawi:fh distance affects the mixing process and the
[15] study a double-%one burng,/r location of the high temperature zone as well
as the emissions
Structure and flow
Wu et al. Numerical characteristics of propane-air - L -
[16] study mixture over a stabilized Combustion and limits of flame stability
bluff-body
A model of combustion
Chen et al. Numerical chamber with partial Effects of auto-oscillations on the fuel-air
[17] study preliminary premixing of the mixing
methane
Eﬁéﬁ?ﬁ: Experimental | A nozzle for combustion of Determination of the operating regime
[18] study low caloric fuel relevant to stable combustion process
. - Development of a combustion : A
Enagi et al. Numerical chamber for a micro-aas Numerical study towards optimization of
[19] study - g combustion chamber geometry
turbine
Effects of fuel composition, the equivalence
Yilmaz Experimental | Flame stability in chamber coefficient, the vortex number on the flame
et al. [20] study with a premixing behaviour (static and dynamic) in premixed
flow
Rowhani I -
and Experimental Combustion of biogas in Eﬁec:h%fsgvr:]gg;%é:eg;%%ggst?jesl‘t\?\gyty o
Tab[e%zir]naat study swirling flow experimentally investigated
Wangetal. | Numerical Combustion of fuel in Me(cjhaénsn& orf] NfOx form?;uon_ IS bﬁ'ng
[22] study tangentially boiler studied and the factors affecting their
emission are studied too
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All these works summarized in tab. 1 are oriented towards either pure experimental
studies or to numerical simulations by CFD of premixed combustion with the main task to de-
termine the optimal nozzle design.

This work addresses results from a complex series of studies on a micro-modular air
driven nozzle (MMADN) claimed by a patent [23]. The main task is determination of optimal
geometric parameters of the nozzle and effects of the blade angle of the outlet swirler (vortex
generator) on the gross combustion process performance and related emissions of NOy. The
study presents two main directions in pursuing this task: combustion experiment studies on a
physical model using results obtained by isothermal modelling, see reports in [24], and nu-
merical modelling by CFD of the same physical model oriented to geometry optimization and
rational fuel supply.

Study approaches

Experimental

The micro-modular air driven combustion nozzle is shown schematically in fig. 1.
The device consists of cylinder with inner diameter 71 mm with vortex generators: one at the
inlet and two outlets. The swirler parameters are: 8 blades of 1.5 mm in length and 12 mm
width, the angle of the inlet vortex blades is 1= 40°, while for the outlet swirler it is > = 30°.
It is important to mention that angles of blade orientations of both vortex generators are in
opposite directions. The blade angle fs of the third swirler was possible to vary 20° to 50°.
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Figure 1. Schematic presentation of the micro-modular air driven combustion nozzle

The fuel inlet was chosen to be at a distance of one caliper (one caliper is a length
that is equal to the inner diameter of the micro-modular nozzle, where the gas-air mixture
flows) from the inlet frontal plane of the micro-modular nozzle. This point was selected after
the isothermal aerodynamic experiments since the thermo-anemometric measurements re-
vealed that high turbulence intensity exists [24].

The experiments were carried out with the experimental installation shown in fig. 2.
It consists of fan for air supply, flow stabilizators, gas bottle with propane fuel, micro-
modular nozzle as well as measuring and controlling devices.

The air supplied by the fan passes through a tube bundle for in order almost homo-
geneous flow velocity profile to be attained. The fuel is supplied from the gas bottle. The
emissions of NOy in the flue gases was determined with gas analyzer Testo 350.
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Figure 2. Experimental set-up; TE — the k-type (Chromel/Alumel) thermocouple sensor complete with
device OVEN TRM-138, PE — manometer complete with BPO-5-3 reducer, SE — anemometer Testo 416,
FE — fuel-flow meter BK-G4, and AG N — gas analyzer Testo 350

The following values were measured during the experiment:
— temperature, pressure and consumption of the fuel,
— air temperature and velocity at the entrance of the micro-modular nozzle,
—  barometric pressure of the environment,
— temperature of gases at the exit of the micro-modular nozzle, and
— composition of combustion products with the gas analyzer.

In all experimental runs the air flow, with temperature of 15 °C, supplied to the noz-
zle was established at 11 m/s. The fuel supply was 2.16 kg/h with a pressure of 30 kPa. The
equivalence coefficient inside the micro-modular nozzle ¢ = 0,185. Combustion temperatures
and NOy emissions are given below in section Results.

Nummnerical modelling

The numerical modelling and verifications were carried out with CFD utilizing AN-
SYS FLUENT package. The geometry of the model studied is shown in fig. 3. Two models of
the micro-modular nozzle were studied numerically, with two different angles of the outlet
vortex blades (20° and 50°). The geometric dimensions of the model shown in fig. 3(a) corre-
spond to the physical model studied, fig. 1. The second model has the following parameters:
46 mm diameter, 100 length, and fuel supply point located at 50 mm from the inlet frontal
plane of micro-modular nozzle.

The first step in numerical modeling is mesh creation. The study module area was
divided into a set of unstructured tetrahedral small volumes, fig. 3(c) in the meshing prepro-
cessor of the ANSYS software package. Mesh characteristic: ~555101 elements, ~155839
nodes, orthogonal quality — 0.8, skewness — 0.2, aspect ratio — 2.9.



Dostiyarov, A. M., et al.: Micro-Modular Air Driven Combustion Nozzle Experimental and ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 2B, pp. 1557-1566 1561

s=d - @300 mm
550 mm y

. ﬁz - 36;1.5 mm
250mnf R23 mm, SQ.mm ERleegell = mpustion
/| w\ 7 ‘ w B, =40°) V- 'V ,\{N\\‘ zone
71 mm§f§?';§a~e' g ‘wmhusnl}y VRE i & ]@ﬁﬁ |
( G S\ | RN | B, = 201400
o el @14 mm 28 mm 15 mm|
Airinlet  Air inlet —
(@) @200 mm (b) 100 mm<

Figure 3. Geometries of micro-modular nozzle models studied;
(a) 1t model, (b) 2"¥ model, and (c) mesh

Governing equations were solved by the finite volume method [25] in CFD simula-
tions. Governing equations are based on the Navier-Stokes equation which describes the
movement of a turbulent flow, which includes:

— continuity equation

P L v(p¥) =0 (1)
dt
momentum-conservation equation
o, . . = .
o (pV) +V(pW) =-Vp+V(7) + pg 2

where p is the density, v — the velocity vector, p — the static pressure, T — the stress tensor,
and pg— the gravitational body force.
The stress tensor 7 is:

%:y[(vwva)—%vw} (3)

where x is the molecular viscosity, | — the unit tensor, and the second term on the right hand
side is the effect of volume dilation.

The generalized transfer equation was used to determine the field of scalar quantities
such as enthalpy, temperature, concentration of harmful substances, turbulence parameters
k-¢, etc.:

g(p¢>+wpv¢)=v<prv¢) (4)

where ¢ is a scalar quantity and 7" — the diffusion coefficient.

The flow is assumed to be stationary and incompressible. The numerical modelling
of the combustion process in the micro-modular device utilized the non-premixed combustion
model, based on the assumption of instantaneous chemical reactions.

The investigated swirling flow is characterized by high turbulence of flow parame-
ters (for example, speed, pressure, density, etc.). They have a random nature in the Navier-
Stokes equation, so it is impossible to solve them directly. Therefore, the Navier-Stokes egs.
(1)-(4) was averaged by the Reynolds method in numerical modeling. A semi-empirical k-¢
turbulence model (modification realizable) was used to close the Reynolds-averaged navier
stokes (RANS) approach.
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The realizable k-¢ model describes well the flow pattern in both the module volume
and the boundary layer [26]. The probability density function was calculated with respect to
propane. The model did not include radiation heat transfer since as suggested by some authors
[27] this heat transfer process does not affect significantly the flame structure. The problem
solved was considered as steady-state one boundary conditions summarized in tab. 2.

Table 2. Boundary conditions

Inlet air Fuel inlet Outlet
Velocity, [ms™] 11 Mass flow rate, [kgs™?] | 2.16 Backflow temperature, [K] 288
Temperature, [K] 288 Temperature, [K] 288 Gauge pressure, [Pa] 0
Gauge pressure, [Pa] 0 Gauge pressure, [kPa] 30 Turbulence intensity, [%] 2

A thermal and prompt mechanism was selected to calculate NOy emissions. Partial-
equilibrium approach was chosen for the formation of O and OH radicals.

The applied sampling methods and the algorithm for the numerical solution of SIM-
PLE are detailed in [25].

Results

Experimental studies with propane combustion have shown that the length of the
micro-modular nozzle about three calipers is too long and therefore combustion begins inside
the nozzle. It can be seen in the photo in fig. 6. Combustion begins approximately at a dis-
tance of two calipers from the frontal plane, which is also confirmed by the numerical studies,
fig. 5. As a result, the MMADN length has been reduced to 2 calipers, as shown in fig. 3(b).
That is, the task was that the fuel, leaving the nozzle, almost immediately goes through the
outlet swirlers. The primary objectives of a pair of outlet swirler includes preventing the flame
from flowing back into the micro-modular nozzle.

Tey ; s The temperature profiles shown in fig. 4
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Figure 4. Temperature profiles: experimental tributed) in a wide range located lower than in
and simulated the case with £ = 20°. This can be attributed to

the fact that when fs = 50° the vortexes are
stronger and more complete and occupies almost all section of the chamber, that is we may
assume the flow field is almost homogeneous across the chosen cross-section. As a result the
more effective mixing with the inlet air flow allows more effective control of both the tem-
perature in the pressure drop.
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The axial temperature profile related to the 1%t model shown in fig. 5 reveals that the
high temperature zone is located inside the micro-modular nozzle and therefore the combus-
tion process starts inside it even though it should be localized outside the nozzle. However, it
was experimentally confirmed that the combustion process took place inside the micro-
modular nozzle. In addition, the pictures in fig. 6 indicate that the first 60% of the module are
covered by a dark shadow related to a high temperature field. This can be attributed to two
main factors: the equivalence coefficient inside the module is less than 1 and the long distance
traveled by the premixed fuel along the module axis. The flow structures inside the micro-
modular nozzle (with both angles of blade orientations, i.e. different £3) are almost equal since
the angle of the blades of the vortex generator, 81, remained unchanged.

Q__00s0 0100 0__0050 0100 3
@) 0.025 0.075 (b) 0.025 0.075

Figure 5. Temperature profiles as a result of the numerical modelling of the 15t model
(for color image see journal web site)

The comparative analysis of the ex-
perimental results and the outcomes of the
numerical modelling with respect to the
NOx emissions indicate significant differ-
ences (see the data summarized in tab. 3.
The reason for the large discrepancy is
possibly due to the fact that radiation heat
transfer was not taken into account in the
numerical modeling. Despite this the data
have common trends, that is: in both cases
P3 = 20° the NOy concentration is greater -
than when g3 = 50°. The main reason ex- Figure 6. Photos of the studied micro-modular nozzle
plaining this can be attributed to the fact used in the experiments; (a) front view with vortex
that at 83 = 50° the common temperature at  generator at the central axis and (b) vertical view
the nozzle exist is lower than when
Sz =20°, see fig. 5.

When the task was the flame be outside the micro-modular nozzle then preliminarily
numerical modelling was carried out varying the nozzle geometry. The outcomes of these
numerical experiments are presented in fig. 7 and they confirm the fact that version presented
at fig. 3b (2" model) is the optimal one. The pictures presented in fig. 7 show the flow struc-
tures in the 2" model when optimal configurations of blades, namely 85 = 50° and S5 = 20°,
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Table 3. The NOx emission in case of 15t model

NOx ppm (O2 15%) p3=20° p3 =50°
Experiments 205 10.9
Numerical modeling 5.8 55

of the outlet swirler are used. The profiles in fig. 7 reveal that in both situations the flame is
inside the micro-modular nozzle. Hence, due to reduction in the length and diameter of the
module the flame can be outside the nozzle which actually reduces the residence time of the
premixed fuel-air mixture. Moreover, additional bluff-bodies as hemispheres located at the
nozzle axis just behind the outlet swirler allows the flame to be outside the nozzle [28].

0 0.50 _ 0.100 0 0.50 _ 0.100
a — - b e— s—
(@) 0025 o075 M ®) 0025 0075 M

Figure 7. Temperature profiles as outcomes of the numerical modelling with 2" model
(for color image see journal web site)

The profiles presented in fig. 7 indicate that the angle of the blades of the outlet
swirler, s, affects the flame structure at the exit of the nozzle. With sz = 50° there is high
temperature elongated zone, while with £3 = 20° the flame is longer but relatively colder: its
temperature is about 300 °C lower than at the same location but with gz = 50° and this can be
explained by the fact that with 3 = 50° the vortex flow structure at the outlet of the nozzle is
stronger than when £3 = 20° is used. The stronger vortex structure creates reverse flows to-
wards the central combustion zone and they concentrate themselves at the nozzle exist. How-
ever, with fz = 20° the vortices generated are no so strong and consequently the axial flow
component due to the advection dominates and the combustion zone becomes larger. The high
temperature results in increase in the NOx emissions, on the other hand the extended flame
zone also increase the NOy emissions due to the longer residence time of the combustion
products in the high temperature zone. Therefore, the angles of the blades of the swirler af-
fects directly the level of the NOy emissions. The numerical modelling reveals that the emis-
sions of NOx (with 15% volumetric oxygen concentration) at the control position are 5.1 and
6.3 ppm for 3 50° and 20° accordingly. These results are similar the ones obtained with the
15t model, see tab. 3.

The angle of the outlet swirler’s blades, f3, affects also the flow structure inside the
micro-modular nozzle, precisely at the zone between the two swirlers at the exit located close
to the nozzle exist. This zone is important because it allow controlling the flame escape.
Comparing the temperature profiles in this zone we can see that there red spots f3 = 50°,
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which actually means that the flame is inside the nozzle. With 3 = 20° due to the low hydro-
dynamic friction factor of the outlet swirler the temperature in this zone is lower because the
flow rate is greater. Hence, low values of fs are preferable.

Conclusions

Optimal geometric parameters of a micro-modular air-driven nozzle for gaseous fuel
combustion have been determined by experimental studies and numerical modelling (CFD
modelling by ANSYS FLUENT). The main results can be outlined as.

e The length of the micro-modular nozzle of 3 calipers is too large and because of that the
combustion zone is inside the nozzle. This was confirmed by the numerical modelling.

e The reduction in both the length and diameter of the module (down to 2 calipers) as well
as the use of bluff bodies at the nozzle exist allow easily the flame to be in the outside
zone and a stable flame to be attained.

e The angle of the outlet swirler blades fz affects the flame structure and the NOy emis-
sions. In all cases studied the blade angle 50° allows to reduce the NOy emissions but the
cost is the increased hydrodynamic resistance of the module. The increased hydrodynam-
ic resistance of the module may allow flame to be partially in the inner nozzle zone.

e The studies released that the blades of the outlet swirler inclined at gz = 20° and the noz-
zle length of two calipers are optimal with respect to flame structure and flow pattern and
may be recommended for micro-modular nozzle optimal design.

e The study reveals that the micro-modular air driven combustion nozzle design can pro-
vide efficient fuel combustion thus meeting both the contemporary and potential future
requirements addressing NOyx emissions. The results of the research form a good scientific
basis for future development of combustion chambers with micro-modular combustion
nozzles.
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