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a b s t r a c t

Grate boilers are oftenapplied for solid biofuelswithhighashandmoisture content in typical

applications from 0.5MW to 25MW, and often operated at part load for heating applications.

The paper presentsmeasures to optimize the fluid dynamics to improve the combustion and

to extend the part load capability. Thereto, special interest is given to the secondary air in-

jectiondescribedas jets incrossflow(JICF) and themomentumfluxratioMR. For thesituation

in channel cross flows, the effective momentum flux ratio MReff is introduced. Different air

injections are investigated by computational fluid dynamics (CFD) and validated by model

experiments with particle image velocimetry (PIV) and image analysis. It is shown, that op-

timum conditions are achieved for MReff between 0.1 and 0.2 with 50% penetration depth for

single-sided air injections. For opposite air-injections, as commonly applied in combustion

chambers, higherMReff arealsoapplicable. Themostpromisingconcepts are implemented in

a 1.2MWboiler and experimentally validated. The results show that the combustion quality,

described by carbon monoxide (CO), can be improved by a factor of 4, compared to the

reference casewithalready lowemissions. Further, theboiler canbeoperatedat lowerexcess

air ratio, enabling an efficiency increase. By implementation of the presented measures, a

stable operation from30% load to full load can be achievedwith CO emissions< 15mgmn
�3 at

an oxygen volume fraction of 11% and at an excess air ratio of 1.8.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Background

Moving grate boilers as in Fig. 1 are widely applied for solid

biomass fuels with high ash and moisture content in typical

applications from 0.5 MW to 25 MW [1].
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Highcombustionquality for fluegas andgrate ash is usually

achieved at full load operation. Nowadays boilers also work in

part load conditions, however mostly only above 50% of nom-

inal output. Lower loads lead to intermittent on/off operation

causing higher emissions. In addition, particle removal de-

vices, i.e., electrostatic precipitators (ESP) or fabric filters are

often by-passed or in off-mode during the start-up phase in

order to avoid damage through condensation. Furthermore
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Fig. 1 e Layout of a moving grate boiler [2].

Fig. 2 e Schematic figure of a jet into a channel cross flow

with the characteristic geometry and flow parameters.
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part load operation or changing fuel properties (e.g. lower

moisture content, different bed porosity) can lead to uneven

fueldistributionon thegratee.g.withuncoveredgrate sections

in the second part of the grate. This can result in leaking pri-

mary air, uncontrolled flow conditions in the freeboard above

the grate and in streaks with increased excess air and reduced

temperatures and therefore leads to higher CO-emissions [3].

1.2. Objective

The first part of the present work summarizes basic in-

vestigations on jet flowswith emphasis onmixing of gas flows

in combustion chambers. The aim of this part is an in-depth

understanding of the phenomena related to the mixing of

secondary air with wood gases, to identify the most relevant

influencing parameters, and to introduce amethod to describe

the flow situation by characteristic parameters.

The aim of the second part is the development of aero-

dynamic measures applicable to moving grate boilers, which

enable a boiler operation with extended part load range at low

emissionsandpotentiallywithreducedexcessairand increased

efficiency. Thereby, stable operation from 30% to 100% of the

nominal load in compliance with emission regulations and at

low excess air ratio and high efficiency shall be achieved [4].

Since optimized mixing between wood gases and second-

ary air enables lower emissions and higher efficiencies, the

present work concentrates on the optimization of the flow and

the mixing inside the combustion and post-combustion

chamber. This is performed by scaled model flow experi-

ments, by computational fluid dynamics and by measure-

ments on a 1.2 MW moving grate boiler. Special interest is

given to the secondary air injection with respect to position,

number and diameter.

1.3. Approach for boiler optimization

Thanks to high gas temperatures of around 1000 �C in moving

grate boilers, the combustion reaction is much faster than the
mixing between the wood gases and the secondary air. Mixing

is therefore the limiting step of the non-premixed gas phase

reactions [5]. For the investigated geometries and operating

conditions, the main fluid flow inside the combustion cham-

ber (wood gases) can be described as a channel flow and

characterized by the Reynolds number Re. The Reynolds

number can additionally be used to estimate the flow regime.

Flows with Reynolds numbers equal or greater than a certain

critical value Recrit can typically be seen as turbulent. For

channel flows, Recrit is around 2300. Furthermore, the smallest

turbulent eddies of the flow (Kolmogorov length scale Lk)

decrease with increasing Reynolds number [6]:

Lk
�
Lref ¼ C$Re�3=4; whereat C ¼ const

�
e
�

(1)

Thereby, mixing increases, due to finer eddies and there-

fore increased micro mixing, i.e., mixing through smallest

turbulent eddies.

In the present application, mixing effects between the

wood gases (main flow) and the secondary air (secondary

flow), are of specific interest. The situation in the combustion

chamber can be described as a jet in cross flow (JICF) [7], with

the secondary air as jet(s) and the wood gases as main flow

(Fig. 2). For JICFs, Recrit is around 30 and thus far smaller than

in channel flows [8]. Consequently, JICFs are one of the most

efficient ways, to mix two fluid flows [9]. Several studies have

been conducted on different effects in JIFCs. The effect of hole

imperfection on turbulence level of the jet is investigated by

Ref. [10] and the influence of the blowing ratio on the pene-

tration depth and the lateral spreading is studied by Ref. [11].

Ref. [12] uses stereo PIV technique to investigate the mixing

characteristics and the driving vortical structures for JICFs at a

specific momentum ratio and jet Reynolds number. Most

studies about JICFs, including the ones mentioned above,

consider jets into core flows (without friction on the sur-

rounding walls) or into single-sided boundary layer flows only.

These studies do therefore not appropriately reflect the situ-

ation in a combustion chamber with jets into a channel flow

with surrounding walls. Only few works specifically consider

jets into channel flows.While Ref. [13] gives a brief overview of

mixing in jets into channel flows, Ref. [14] examines the jet

injection over the first twelve tube diameters from the injec-

tion place and deduces scaling laws for the jet. Ref. [15] studies

the effect of different parameters, e.g. tube Reynolds number,

http://dx.doi.org/10.1016/j.biombioe.2015.02.033
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jet Reynolds number, or diameter ratio on mixing with the

main flow. A new scaling law considering both drag effects

and entrainment is proposed by Ref. [16] and further studied

by Ref. [17] and applicable for both, trajectory of the jet and

mixing with the main flow. The interaction of twin jets

injected into a cross flow is examined by Refs. [18,19].

This study presents scaling laws for confined channel

flows with a ratio of the combustion chamber width to the jet

diameter between 4 and 50. The results can be applied for

scaling of combustion chambers with standard size charac-

teristics in order to reach optimum mixing performance.
Fig. 3 e Scaled, cold air model of a 1.2 MW grate boiler.
2. Method

2.1. Application of JICF-theory to wood combustion
systems

The mixing of a JICF with the main flow is mainly influenced

by the product of the jet diameter DJ and the momentum flux

ratio MR between the jet flow and the main flow [7,20]. For the

present application, where the jet flow is injected into a

channel flow with a finite dimension, the jet diameter is

normalized to a relevant main flow length scale (e.g., the hy-

draulic diameter, the channel height, or the channel depth) to

enable a comparison between different flow situations. This

parameter is introduced and defined as the effective mo-

mentum flux ratio MReff:

MReff ¼ MR$DJ

�
Lref ¼ MR$D*

J ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rJ$u

2
J

rM$u
2
M

s
$D*

J ½e� (2)

uJ, velocity of jet flow [m s�1]; uM, velocity of main flow [m s�1];

rJ, density of jet flow [kg m�3]; rM, density of main flow

[kg m�3]; DJ, jet diameter [m]; Lref, characteristic length scale

main flow, here combustion chamber width [m].

The mass flow ratio between the jet flow (here the sec-

ondary a) and the main flow (here the wood gases) is deter-

mined by the primary excess air ratio, the fuel moisture

content, and the secondary excess air ratio. Hence these pa-

rameters cannot be independently varied to optimize the

effective momentum flux ratio introduced in Equation (2). To

identify the additional parameters, Equation (2) can be rear-

ranged (in this case, for simplicity, under the assumption of a

circular cross section of the main flow with diameter DM):

MReff ¼ MR$D*
J ¼ _mJ= _mM$

ffiffiffiffiffiffiffiffiffiffiffiffiffi
rM

�
rJ

q
$DM=DJ|fflfflffl{zfflfflffl}

1=D*
J

½e� (3)

_mJ, mass flow of jet [kg s�1]; _mM, mass flow of main flow

[kg s�1]; DM, diameter of main channel flow (assuming a cir-

cular cross section) [m].

For a given combustion situation, the gas densities (3) are

determined.Hence the ratiobetween thediameters remainsas

an independently available parameter for designoptimization.

The cross sectional area of a JICF expands with its distance

from the nozzle, due to momentum transfer from the jet into

the surrounding fluid, similar to a jet into a still surrounding,

as shown in Fig. 2. The jet's length scale in the far field of the

jet's nozzle LJ,∞ was found to be proportional to MReff [20]:
L*J;∞ ¼ LJ;∞
�
Lref ¼ C1$MReff ½e�; whereat C1 ¼ const ½e� (4)

Additionally a JICF is deflected by the main flow, Fig. 2. The

penetration depth in the far field of the jet's nozzle yJ,∞ de-

creases with increasing deflection and is a subproportional

function of MReff [20]:

y*
J;∞ ¼ yJ;∞

.
Lref ¼ C2$

�
MReff

�1�B ½e�; whereat C2 ¼ const ½e�
(5)

0.28 < B < 0.34 [e].

Other flow properties, such as the Reynolds number of the

jet, exhibit no relevant influence on JICFs [7], since

ReJ [ ReJ,crit.

Based on data from Ref. [15], an optimum effective mo-

mentum flux ratio with respect to mixing of MReff ¼ 0.18 can

be derived for jets into channel flows. To gather further, spe-

cific knowledge on jets into channel flows and to validate the

influence of the effective momentum flux ratio on jets into

channel flows as described in Equations (4) and (5), specific

measurements are performed as described in Section 3.1.2.

2.2. Scaled model experiments

2.2.1. Design of scaled model
For experimental analysis of the secondary air injections as

JICFs and for validation of the CFD simulations (Section 3.2),

measurements on a 1:13 scaled, cold air model of a 1.2 MW

grate boiler are performed (Fig. 3).

To ensure that the flow situation in themodel experiments

represents the reality in an appropriate way, the following

conditions need to be met:

� similarity of geometries

� similarity of main flow, expressed in terms of Reynolds

numbers Re

� similarity of JICFs, expressed in terms of the effective

momentum flux ratio MReff, defined in Equation (2).

� similarity of reactor properties (mixing), expressed in

terms of volumetric flow ratios VRMJ of the main flow

(wood gases) and the secondary air [5,21], defined below

http://dx.doi.org/10.1016/j.biombioe.2015.02.033
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Table 1 e Similarity between real combustion chamber of
a 1.2 MW grate boiler, investigated in Section 3.4, and
scaled model, described by dimensionless numbers.

Reality Scaled model

RePCC [e] 28,831 28,831

ReCC [e] 24,213 24,632

MReff,SA1 [e] 0.30 0.28

MReff,SA2 [e] 0.06 0.06

VRSA1 [e] 6.4 7.4

VRSA2 [e] 36 32
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VRMJ ¼ _VM

�
_VJ; whereat 0<VRMJ <∞ (6)

_VM, volumetric flow rate main flow [m3 s�1]; _VJ, volumetric

flow rate secondary air [m3 s�1].

Table 1 shows a comparison of the similarity parameters as

given in reality and adjusted for the scaled model which

confirms that similar flow situations are ascertained in the

experiments.

2.2.2. Flow field visualization by particle image velocimetry
(PIV)
(Planar) particle image velocimetry is an optical measurement

method for measuring the displacements of particles, previ-

ously added to the fluid and convecting with the flow [22,23]. A

pulsed laser light sheet illuminates the particles in the mea-

surement plane, while a high speed camera captures images

of the particles at each pulse (Fig. 4). Two images of particle

patterns, taken shortly one after another, are correlated using

an adaptive cross correlation algorithm, described in Ref. [23]

and implemented in the commercial code VidPIV (ILA GmbH).

After calibration and under the assumption, that the particle

movements represent the flow, the vector fields of the flow

velocities can be calculated. Using small oil droplets of around

1 mm latter assumption is approximately fulfilled [22]. With

one camera in operation a planar distribution of the in-plane
Fig. 4 e Experimental setup for PI
velocity components can be generated (planar 2D). By using

two cameras a planar distribution of both in-plane and out-of-

plane velocity components can be generated (planar 3D ste-

reo). Fig. 4 shows the experimental setup for a planar 2D-PIV.

The experimental setup consists of the following

components:

� A double, pulsed Nd:YAG Laser (Quantel SA) generates a

beam with a diameter of 6 mm and a wavelength of

532 nm. The maximum energy per pulse is 140 mJ, while

the pulse duration is 8 ns and the maximum pulse repeti-

tion rate is 14 Hz.

� A cooled, digital CCD-Camera (PCO AG) captures images

with a spatial resolution of 1600 � 1200 pixels and a dy-

namic range of 14 bit. In double shutter mode the inter-

framing time is 180 ns, while the maximum frame rate (at

full resolution) is 30 Hz.

� A light sheet optics (ILA GmbH) transforms the laser beam

into a divergent laser light sheet with a width of 0.5 mm

(full width at half maximum, FWHM).

� A synchronizer (ILA GmbH) times the laser pulses and the

camera exposure.

� A particle generator (PivTec GmbH) seeds the flow. Using

pressurized air, it generates an air-oil-mist with droplet

sizes of 1 mm.

2.2.3. Determination of mixing by image analysis
Using the same setup as for PIV but by adding the tracer

particles to just one flow, mixing betweenmain and secondary

flow can be visualized and quantified, using a method of

image analysis introduced in [5]. Thereby the local image in-

tensity is used to calculate the local volume fraction of the

marked flow. From that, a planar distribution of the mixing

performanceMP (Equation (8)) can be derived. Considering the

case in which the main flow is being marked with tracer par-

ticles, the following steps lead to the definition of ME. The

local mixing ratio regarding the main flow xM relates the local
V-measurements (planar 2D).

http://dx.doi.org/10.1016/j.biombioe.2015.02.033
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Table 2 e Assumptions for CFD-modeling.

Thermal firing capacity 1.4 MW

Boiler capacity 1.2 MW

Boiler efficiency 85%

Fuel moisture content 50%

Primary and secondary air temperature 80 �C

Excess air ratio

Primary air ¼ lPA 0.72

Secondary air 1 ¼ lSA1 0.86

Secondary air 2 ¼ lSA2 0.22

Total excess air ltot ¼ lPA þ lSA1 þ lSA2 1.8

b i om a s s a n d b i o e n e r g y 7 6 ( 2 0 1 5 ) 1 1e2 3 15
volume fraction of the main flow to its volume fraction when

completely mixed:

xM ¼ yM

.
yM;∞ ½e�; whereat 0 � xM <∞ (7)

yM, local volume fraction main flow [e]; yM,∞, volume fraction

main flow when completely mixed [e].

The local mixing performance MP results from rescaling xM

to values between 0 and 1, whereas MP ¼ 1 being completely

mixed and MP ¼ 0 being completely segregated (unmixed):

MP ¼
	
xM; xM � 1
1� VRMJ$ðxM � 1Þ; xM >1

½e�; whereat 0 � MP � 1

(8)

2.3. Numerical design optimization by CFD

The fuel conversion on the grate is calculated in a one-

dimensional transient integral model in adaptation to Ref.

[24]. The conversion from wet wood to water vapor and py-

rolysis gases consisting of CO, CO2, H2, H2O, CH4, O2 und N2 is

modeled as function of the local excess air ratio on the grate.

The local temperature is calculated from the energy balance.

Fig. 5 shows the calculated gas profiles atop of the fuel bed and

the temperature profiles resulting from the energy balance

under adiabatic conditions.

For the simulation of the fluid flow ANSYS CFX is applied

using a ke 3-description of the turbulence and applying the gas

phase reactions for wood gas burnout based on the eddy

dissipation model (EDM) [25,26]. This model is based on the

assumption, that the chemical reaction is fast compared to

the transport process (mixing), which was shown a realistic

assumption for the present situation (Section 1.3). The reac-

tion rate is therefore determined by the mixing time, which in

turbulent flows is proportional to the ratio of eddy dissipation

and turbulent kinetic energy. The specific reaction rate Rn of

the elementary reaction n is given by the minimum of the

reactant and the product limiter.

Rn ¼ minfRRn RPn g
�
mol s�1 m�3

�
(9)

RRn, reactant limiter of elementary reaction n [mol s�1 m�3];

RPn, product limiter of elementary reaction n [mol s�1 m�3].

The reactant limiter RRn is defined as:
Fig. 5 e Gas profiles and mass flow of the released wood gas (le

bed (right).
RRn ¼ A$ 3=k$minfcRi=nnRigi
�
mol s�1 m�3

�
(10)

and the product limiter RPn is defined as:

RPn ¼ A$B$
3

k
$

P
j

cPjMjP
j

nnPjMj

�
mol s�1 m�3

�
(11)

3, rate of eddy dissipation [m2 s3]; k, turbulent kinetic energy

[J kg�1]; cRi, molar concentration of reactant specie i [mol m�3];

cPj, molar concentration of product specie j [mol m�3]; nni,

stoichiometric coefficient of reactant specie i [e]; nnj, stoi-

chiometric coefficient of product specie j [e];Mj, molarmass of

product specie j [kg mol�1]; A, B model constants [e]

For single step reactions, B ¼ 0.5 is applied as default value,

while for multi-step reactions, Rn ¼ RRn is recommended and

applied here [26]. For the constant A, a value of 2.5 is proposed

by Ref. [27]. The constant A is calibrated with experimental

values as follows: for the investigated 1.2 MW boiler, CO

emissions from 51 mg m�3 to 96 mgm�3 at an oxygen volume

fraction of 11% are found in real-life operation. CFD calcula-

tions result in 76 mgm�3 at an oxygen volume fraction of 11%

for A ¼ 2.0 while A ¼ 2.5 results in 29 mg m�3. Consequently

the presented calculations are performed with A ¼ 2.0. Addi-

tionally, the simulation is performedwith the assumption of a

maximum flame temperature of TF,max ¼ 2473 K (adiabatic

flame temperature for dry wood with preheating of combus-

tion air of 100 K) and an extinction temperature of

TF,min ¼ 873 K (below this temperature the residence time of

the wood gases is too short for substantial burn out). These

two simplifications increase the stability of the numerical
ft) and local excess air and gas temperature atop of the fuel

http://dx.doi.org/10.1016/j.biombioe.2015.02.033
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Fig. 6 e Schematic view of the 1.2 MW moving grate boiler

with combustion chamber (CC) and post combustion

chamber (PCC) and with planes P0eP4 used for evaluation

of CO emissions and mixing performances. In plane P5

additional PIV measurements on the scaled model were

performed for validation. For combustion optimization, the

arrangement of the secondary air 1 (SA1) is varied.
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calculation when using the EDM. Further on symmetric flow

conditions are assumed [4]. The radiation is modeled with the

discrete transfer model (DTM) [28]. As boundary condition the

parameters according to Table 2 are assumed.

To achieve improved gas phase combustion the following

method is investigated:

Variation of arrangement and diameter of the secondary

air nozzles to optimize the distribution and penetration depth

of the secondary air.
Fig. 7 e Local mixing performance by means of image analysis a

the end of the post combustion chamber (plane P3, right) for the

the height of the post combustion chamber HPCC ¼ 0.436 m.
The analysis of the CFD simulations is performed in four

planes by considering carbon monoxide (CO) as indicator of

the combustion quality [4]. Mixing performance MP as

introduced in Section 2.2.3 is investigated as additional

parameter. In order to compare the different layouts the

emission values at the exit of the post combustion

chamber are used (plane P4, Fig. 6). Additionally the reaction

progress over the four planes is observed. For the simula-

tions 30 layouts are considered of which some are described

below.
2.4. Experiments on a 1.2 MW boiler

For the experiments a 1.2 MW moving grate boiler is used

which can be operated with the different arrangements of

secondary air injection. For validation the followingmeasured

parameters and calculated variables are used:

� O2 (paramagnetic, Magnos 6G, Hartmann & Braun)

� CO (non dispersive infrared NDIR, Uras 10P, Hartmann &

Braun)

� CO2 (non dispersive infrared NDIR, Binos 100, Rosemount

Analytical)

� Flue gas volume flow (Dp with pitot tube)

� Temperature of flue gas, post combustion chamber and

boiler wall (thermocouple type K)

� Combustion air volume flow PA1, PA2, SA1 and SA2 (heated

wire anemometry)

� Excess air ratio ltot (calculated)

� Thermal firing capacity (calculated)

� Combustion efficiency (calculated)

For each case a mean value of CO concentration over

30 min stationary phase, weighted with the flue gas volume

flow, is considered and compared at total excess air ratio of

ltot ¼ 1.8 [4]. The boiler is operated with forestry wood chips

specified as P63 [29], having amoisture content of 35% ± 2% on

a wet basis. The hard wood fraction is 80%.
t the end of the combustion chamber (plane P2, left) and at

reference case. The coordinate system is normalized with

http://dx.doi.org/10.1016/j.biombioe.2015.02.033
http://dx.doi.org/10.1016/j.biombioe.2015.02.033


Fig. 8 e Influence of MReff in channel flows on the jets

length scale LJ,∞ in the far field with measured (data points)

and theoretical data (L*J;∞;ref ¼ 0:42 ½e�, MReff,ref ¼ 0.28 [e]).

Fig. 10 e Influence of the jets cross sectional area AJ in the

far field on the mixing performance MP with measured

data and proportionality (MPref ¼ 0.37 [e], L*J;∞;ref ¼ 0:42 ½e�).
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3. Results

3.1. PIV measurements

3.1.1. Mixing analysis
In Fig. 7 the evolution of the local mixing performance from

the end of the combustion chamber (plane P2, Fig. 6) to the end

of the post combustion chamber (plane P3, Fig. 6) for the

reference case (ltot ¼ 1.8) is being analyzed:

While at the end of the combustion chamber a consider-

able region with poorly mixed gases exists, it disappears

almost completely on its way to the end of the post combus-

tion chamber. Since mixing performance is a measure for

emissions, it is therefore shown, that the reference case is
Fig. 9 e Influence of MReff in channel flows on the jets

penetration depth yJ,∞ in the far field with measured (data

points) and theoretical data (y*J;∞;ref ¼ 0:72 ½e�,
MReff,ref ¼ 0.28 [e], B ¼ 0.3).
already quite well designed, with respect to mixing and if

operated at ltot ¼ 1.8.

Furthermore, there is a potential for reducing ltot (by

reducing lSA), and therefore increasing efficiency, while keep-

ing the emissions low. In order to keep the JICFs and therefore

the mixing similar, despite a reduction of momentum flux

ratio, the jet diametershave tobe reducedproportionally to the

secondary air excess ratio lSA (where ltot ¼ lPA þ lSA). From

Equation (3) it can be shown that for this case:

MReffflSA

.
D*

J 0 D*
JflSA 0MReff ¼ const (12)

3.1.2. Analysis of secondary air injection as JICF
Specific measurements are performed in order to analyze the

behavior of the secondary air jets as JICFs specifically in

channel flows. Thereto, a single-sided secondary air injection
Fig. 11 e Influence of the jets length scale in the far field on

its penetration depth in the far field.

http://dx.doi.org/10.1016/j.biombioe.2015.02.033
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Fig. 12 e Influence of different values of MReff on JICFs: MReff ¼ 0.04 (left), MReff ¼ 0.16 (middle), MReff ¼ 0.63 (right).
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into a cross channel flow is experimentally analyzed (Fig. 2).

The following trends are found:

The previously stated general influence of the effective

momentum flux ratio MReff on the jet's length scale in the far

field of the nozzle (Equation (4)) and on the jet's penetration

depth in the far field (Equation (5)) are found to be approxi-

mately valid for channel flows as well. Fig. 8 shows the

measured (data points) and the theoretical influence of the

effective momentum flux ratio MReff on the jet's length scale in

the far field, while Fig. 9 shows the influence of the latter on

the jet's penetration depth in the far field. The jet's length scale

in the far field as well as the penetration depth in the far field

increase with increasing effective momentum flux ratio.

While the penetration depth increases subproportionally, the

length scale increases proportionally (when the penetration

depth is kept constant) with respect to MReff.

The mixing performance MP is proportional to the jet's
cross sectional area (Fig. 10), because mixing inside the jet is

very strong, due to a highly turbulent flow field. To maximize

themixing performance in the far field, the jet's length scale in

the far field has to be maximized, thus the effective mo-

mentum flux ratio MReff must be maximized.

Specifically in channel flows, the jet's cross sectional area

in the far field of the jet is (in addition of being a function of
Table 3 e Values of normalized CO concentration, mixing perf
normalized pressure loss across the secondary air injection (D
arrangements in comparison to the reference case calculated w
area of secondary air nozzles; DJ: Nozzle diameter; EXP: Cases
ratio and secondary air diameter; MP: Mixing performance; NJ:
the secondary air injection; ReJ: Reynolds number of secondary
experimentally investigated.

Case EXP NJ/NJ,ref [e] DJ/DJ,ref [e] AJ/AJ,ref [e] AJ,tot/AJ,tot,re

SA-1 1 0.35 0.13 0.13

SA-2 0.50 0.25 0.25

SA-3 þ 0.71 0.50 0.50

Ref þ 1.00 1.00 1.00

SA-4 1.41 2.00 2.00

SA-5 2 0.25 0.06 0.13

SA-6 0.35 0.13 0.25

SA-7 0.50 0.25 0.50

SA-8 þ 0.71 0.50 1.00

SA-9 1.00 1.00 2.00

SA-10 þ 1.5 0.71 0.50 0.75
MReff) a function of the penetration depth of the jet. A pene-

tration depth of around 50% into the main flow leads to a

maximum cross sectional area, while a very low and a very

high penetration depth leads to a reduced cross sectional area,

due to the interaction of the flow with the channel walls. This

expectation is in line with Ref. [13] and confirmed by mea-

surements at different penetration depths as shown in Fig. 11

which shows the following trends:

� JICF with similar MReff have similar penetration depths,

similar cross sectional areas and therefore also similar

mixing properties.

� In order to maximize the mixing performance in case of a

single-sided injection (for a given mass flow ratio), the jet

diameters have to be dimensioned in such way, that the

penetration depths into themain flow reach 50%. Values of

0.1 � MReff � 0.2 lead to good results concerning this con-

dition. This correlates with the value of MReff ¼ 0.18, given

by Ref. [15]. Very small values of MReff ≪ 0.1 lead to an in-

jection into the adjacent boundary layer, while very large

values of MReff [ 0.2 lead to a collision with the opposite

channel wall (Fig. 12). In case of opposite injections, higher

MReff are possible, due to the collision of the jets, thus

limiting the penetration depth at 50%, see Section 3.2.
ormance (MP) in plane P4 (ReM,P4 ¼ 28,831 ¼ const) and
p/Dpref, Dpref ¼ 155 Pa) for different secondary air nozzle
ith CFD. AJ: Nozzle cross section; AJ,tot: Total cross sectional
chosen for experiments; MReff: Product of momentum flux
Number of secondary air nozzles; Dp: Pressure loss across
air; Ref: Reference case; SA: Secondary air; SA-10: Only

f [e] MReff [e] ReJ [e] CO/COref [e] ME [e] Dp/Dpref [e]

0.85 85,605 0.1 92.7 6630

0.60 60,532 2 94.2 1647

0.42 42,803 21 94.5 405

0.30 30,266 100 90.4 100

0.21 21,401 252 86.3 23

0.60 60,532 0.1 94.4 6464

0.42 42,803 0.1 91.9 1683

0.30 30,266 3 90.9 405

0.21 21,401 42 89.3 97

0.15 15,133 199 87.8 23

0.28 28,535 e e e

http://dx.doi.org/10.1016/j.biombioe.2015.02.033
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An increase of the number of jets, especially in regions

with low mixing, leads to an increase in mixing performance,

under the assumption that the jets do not interfere or overlap

with each other and as long as the penetration depths of the

jets are kept constant. It can be shown from Equation (3), that

the latter is fulfilled, if the diameters are inversely propor-

tional adapted to the number of jets:

MRefff1
.


NJ$D
*
J

�
0 D*

Jf1=NJ 0MReff ¼ const (13)

3.2. CFD analysis

Table 3 summarizes the results of the CFD simulations for

different arrangements of the first secondary air SA1 in Fig. 6.

These arrangements are introduced as SA-1 to SA-9. The

values show the CO concentration and the mixing perfor-

mance in plane P4 as well as the pressure loss from the entry

to plane P4. Emanating from the reference case, firstly the

cross section of the secondary air nozzles is reduced. With

reduced area, the effective momentum flux ratio MReff is

increased, due to an increase of the flow velocity. This leads to

an increase of the pressure drop which is undesired due to the
Fig. 13 e Comparison of reference case (top) and case SA-8 with

molar fraction of CO. The scale for CO is limited at 1000 ppm in t

exit (plane P4, right). The coordinate system is normalized with
resulting increase of electricity consumption. As second step

the number of the nozzles is doubled.

The results in Table 3 show that the combustion quality in-

creases with decreasing total cross sectional area of the air in-

jection nozzles as a consequence of an increased effective

momentum flux ratio MReff. The combustion quality keeps

increasing, although the effectivemomentumflux ratio reaches

values clearly above 0.2 and therefore penetration depths of

greater than 50%. A decrease of combustion quality at a pene-

tration depth of more than 50%, as found in Section 3.1.2, is not

observed. This is due to the present boiler configuration with

opposite air injections instead of single-sided injections.

Decreasing the total cross sectional area of the air injection

nozzles,however, also results inanelevatedpressure loss,dueto

increased flow velocities. As a promising alternative, the com-

bustionqualitycanalsobe improvedbyincreasingthenumberof

air injection nozzles while maintaining the total cross sectional

area and therefore keeping the pressure loss constant (SA-8).

Fig. 13 shows the influence on the CO-reduction for the

reference case and the case SA-8. The reference case exhibits a

streak of high CO concentration flowing into the post com-

bustion chamber. The case SA-8 with doubled number of sec-

ondary air nozzles but maintaining the total cross sectional
improved secondary air injection (bottom) by means of

he combustion chamber (left) and at 30 ppm in the flue gas

the height of the post combustion chamber HPCC ¼ 0.436 m.

http://dx.doi.org/10.1016/j.biombioe.2015.02.033
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areashowsasimilarbehaviorbutwithsignificantly reducedCO

streak. This leads to a decrease of the CO concentration in the

control plane P4. Improved gas phase combustion is therefore

reached by solely improving the distribution of secondary air,

even with lower effective momentum flux ratio MReff.

Apart from the reference case, the cases SA-3 und SA-8

with a cross section of the nozzles of 50% are chosen for the

experimental validation on a 1.2 MW grate boiler (Table 3). In

case SA-3 the nozzle number remains as in the reference case

whereas in case SA-8 it is doubled. According to the CFD cal-

culations, these variations promise an improvement of the

combustion quality with a pressure loss across the secondary

air injection remaining similar (SA-8) or increasing by a factor

of 4 (SA-3). The latter is, for the present system, still tolerable

and applicable with the implemented ventilation system,

since the pressure loss across the secondary air injection

contributes to less than 10% of the total pressure loss in the

secondary air ventilation system for the reference case.

Additionally a compromise case SA-10 is defined in which the

nozzle number is increased by 50%, while keeping the effec-

tive momentum flux ratio at reference value and with a

tolerable increase of the pressure loss of less than a factor of 2.

3.3. Validation of CFD calculations and PIV
measurements

In Figs. 14 and 15 CFD calculations are compared with exper-

imental PIV data. The analysis is performed for the reference

case for plane P5 as defined in Fig. 5 (Fig. 14) and for the central

symmetry plane (Fig. 15) and show the following trends:
Fig. 14 e Comparison of CFD calculations (left) with PIV measure

plane velocity in plane P5 for the reference case. The velocity is

chamber (uPCC ¼ 8:22 m s�1 for CFD model, uPCC ¼ 9:07 m s�1 for

the post combustion chamber (HPCC ¼ 436 mm for CFD model,

(left) only the right half of the combustion chamber is shown a
� In the CFD calculations the penetration depth of the sec-

ondary air jet is slightly overestimated compared to the

experimental data from PIV measurements. Else the CFD

calculations and PIV measurements show good qualitative

agreement of the flow situation.

� Moreover, the PIV measurements show that the flow is not

completely but nearly symmetric [4]. The assumption of a

symmetric flow for the CFD simulations is therefore

justified.

3.4. Experiments on a 1.2 MW boiler

Table 4 summarizes the results. The emission limit value of the

Swissordinanceonairpollutioncontrol (OAPC) [30]of250mgmn
�3

at an oxygen volume fraction of 11% is clearly undercut for all

cases including the reference case. The analyzedmeasures show

the same behavior for full load and part load conditionswith the

following trends [4], which confirm the CFD-calculations:

� Decreasing the total cross sectional area of the secondary

air nozzles by 50% and therefore increasing the effective

momentum flux ratio (case SA-3) results in a reduction of

the CO emissions of 34%.

� In the same time the optimal operating point is reached at

lower excess air ratio thus resulting in an increased com-

bustion efficiency.

� Doubling the number of secondary air nozzles while

maintaining the total cross sectional area (case SA-8) im-

proves the CO-emissions by 62% even at lower effective

momentum flux ratio without increased pressure loss.
ments in the scaled model (right). The figures show the in-

normalized with the mean velocity in the post combustion

scaled model) and the coordinate system with the height of

HPCC ¼ 33.5 mm for scaled model). For the CFD-calculation

s a symmetric flow is assumed.

http://dx.doi.org/10.1016/j.biombioe.2015.02.033
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Fig. 15 e Comparison of CFD-calculations (left) with PIV-measurements in the scaled model (right). The pictures show the

normalized in-plane velocity in the central symmetry plane for the reference case. In the PIV measurement data for _z>3:4

are not available due to a limitation of the optical access at the cold flow model.
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� A compromise of both measures with 50%more secondary

air nozzles and halved nozzle cross section, while main-

taining the effective momentum flux ratio (case SA-10),

decreases CO emissions by 74%.

Fig. 16 shows the measured CO mean values at an excess

air ratio of ltot ¼ 1.8 as a function of the load. The lowest

values for the optimized cases are achieved at loads between

50% and 60% (Fig. 16). The case SA-10 exhibits the best results

with CO values below 15 mg mn
�3 at an oxygen volume frac-

tion of 11% and an excess air ratio of ltot ¼ 1.8 over the whole

load range (Fig. 16). At the same time the optimal excess air

ratio is reduced by 0.2, i.e. from ltot ¼ 1.7 to 1.5, thus enabling

a higher combustion efficiency [4]. In addition, a more stable

operation at part load and with high moisture content is

expected.
4. Conclusions

Experimental investigations on channel flows in scaled

models by PIV and image analysis show that the effective

momentum flux ratio MReff is a key similarity factor for

confined jets in cross flow JICFs, as it influences the pene-

tration depth, the cross sectional area of the jet, and the

mixing between the gas flows (here the secondary air and the

wood gases). With increasing MReff the jet's penetration
Table 4 e Values of CO concentration in the flue gas for differe
comparison to the reference case (results at part load (in italics
Total cross sectional area of secondary air nozzles; DJ: Nozzle d
air nozzles; Ref: Reference case; SA: Secondary air.

Case NJ/NJ,ref [e] DJ/DJ,ref [e] AJ,tot/AJ,tot,ref [e] Load

Ref 1 1 1 3

9

SA-3 0.71 0.5 3

9

SA-10 1.5 0.71 0.75 4

8

SA-8 2 0.71 1 4

8

depth and cross sectional area in the far field of the jet's
nozzle increase thus leading to an improved mixing perfor-

mance. In case of a single-sided air injection, a maximum

mixing performance is achieved for approximately 50%

penetration depth. A further increase of the penetration

depth is disadvantageous since the cross section of the

injected secondary air is shifted towards the opposite chan-

nel wall, leading to an uncovered area at the side of injection.

Consequently, a maximum mixing performance is achieved

for 0.1 < MReff < 0.2 in case of single sided air injection, while

for opposite air injections higher MReff are also applicable,

since the penetration depth is limited at 50% due to the

collision of the jets.

For the investigated 1.2 MW grate boiler, an improvement

of the secondary air injection can either be achieved by

increasing the effectivemomentum flux ratio fromMReff ¼ 0.3

to MReff ¼ 0.4 (i.e., by reducing the diameters of the secondary

air nozzles at higher pressure loss) or by increasing the

number of secondary air nozzles and therefore improving the

distribution of the secondary air. For practical implementa-

tion, a combination of both measures leads to most favorable

combustion conditions enabling a reduction of the CO emis-

sions by a factor 4. Thereby it is possible to maintain stable

operation conditions from slightly below 30% to 100% of the

nominal load. At an excess air ratio of ltot ¼ 1.8 CO emissions

below 15mgmn
�3 at an oxygen volume fraction of 11% over the

whole load range are achieved.
nt secondary air nozzle arrangements and loads in
) and at full load), measured on a 1.2 MW grate boiler. AJ,tot:
iameter; ltot: Total excess air ratio;NJ: Number of secondary

[%] CO @ltot ¼ 1.8 [mg m�3] CO/COref @ltot ¼ 1.8 [%]

7 44 100

0 47 100

9 37 84

4 31 66

0 14 32

5 12 26

7 27 61

8 18 38
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Fig. 16 e Influence of secondary air injection type on mean

CO concentration of the flue gases at ltot ¼ 1.8 as function

of load L for different cases, including the OAPC-value.

OPAC: Swiss ordinance on air pollution control; Ref:

Reference case; SA: Secondary air.
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Nomenclature
Notation

x scalar

x vector

x mean (temporal, spatial)
_x temporal derivative

x* normalized scalar

Dx difference (temporal, spatial)

Roman letters

A cross sectional area [m2]

A parameter [e]

B parameter [e]

C constant [e]

cP molar concentration of products [mol/m3]

cR molar concentration of reactant [mol/m3]

D diameter [m]

MR impulse flow density ratio [e]

MReff effective impulse flow density ratio [e]

k turbulent, kinetic energy [J/kg]

L load [e]

L length [m]

LJ,∞ jet's length scale in the far field [m]

Lk Kolmogorov length scale [m]

m mass [kg]
M molar mass [g/mol]

MP mixing performance [e]

N number [e]

p pressure [Pa]

Re Reynolds number [e]

Rn specific reaction rate of reaction n [mol/(s m3)]

RPn product limiter of reaction n [mol/(s m3)]

RRn reactant limiter of reaction n [mol/(s m3)]

TF flame temperature [K]

TR reaction temperature [K]

u velocity [m/s]

V volume [m3]

VR volumetric flow ratio [e]

x x-coordinate [m]

y volume fraction [e]

y y-coordinate [m]

yJ,∞ jet's penetration depth in the far field [m]

Greek letters

l excess air ratio [e]

3 rate of eddy dissipation [m2/s3]

n kinematic viscosity [m2/s]

nnP stoichiometric coefficient of product specie of

reaction n [e]

nnR stoichiometric coefficient of reactant specie of

reaction n [e]

x mixing ratio [e]

r density [kg/m3]

Indices

∞ infinite (time, distance)

CC combustion chamber

crit critical

J jet flow

M main flow

max maximum

min minimum

PA primary air

PCC post combustion chamber

ref reference

SA secondary air

tot total

Abbreviations

CC combustion chamber

CFD computational fluid dynamics

CH4 methane

CO carbon monoxide

CO2 carbon dioxide

DTM discrete transfer model

EDM eddy dissipation model

ESP electro-static precipitators

EXP experimental

FG flue gas

FWHM full width at half maximum

H2 hydrogen

H2O water

JICF jet in cross flow

ND-IR non dispersive infrared sensor

O2 oxygen

OAPC ordinance on air pollution control
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PA primary air

PCC post combustion chamber

PIV particle image velocimetry

SA secondary air
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