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10.1 INTRODUCTION

Even with the advent of very fast digital computers and algorithms for solving the Navier-Stokes
equations, engineering fluid mechanics still rely to a large extent on empiricism. For example, the
majority of flows of practical interest are turbulent in nature. With the technology of today, the
Navier-Stokes equations can actually be directly solved for some turbulent flows (typically, low
Reynolds number) using direct numerical simulation (DNS) algorithms. But for most flows of
engineering interest, DNS methods are not practical, and solving the Navier-Stokes equations
requires an empirically derived turbulence model. Therefore, the point to be made here is that for
the foreseeable future, empirical methods will likely continue to hold an important place in
engineering fluid mechanics.

A powerful method for analyzing complex flows is scaled physical modeling. In some cases,
scaled physical modeling can be conducted more quickly and cost effectively than computational
fluid dynamics (CFD) modeling. Often, scaled physical modeling and CFD modeling can be used
to complement one another, so that by using them together, problems can be solved that would be
either too difficult or too costly to solve using either physical or CFD modeling alone.

Scaled physical modeling relies on the techniques of dimensional analysis, which predate
numerical methods for solving the Navier-Stokes equations by at least 50 years. The primary benefit
of using dimensional analysis is that of reducing the number of experiments required to characterize
a flow phenomenon using physical modeling. The following example illustrates the power of
dimensional analysis to reduce what could be a formidable task into a manageable one.
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FIGURE 10.1 Flow through an inverted nozzle.
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FIGURE 10.2a Pressure-velocity-diameter relationship.

To characterize the static pressure drop (P, — P,) through an inverted nozzle, such as shown
in Figure 10.1, a brute-force approach would be to conduct a large number of experiments
varying d,, d,, and V,, while measuring P, and P, for each experiment. The result would be
developing numerous curves as shown in Figure 10.2a, where each curve represents a large
number of tests for fixed values of dd,. If d, were varied, then the set of curves shown in
Figure 10.2a would need to be regenerated. It can easily be seen that to characterize the system
for a wide range of the correlating parameters (d,, d,, V|, P,, and P,), a very large number of
tests would be required.

A better approach, which would eliminate many experiments while accomplishing the same
objective, is to nondimensionalize the governing equation and define a pressure coefficient. The
governing equation for flow through the inverted orifice is the energy equation with a loss term,
which is equivalent to Bernoulli’s equation with an energy loss term:

1
Pl+%pV]2:P2+%pV§+KLEpV,2 (10.1)
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The velocity ratio V,/V, is a function of d,/d,, and the loss coefficient K| is essentially only a
function of d,/d, and the Reynolds number (pV d,/1). A dimensionless pressure coefficient C, can
be defined as:

c-h-h (10.2)
P15
2PV
Therefore, Equation 10.1 can be expressed as:
¢ = 1;1—% zfl(dl]_uﬂ(dl, P"ldoj (10.3)
*pVIZ dy d, u
2
where:
V, = velocity of the fluid upstream of nozzle

p = density of the fluid
u = dynamic viscosity of the fluid
d,, d, = dimensions shown in Figure 10.1

and C, is seen to be only a function of d /d,and Reynolds number (pV,d/). The dimensionless
pressure coefficient (C)) represents the ratio of pressure forces to inertial forces.

Instead of conducting many experiments varying d,, d,, and V| to develop families of curves,
fewer curves can be developed requiring significantly fewer tests. The curve in Figure 10.2b was
generated at a constant Reynolds number, and it contains similar information as shown in Figure
10.2a, except that it is expressed in a nondimensional fashion. By nondimensionalizng the problem,
the number of correlating parameters can be reduced from five (d,, d,, V|, P,, and P,) to three

FIGURE 10.2b Nondimensional pressure coefficient.
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(C,, Reynolds number, and d,/d,). This example demonstrates the power of dimensional analysis
to reduce the number of correlating parameters to the minimum required, and also to significantly
reduce the number of tests required to characterize a flow problem. As discussed in the following
chapter sections, above a certain Reynolds number, C, does not vary significantly with Reynolds
number for many geometries.

10.2 METHODS OF DIMENSIONAL ANALYSIS

The example of the previous section clearly illustrates the need for using dimensional analysis to
conduct flow-modeling studies. There are several good references on dimensional analysis, such
as Fox and McDonald' and De Nevers.” The Buckingham Pi theorem provides the framework and
methodology for determining the pertinent dimensionless parameters for a given flow scenario.

10.2.1 BuckiNGHAM Pi1 THEOREM

For a physical fluid flow problem where a dependent variable is a function of n — 1 independent
parameters, the relationship between the parameters can be expressed as:

q, =14, 43, 4455 q,) (10.4)

where, g, is the dependent parameter and g,, g5, q,, ..., g, are independent parameters. The relation-
ship can be expressed equivalently as:

804> 45 43 445 ---» q,) =0 (10.5)

The Buckingham Pi theorem says that when a relationship such as Equation 10.5 exists between
n parameters, the parameters may be grouped into n —m dimensionless and independent ratios (I1
parameters). A set of I parameters is not independent if any of them can be expressed as a product
or quotient of the others.

In addition, the Buckingham Pi theorem states that these n — m dimensionless ratios can be
expressed in either of the following functional forms:

G, 1L, I, I1,,..., IT_ y=0
or
Hl = GZ(HQ’ HS’ H49---’ Hn—m)

The number m is often, but not always, the minimum number of independent (or primary)
dimensions required to specify the dimensions of the ¢q,, q,, g,,..., g, parameters. Examples of
independent (or primary) dimensions are mass, length, and time. Force and energy are not primary
dimensions because they can be expressed as products and quotients of mass, length, and time.
The Buckingham Pi theorem does not state what the function form of the IT,, IL, I, IT,,..., TI
parameters will be. This functional form must be determined through experimentation.

n—m

10.2.2 MetHOD FOR DETERMINING THE IT GRrOUPS
The following is a systematic method for determining the IT groups:

Step 1. Develop a list of all pertinent parameters. If it is questionable whether or not a parameter
is involved, it is prudent to list it, thereby reducing the likelihood of missing pertinent

© 2003 by CRC Press LLC



parameters. One of the parameters will be the dependent parameter, and it should be
identified. Let n be defined as the number of pertinent parameters.

Step 2. Define the primary dimensions (mass, length, time, etc.) for the problem.

Step 3. Express each parameter in terms of its primary dimensions. Let r be defined as the
number of primary dimensions required to define the problem.

Step 4. From the list of dependent parameters (Step 1), find a number of repeating parameters
equal to the number of primary dimensions . These repeating parameters should include
all the primary dimensions from Step 2. The repeating parameters should be selected such
that they cannot be combined internally into a dimensionless group.

Step 5. Combine the repeating parameters with each of the remaining parameters to form n — m
dimensionless groups (Il parameters). Usually, m is equal to the number of primary
dimensions r.

Step 6. Verify that each Il parameter is dimensionless.

10.2.3 ArpPLICATION OF THE BUCKINGHAM P1 THEOREM

This section applies the Buckingham Pi theorem to the previously discussed problem for charac-
terizing pressure drop for flow through an inverted nozzle shown in Figure 10.1.

Step 1. Dependent parameter: AP, where AP = P, — P,

Independent parameters: V, p, d,, d,, L (n = 6 parameters)

V= velocity of the fluid

p = density of the fluid

u = dynamic viscosity of the fluid
d,, d, = dimensions shown in Figure 10.1

Step 2. Primary dimensions: M (mass), L (length), 7 (time) (r = 3 dimensions)

Step 3. Expressing each parameter in terms of its primary dimensions:

M L M M
¢ v

d,d:

0°

p

Step 4. Find r repeating parameters: V, p, and d,,

Step 5. Combine the repeating parameters with the remaining parameters to form n — m, where
m = r, dimensionless groups or IT parameters.

I, = (AP)p“Vd

Lo o MY MY(LY,
Substituting primary dimensions for each parameter, II, = 73V (L)
Step 6. To make I1, dimensionless, the exponents for each primary dimension are summed and
equated to zero:

M:a+1=0
L:-1-3a+b+c=0
t.-2-b=0
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Therefore, a = —1, b = -2, and ¢ = 0, and the first I parameter is shown below:

AP

I, = sz

Typically, AP is made nondimensional by dividing by dynamic pressure; therefore:

AP
1 2
—pV
5P

1. =

1

A similar process is conducted for the remaining IT parameters,
I, =up’v’d@; and TI,=dp'V’d;

The remaining IT parameters become:

The II, parameter is the pressure coefficient (C), I1, is the Reynolds number, and I1, is the
diameter ratio for the orifice. Therefore, Cp =F(Re No.,d—‘) , where the functional relation-
ship must be determined through experimentation. ‘

10.3 DIMENSIONAL ANALYSIS AND MODEL STUDIES

When performing a scaled model study of fluid flow phenomena, the model test should yield useful
information on forces, pressures, and velocity distributions that would exist in the full-scale pro-
totype. For the model to produce useful information on forces, pressures, and velocities, it must
be similar to the prototype in certain respects. There are three similarity types that can be required
of a model with respect to the prototype: geometric similarity, kinematic similarity, and dynamic
similarity.

Geometric similarity requires that the model and prototype be of the same shape. In addition,
the ratio of model dimension to prototype dimension should be a constant scale factor throughout
the geometry.

Kinematic similarity requires that velocities be in the same direction at all points in the model
and prototype. An additional requirement is that the ratio of model velocity to prototype velocity
be a constant scale factor for all locations in the geometry, so that flows that are kinematically
similar have similar streamline patterns. Because boundaries of the geometry determine the bound-
ing streamlines, flows that are kinematically similar must also be geometrically similar.

The third type of similarity is dynamic similarity, which exists when model and prototype force
distributions are in the same direction (i.e., parallel) and the ratio of the magnitudes is a constant
scale factor. Dynamic similarity requires that both geometric and kinematic similarity exist between
the model and prototype. To achieve dynamic similarity, all forces (pressure, viscous, surface
tension, etc.) acting on the fluid must be considered. The dimensionless groups determined by
applying the Buckingham Pi theorem can be shown to be ratios of forces (e.g., the Reynolds number
is the ratio of the inertia force to the viscous force). This implies that to achieve dynamic similarity,
all of the pertinent dimensionless groups must be matched between the model and the prototype
(For example, Re No., ., =ReNo. . ). As discussed in a subsequent section, in practicality for
many model studies, complete dynamic similarity cannot be achieved but it is still possible to use
the model test results to accurately predict forces and pressures in the prototype.
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10.4 AIRFLOW REQUIREMENTS FOR PROPER BURNER OPERATION

Up to this point, the need for dimensional analysis and the associated methods and theory have
been discussed in some detail. Additionally, Chapter 10.3 discussed how dimensionless analysis is
applied in conducting physical flow modeling studies. This section discusses the application of
flow model studies for burner design.

There are three very important factors related to airflow for burner designers:

1. For multiple burner units, each burner should receive an equal amount of airflow. For
units with FGR (flue gas recirculation), this implies that each burner should also receive
the same amount of FGR.

2. The velocity distribution entering each burner should be uniform around the periphery
of the air inlet.

3. The airflow in the burner should not have swirl caused by the conditions of the air as it
enters the burner. Most burners, by design, generate swirl in the air after it has entered
the burner, but the airflow inlet conditions should not generate swirl.

As a result of many observations of multiple-burner, oil and gas firing equipment, on a wide
range of boiler designs, it has been concluded that the proper airflow distribution to each burner
is essential in order to control flame shape, flame length, excess air level, and overall combustion
efficiency. Proper airflow distribution consists of equal combustion airflow between burners, uni-
form peripheral velocity distributions at the burner inlets, and the elimination of tangential velocities
within each burner. If the unit has been designed with windbox FGR, the O, content must be equal
between the burners, and this is accomplished by balancing the FGR distribution to each burner.
Considering that air in the combustion process accounts for approximately 94% of the mass flow,
numerous observations on boiler combustion systems have shown that correct airflow distribution
is a key factor in the achievement of high performance (low NOx, low O,, and low CO). The
concept of equal stoichiometry at each burner results in the minimum O,, NOx, and CO. The most
direct way to achieve this is to ensure equal distribution of air and fuel to each burner. Airflow
distribution is difficult because it requires a reliable and repeatable flow measuring system in each
burner, and a means to correct the airflow without disrupting the peripheral inlet distribution or
adding swirl to the airflow.

The remainder of this section explains how each of the three airflow factors relates to a specific
burner performance parameter. To achieve the lowest emissions of NOx, CO, opacity, and partic-
ulate, at the minimum excess O,, equalization of the mass flow of air to each burner is required.
Mass flow deviations should be minimized to enable lower post-combustion O,, CO, and NOx
concentrations. The lowest post-combustion O, concentration possible is constrained by the burner
most starved for air. This starved burner will generate a high CO concentration and, consequently,
the total O, must be raised to minimize the formation of CO in that burner. By equalizing the
airflow to each burner and ensuring that the fuel flow is equal, the O, can be lowered until the CO
starts to increase equally for all burners. Lower O, not only lowers NOx formation, but also results
in higher thermal efficiency. The goal is to reduce the mass flow differences between burners (in
the model) to within 2% of mean. Obviously, this goal becomes inconsequential if the boiler has
only one burner.

Flame stability is a very important aspect of the burner and one that appeals to the boiler
operator. Flame stability is enhanced in the model by controlling two parameters: peripheral
distribution of airflow at the inlet and the inlet swirl number. Flame stability is primarily controlled
in the burner design but must be supported by proper inlet conditions. The equalization of the
peripheral air velocity at the burner inlet will result in equal mass flow of air around and through
the periphery of the flame stabilizer. The flame stabilizer will tend to equalize any remaining flow
deviations because of the high velocity developed in this region of the burner throat. The result of
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an equal air mass flow distribution through and around the flame stabilizer will be a fully developed
and balanced vortex at the center of the outlet of the flame stabilizer. Flame stability and turndown
of the burner depend on the condition of this vortex and its attachment to the flame stabilizer.
Nonuniform peripheral inlet velocities result in an asymmetrical vortex, which can lead to a
multiplicity of problems. An asymmetrical vortex behind the flame stabilizer can lead to a flame
that has poor combustion performance and is more sensitive to operating conditions: turndown
might be limited, combustion-induced vibrations might be experienced, FGR might cause flame
instability at lower loads, light-off by the ignitor might be more difficult, and flame scanning might
show increased sensitivity. Another consideration is that low-NOx burners rely on injection of fuel
at precise locations within the burner airflow, and thus it is imperative that the proper airflow be
present at the injection locations. A goal in the model is to reduce peripheral airflow deviations to
+10% at each burner entrance.

Swirl number is an indication of the rotational flow entering the burner. The creation of swirling
air is a fundamental requirement of all burners. Louvered burners create this swirl by rotating the
entire air mass. Unfortunately, this creates a problem at high turndown rates. At low loads (e.g.,
10% of full load heat input), excess O, is typically 11 to 13%. By swirling the entire air mass, the
fuel is diluted to the point where flame stability becomes marginal. Swirling air entering louvered
burners (not created by the burner louvers) can result in different burner-to-burner register settings
to obtain uniform swirl intensity at each burner. The differing register positions consequently affect
the air mass flow at each burner.

An axial flow burner operates on the principle of providing axial airflow through the burner
and developing a controlled swirling vortex of primary air at the face of the smaller, centrally
located flame stabilizer (or swirler). This concept maintains a stable flame at the core of the burner
by limiting dilution at high turndown rates. The secondary air that passes outside the flame
stabilizer, however, is most effective if it is not swirling (which is the concept behind “axial
flow” burners). Swirling secondary air increases the dilution of the fuel and limits turndown. A
goal in the model, for both the louvered burner and the axial flow burner, is to eliminate any
tangential velocities entering the burner. The only swirl present must be that created by the burner
itself.

The thermal NOx from a burner increases exponentially with an increase in flame temperature.
The introduction of FGR into the combustion air increases the overall mass of the reactants, and
hence the products, in the combustion process. The increased mass, as well as the increased reactant
diffusion time requirement, reduce the overall flame temperature. The burner with the least amount
of FGR will theoretically have the highest flame temperature and will therefore have the highest
NOx. Likewise, the burner with the highest amount of FGR will theoretically have the lowest flame
temperature and lowest NOx. However, due to the exponential nature of the NOx—temperature
relationship, given an equal FGR deviation (e.g., £10%) between two burners, the higher NOx
values from the low FGR burner will outweigh the lower NOx values from the high FGR burner.
Minimizing the FGR deviations will even out the flame temperatures and therefore minimize the
overall NOx formation rate.

To achieve the goals described above, a scaled aerodynamic simulation model, similar to the
one shown in Figure 10.3, can be constructed and tested, based on the physical dimensions and
flow rates within the field unit. The model shown in Figure 10.3 is for a 24-burner opposed wall-
fired utility unit, equipped with FGR and over-fire air (OFA). A scale model constructed of Plexiglas
allows for full visualization of the airflow within the windbox/burner configuration and existing
ductworks. The goals of the model are primarily accomplished by installing secondary air duct and
windbox baffles. The modeler determines the location of baffles and turning vanes within the
combustion air/FGR supply system. An additional goal of the modeling is to have minimal impact
on the combustion air/FGR supply system pressure drop. This minimizes the effects on the unit
fan performance.
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FIGURE 10.3 Windbox model for 24-burner utility boiler.
In summary, the airflow modeling should have four primary goals:

1. To reduce the mass flow differences between burners (in the model) to within 2% of
mean

2. To reduce peripheral airflow deviations to £10% at each burner entrance

3. To eliminate any tangential velocities entering the burner, so that the only swirl present
must be that created by the burner itself

4. To accomplish the first three modeling objectives with minimal impact on overall com-
bustion air/FGR supply system pressure drop

Mass flow deviations from average are shown in Figure 10.4 for a 24-burner utility boiler, and
the modeled deviations were within £2%. Also shown in Figure 10.4 are field results on the boiler
after correcting the windbox airflow, and mass flow deviations measured in the field were within
approximately £5%. A result of meeting the four airflow modeling goals described above is flame-
to-flame similarity. Figure 10.5 shows modeled peripheral velocity distribution results for a boiler
before and after correction. As seen, the peripheral velocity distribution was very poor before
correction. Also shown in Figure 10.5 are flame photographs before correction, and there is a direct
correlation between the airflow maldistribution and an unevenly distributed flame shape.

10.5 USING SCALED MODELING FOR ACHIEVING PROPER
BURNER AIRFLOW

No modeling work can produce an exact model of reality unless an exact model of the full-scale
situation (i.e., another boiler) is made. As discussed in Chapter 10.3, to achieve dynamic similarity,
all pertinent dimensionless groups must be matched between the model and the prototype. For
airflow modeling of the windbox, connected ductwork, and the burners, geometric and kinematic
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FIGURE 10.5 Effect of peripheral airflow distribution on flame shape.
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similitude should be achieved with the scaled model. To achieve dynamic similitude, there are two
dimensionless parameters that must be matched: the Reynolds number and the pressure coefficient
C,. This can be verified by applying the Buckingham Pi theorem, which results in Equation 10.6:

Re No‘model =Re No'prototype and Cp model — Cp prototype (106)
where:
ReNo.=2" and ¢ = AP
14 lpVZ
2

Air is typically used as the working fluid in the model and the prototype. The model air
temperature is typically around 100°F and the prototype air temperature is typically around 530°F
(for preheated air). Equating Reynolds numbers, this yields the following relationship between
velocities and geometrical dimensions for the model and prototype:

L
@ = 0'37192[13“0%5] (10.7)

prototype ‘model

Model scale is usually around 1/12 (L, ne/Linode = 12) because of physical size constraints, which
suggests that:

Vmodel =45

prototype

Prototype duct velocities are typically around 50 ft/sec; this suggests that the model velocity
would be in excess of 200 ft/sec to achieve complete dynamic similitude. An air velocity of 200
ft/sec becomes a bit impractical for Plexiglas model construction, and 200 ft/sec would introduce
unwanted compressibility effects into the test results. Compressibility effects would result in the
model and prototype no longer being kinematically similar, and would require that pitot tube
measurements be corrected. For most, if not all, of the losses encountered in windbox and burner
geometries, the loss coefficients are relatively constant above a certain Reynolds number. The
airflows for windboxes, burners, and associated ductwork are well into the turbulent regime, and
it is reasonable to assume that loss coefficients are relatively constant. Therefore, an approach that
has been used successfully on many modeling studies is to operate the model at the same velocity
as the prototype. The result is that the pressure coefficient C, will be the same for the model and
prototype, which implies that the pressure losses in the model will match those in the prototype.
Therefore, experience has shown that although complete dynamic similarity cannot be achieved, it is
still possible to use the model test results to accurately predict forces and pressures in the prototype.

10.6 CHARACTERIZATION OF BURNER SWIRL

As discussed, it is important to eliminate the swirl in the burner caused by swirl in the air entering
the burner or by a nonuniform peripheral velocity distribution at the inlet. To characterize burner
swirl, a swirl number can be computed based on the ratio of angular momentum to the axial
momentum. Beer’ recommends an equation for swirl number as given by:

R
J (Wr)pU2rnrdr
S =g (10.8)
RJ. UpU2mrdr
0
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where:
W = tangential velocity
U = axial velocity
p = fluid density
R = burner radius
S, = swirl number

Experimental studies have shown that the swirl number, as shown above, is an appropriate similarity
criterion for swirling jets, produced by geometrically similar swirl generators. Therefore, the swirl
number (S,) as given by Equation 10.8 can be used to characterize swirl intensity in the burner. As
discussed, the swirl number can have a significant effect on the flame behavior. The North American
Combustion Handbook* provides the following approximate rules, applicable to gas and oil burners.
The change in swirl from one category to the next typically has a significant effect on flame shape.

S~ 0.3 (Moderate Swirl)

S, > 0.6 (Considerable Swirl)
S > 1 (High Swirl)

S, > 2 (Very High Swirl)

10.7 TECHNIQUES FOR BURNER MODELING

The discussion of scaled modeling to this point has focused on simulating airflow within the
windbox and through the burner without regard for what happens downstream of the burner. Care
mustbe taken to accurately model the jet leaving a burner where combustion takes place. An abrupt
change in density occurs as a result of burning the fuel/air mixture. This change in density
significantly affects the jet momentum and its rate of entrainment and, therefore, the shape of the
jet, as shown in Figure 10.6. Without combustion, capturing the physics in the scaled model poses
a problem. Three techniques will be discussed for modeling the important fluid mechanical char-
acteristics of a combusting jet with a scaled isothermal jet:

1. In the Thring-Newby’ method, it is assumed that the momentum of the burnt gases
controls the fluid mechanics in the furnace. To achieve this hot gas momentum with an
isothermal model at room temperature, the model nozzle is exaggerated.

2. The Zelkowski® method attempts to improve upon the Thring-Newby method by using
a nozzle that is not as exaggerated, but is displaced back a certain distance.

3. The Davison’ method (or Gauze method) uses a strategically placed wire mesh with a
certain resistance to artificially create the correct jet shape. The model nozzle is scaled
geometrically.

Based on experimental evidence, the Gauze method tends to produce the most accurate results.
Therefore, more discussion will be devoted to this method.

10.7.1 THE THRING-NEWBY METHOD FOR BURNER MODELING

As shown in Figure 10.6, the flame front causes the jet to expand, which increases the jet momentum.
The Thring-Newby’ method assumes conservation of momentum and attempts to account for this
increase in jet momentum by enlarging the nozzle area. Using dimensional analysis, the two
important dimensionless groups are:

2

ReNo. =@ and %
il Ap,
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FIGURE 10.6 Combustion jet and isothermal jet boundaries.
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where:
L = characteristic dimension
A = model nozzle area
p; = gas jet density at the flame front

p, = gas density at the nozzle

Anson® indicates that (Re No.), 4 Can be smaller than (Re No.)prototype by a factor of 50 with
no significant effect on results. Therefore, it is possible to neglect the Reynolds number and only
consider the remaining dimensionless group. Neglecting the Reynolds number, the similarity
requirement is given by Equation 10.9:

2 2
[Lpf] =(Lpf] (10.9)
Ap 0 /model Apo prototype

The model scale factor is defined by:

SF= Lprololype

L

‘model

The working fluid in the model is air; thus, for the model, p; = p,. This results in the following
relationship for enlarging the nozzle size using the Thring-Newby method:

Amodcl — 1 & ( 10.1 0)
A (SF)?
prototype

prototype p f

The model inlet velocity is typically the same as in the prototype, so that with the enlarged
inlet area, the Thring-Newby jet maintains the same momentum of the hot combustion gases at the
flame front. Figure 10.7 shows a schematic comparing the Thring-Newby jet with a typical flame
shape. The velocity profile at a given cross section is a function of the centerline velocity, which
depends on the length of the potential core of the jet. The length of the potential core depends on
the nozzle size. Therefore, because of the enlarged nozzle size, the velocity profiles from using the
Thring-Newby’ method are in error.

10.7.2 THE Zetkowski METHOD FOR BURNER MODELING

Because the nozzle is enlarged with the Thring-Newby method, the length of the potential core is
considerably longer than for the actual burner jet. This results in an error in the Thring-Newby
velocity profile, which has been estimated by Zelkowski.® Figure 10.8 shows the velocity profile
error as suggested by Zelkowski, and Equation 10.11 shows how the velocity error can be calculated.
Zelkowski developed a new model to minimize the error as shown by Equation 10.11:

CEML
ML

VELOCITY ERROR = (10.11)
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FIGURE 10.7 Thring-Newby jet boundaries.
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Schematic of Comparison Between Thring-Newby & Actual Velocity Profiles
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FIGURE 10.8 Thring-Newby velocity errors.

The new model uses a nozzle smaller than that used by Thring-Newby and the nozzle is
displaced a certain distance behind the geometrically scaled location. Zelkowski has put the actual
velocity profile, shown in Figure 10.8, and a new parameterized model velocity profile into Equation
10.11, and then found parameters for the new profile that minimize the velocity error (Equation
10.11). Included in the parameters solved for are nozzle size and the distance displaced behind the
actual location.

10.7.3 THe DAvibsoN (GAuzeE) METHOD FOR BURNER MODELING

The Davison method (or Gauze method)’ uses a strategically placed wire mesh with a certain
resistance to artificially create the correct jet shape. In the following discussion, two limiting cases
are discussed. The first case is a confined jet, and the second case is an effectively free jet, as
shown in Figure 10.9 and Figure 10.10, respectively. The wire grid causes the jet to expand which
simulates the expansion created by the flame or combustion front. As stated above, in the Gauze
method, the model nozzle is scaled geometrically. The authors recommend maintaining the same
nozzle velocity in the model and prototype, as shown in Equation 10.12:

V

0,model = V(),prototype (10 12)
The primary reason for this is to prevent significant compressibility effects from occurring. Davison
seems to recommend scaling the prototype nozzle velocity (V;, ...) by the density ratio (p,/py).
A typical value of V,, . is 100 to 150 ft/sec; therefore, V;, .., would easily be around 500 ft/sec,
which would introduce significant compressibility effects.
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FIGURE 10.10 Free combustion jet.

10.7.3.1 Case A: Free Jet

In the free jet (Figure 10.10), the static pressures at locations 0, 1, and 2 are all equal. The jet is
isothermal for the distance (Lg) from the entrance plane to the combustion front. The fluid momen-
tum within the isothermal region entrains surrounding fluid into the jet boundary. The flame causes
the gases to expand, which creates a drag force within the jet. The effect of the expansion is similar
to placing an obstruction in the jet flow field, as shown in Figure 10.11. If the momentum equation
is applied to a control volume around the obstruction, the drag force exerted on the fluid is given
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by Equation 10.13, which shows that the drag force on the fluid is a function of the flow areas
upstream and downstream of the obstruction.

2
D d
—=1—i=1——§ (10.13)
G, 4 d;
where:
D = drag force exerted on fluid by obstruction
G, = upstream momentum flux (product of mass flow rate and velocity)
A,, A, = flow areas upstream and downstream of obstruction, respectively
d,, d, = diameters upstream and downstream of obstruction, respectively

As stated above, for the free jet case, as depicted in Figure 10.10, the pressures at planes 0, 1,
and 2 are equal. Therefore, for the free jet, the flow area at plane 2 is inversely proportional to the
density, p, = p; ~ 1/A,. Using this result in Equation 10.13 provides a relationship for the drag
force of the wire grid, as shown in Equation 10.14:

D P (10.14)
GO pO

where:
p, = density of nozzle gas in prototype
p; = density of hot gases downstream of the combustion front in prototype

At this point, an analysis will be applied to the model with the wire grid in place. An assumption
is made that the entrained flow be neglected. Referring to Figure 10.12, the jet boundaries form
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FIGURE 10.12 Modeled isothermal free jet with wire grid.

stream tubes and Bernoulli’s equation can be applied between planes 0 and 1, and then between
planes 2 and 3. This is shown in Equations 10.15 and 10.16:

2
p-p="ol 1l 1 (10.15)
2p, | Ay Ag

m2
p-p="o| 1 1 (10.16)
~ 2p,| 42 A2

Applying the momentum equation to a control volume bounded by planes 0 and 3, and recalling
that P, = P,, yields Equation 10.17:

2 2
Mo Mo __p (10.17)
Pods Pty

where D is the drag force caused by wire grid.
If the momentum equation is applied to a control volume just surrounding the wire grid, bounded
by planes 1 and 2, Equation 10.18 is obtained:

D
P—-P=— 10.18
Ry (10.18)

If a resistance coefficient K is defined for the wire grid, the loss across the grid can be expressed
by Equation 10.19:

K m’
E_P;=E 22
PoA,

(10.19)
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Combining Equations 10.14 through 10.19 results in a relationship for the wire grid resistance
coefficient K in terms of the density ratio, p,/p,, shown in Equation 10.20:

)
K_\ P (10.20)

B
Po
Davison showed that Equation 10.20 is valid by demonstrating favorable comparisons with

experimental data. Therefore, the above assumption of neglecting entrained mass flow in the analysis
is acceptable.

10.7.3.2 Case B: Confined Jet

For this case, the jet is constrained by its surroundings, and the pressures at planes 0, 1, and 2 are
not equal. Referring to Figure 10.9, the net mass entrainment () is zero because the jet is constrained
by its walls. By applying the momentum equation between planes 1 and 2, a relationship for the
pressure drop across the combustion front is obtained. This relationship is given by Equation 10.21:

2
P-P =’"02[Po_1) (10.21)
poAf pf

The pressure drop across the wire grid in the model can also be related to a resistance coefficient,
as given by Equation 10.22:

K m’
P-p=—-20 10.22

Equating Equations 10.21 and 10.22 gives a relationship for the wire grid resistance coefficient:

K_Po_y (10.23)
2 p;

The results in Equations 10.20 and 10.23 assume that the nozzle density in the prototype and the
model are the same. If they are significantly different, then Equations 10.20 and 10.23 should be
corrected accordingly.

It should be noted that the two cases considered —the free jet and the confined jet—are limiting
cases. Many practical cases will likely lie somewhere between these two limiting cases. For
example, in the case of a large furnace with multiple burners, adjacent burners will impose some
confinement, but there will also be free jet expansion. Figure 10.13 shows a comparison between
the resistance coefficients for the two limiting cases discussed above. Figure 10.13 shows that only
for small density ratios (p,/p,), the wire grid resistance coefficients for the two limiting cases are
reasonably close to one another.

The authors are aware of at least one experimental investigation comparing the Thring-Newby,’
Zelkowski,® and Davison’ (Gauze) methods. Based on this study, it was concluded that the Gauze
model data was in good agreement with the Desbois’ model of vortex flow phenomena, applied to
corner fired furnaces. Additionally, the Gauze model data agreed reasonably well with visualization
photographs of flow in the lower furnace regions of a prototype furnace. The Gauze method appears
to produce more realistic results than the Thring-Newby and Zelkowski methods.

© 2003 by CRC Press LLC



Wire Resistance Coefficients for Gauze Method
9.0

8.0

7.0 -~

6.0 —

5.0 —-

4.0 <

3.0 S

Resistance Coefficient, K
\

2.0 -

-, — Free Jet, Case A
s — — Confined Jet, Case B

1.0 >

Note: Density ratio is ratio of nozzle gas density to hot gas density.

0.0
1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5

Density Ratio

FIGURE 10.13 Gauze method resistance coefficients.

10.8 SCALED MODELING OF FLOW-INDUCED
VIBRATION PHENOMENA

An in-depth discussion of flow-induced vibration is beyond the scope of this chapter; however,
scaled modeling can be used for diagnosing a type of flow-induced vibration problem. Therefore,
a brief discussion is given on this type of modeling. Flow-induced vibration problems can occur
when either the structure is excited at one or more of its natural frequencies or when a volume of
gas is excited at one or more of its resonance or natural acoustic frequencies. This section discusses
flow modeling of flow-induced vibration when the natural acoustic frequencies are excited by vortex
shedding.

Most steady flows (constant free stream velocity) over a bluff body, like a cylinder, typically
shed vortices at some periodic frequency in the wake of the object. An exception is if the flow does
not separate as it passes over the object. For example, for flow over a smooth circular cylinder,
periodic vortices are not shed for a Reynolds number below about 40. But for most practical flows
dealing with gases, periodic vortices will be shed. The vortices result in pressure fluctuations in
the flow field. The nondimensional parameter that governs the shedding frequency is the Strouhal
number S, given by Equation 10.24:

S, = £.DIU (10.24)

where:
f, = frequency of periodic vortex shedding

D = diameter of bluff body member
U = steady free stream velocity
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The Strouhal number varies somewhat with the Reynolds number and depends on the shape of the
object. Blevins'’ provides a summary of data showing the effects of Reynolds number and geometric
shape on Strouhal number.

As stated, a volume of gas can be excited at one or more of its natural acoustic frequencies.
When this condition occurs, sound waves reflect off duct walls to create a pattern of standing waves,
and this condition is referred to as acoustic resonance. Baird'' reported this phenomenon in 1954,
occurring in a heat exchanger at the Etiwanda Steam Power Station when the power output reached
certain megawatt (MW) levels. Baird reported that “.... The vibration was accompanied by intense
sound which could easily be heard in the concrete control room some distance away.” Based on
this example and others, the vibration energy and potential for damage is high when acoustic
resonance Occurs.

Acoustic resonance occurs when the gas is excited at one of its transverse natural acoustic
frequencies. Transverse directions are perpendicular to the duct axis and the primary flow direction.
The following equations, given by Blevins, can be used to compute the transverse natural acoustic
frequencies in rectangular and round ducts.

fw = %, Jj=12,3, ... rectangular volume (10.25)
ch, o
f . =—2L, j=1,2,3, ... cylindrical volume (10.26)
“/ 2mR
where:
b = width (or height) of the rectangular duct transverse to the primary flow direction
R = radius of the cylindrical duct
¢ =speed of sound in gas (at the conditions in the duct)
A, = dimensionless frequency parameters

J

A, =1.841, A,=3.054

1
When one of the natural acoustic frequencies matches the vortex shedding frequency (Equation
10.24), within some tolerance, the probability of acoustic resonance is high.

Investigations by Blevins'? has shown that scaled modeling can be used to reproduce the acoustic
resonance condition. For a geometrically scaled model, the two parameters that must be matched
are Mach number and the acoustic reduced velocity. Equations 10.27 and 10.28 define these two
parameters:

Mach number: (g) = (g) (10.27)
C Jmodel c prototype

Acoustic reduced velocity: (Uj = (UJ (10.28)
f L model f L prototype

where:
U = flow velocity
¢ = speed of sound in gas
f = acoustic natural frequency
L = characteristic length
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