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Heat exchangers are an essential constituent part of many combustion systems. The thermoacoustic in-
stability in such systems is a common problem and it has been studied extensively. However, the heat
exchanger has not gained much attention in the field of combustion thermoacoustics, leading to a lack
of knowledge about the thermoacoustic interactions between the burner and the heat exchanger. In this

aper, a modeling approach is introduced to st

these interactionsfin an academic representation of a
t exchanger. Both elements are
two-dimensional domain to simu-
erturbations. The thermochemical
vestigated and a method is intro-
which this method is valid are

perfi i

tance between the elements. Results show that as long as the flames do not
cer surface, a linear network modeling approach can be applied to construct

the acoustic response of the composed configuration from the responses of its constituting elements. This
approach requires registering the average velocity on a properly chosen intermediate plane between the
burner and heat exchanger. Choosing this plane may be to some point difficult, i.e. when the burner and
heat exchanger are close and cannot be considered independent. Moreover, when flame impingement
occurs, the interactions between the flame and heat exchanger affect their individual thermoacoustic be-
haviors and the burner plus heat exchanger assembly needs to be considered as one coupled acoustic
element. Particularly, flame impingement changes the phase of the heat absorption response of the heat
exchanger and it may significantly alter the acoustic properties of the coupled assembly. The physics lying
behind the effects of such interactions on the thermoacoustics of the system is discussed. The obtained
results signify that a correct stability prediction of an appliance with burner and heat exchangers requires
considering active thermoacoustic behavior of both elements as well as their interactions.

1. Introduction

Thermoacoustic instabilities are frequently present in lean (par-
tially) premixed combustion and have been studied for more than
a century [1-3]. Such instabilities may occur in various systems,
such as gas turbines, boilers and other heating systems. Many of
combustion appliances include not only heat sources (burners) but
also heat sinks (heat exchangers). In the combustion thermoacous-
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tic research, the common practice is to treat the burner as the
solely active thermoacoustic element and the other components
as passive elements (such as ducts, vessels and terminations, in-
cluding heat exchangers) [4]. One of the crucial prerequisites of
this modular method is the possibility to distinguish and separate
the “acoustic elements” from each other, and accordingly to en-
capsulate their acoustic behavior as a property of the given ele-
ment only. This paradigm is the basis of the network model ap-
proach, where the subsystems are described as linear elements
with two acoustic inputs and two outputs (two-ports), interrelated
via a Transfer Matrix (TM) or a Scattering Matrix (SM). The heat
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release response to acoustic excitation of velocity in an active ele-
ment, like burner, can be naturally described within the concept of
the thermoacoustic Transfer Function (TF). For acoustically compact
elements (where the size of the element is negligible compared to
the acoustic wavelength), the TM is related to the TF through the
heat release rate [5,6]. There are multiple examples in the litera-
ture, where this approach has proven to be productive in predict-
ing system instabilities and evaluating different measures of pas-
sive and/or active control [7-10].

On the system level, the heat exchanger is designed to absorb
most of the heat produced by the burner and create a reverse tem-
perature jump of the same order of magnitude as the burner. On
the other hand, it is well known that an acoustically forced flow
may create a fluctuating heat flux on the bodies in the flow [11,12].
Therefore, the heat exchanger may potentially be an additional ac-
tive acoustic element next to the burner in the acoustic network.
The activity of a heat exchanger can be included in the acoustic
network analysis. As an example, the authors have demonstrated
in an earlier publication that in a simple one-dimensional Rijke
burner with a flame and heat exchanger, the thermoacoustic prop-
erties of the heat exchanger can significantly alter the stability
of the system [13]. However, the aforementioned study has been
purely acoustic and considered approximated and frequency inde-
pendent transfer functions for the burner and heat exchanger, ne-
glecting any direct interactions.

On the other hand, the practical need to reduce the built vol-
ume of combustion appliances and minimize nitrogen oxides, leads
to the desire to locate the heat exchanger very close to the burner.
The smaller this distance, the more questionable it becomes to
consider the burner and the anger as two acoustically in-
dependent elements. It is kno 1
ing flames, the intense interac
leads to significant changes of]
Particularly, it was observed
noise produced by the flame
a flame to the heat exchange
transfer between the surface and hot gases. In other words, t
fluctuations induced by the flame dynamics may alter the acoustic
properties of the heat exchanger. Consequently, the thermoacous-
tic properties (e.g. TF and TM) of the combination of the burner
and heat exchanger may differ drastically from when considered
independent. Therefore, one may a-priori expect that the mutual
interactions between the burner and the heat exchanger may alter
their individual thermoacoustic properties. Consequently, the direct
interactions (hydrodynamic, heat transfer and chemical reactions)
will impose a range of implications for the acoustic network mod-
eling of a combustion system with interacting burner and heat ex-
changer.

The practical relevance, fundamental interest and shortage of
knowledge about the burner-heat-exchanger thermoacoustic inter-
actions has stimulated the present research. The ultimate goal of
this investigation is to elucidate the physical nature of burner-heat-
exchanger interactions in respect to their thermoacoustic behavior.
Particularly, the aim is to answer the following questions:

« What are the conditions for considering the combined TF/TM
of the burner and heat exchanger as the superposition of their
individual TF/TM’s, and how can this be done properly?

« When do the interactions between them affect the individual
TF/TM’s, and what is an applicable method to reconstruct a
combined TF/TM?

« What are the physical phenomena and governing parameters
responsible for these interactions?

To solve the formulated problem and questions, a particular
configuration is studied that consists of a bed of idealized Bunsen-
type wedge shaped (two-dimensional) premixed flames anchored
on slot perforations in a burner deck, and interacting with a

heat exchanger consisting of a series of idealized cylindrical tubes
placed downstream the burner (see Fig. 1). This academic configu-
ration is representative for the design of a majority of heating ap-
pliances and is composed of relatively simple elements which have
been intensively studied in the past on theoretical, experimental
and numerical levels [12,17-19].

CFD is chosen as the research tool because there are no con-
venient and easily measurable indicators for the oscillating rate of
heat transfer from the hot gases to the heat exchanger (unlike the
chemiluminescence of chemical radicals for flame heat release).
Consequently, within a physical experiment, it is feasible to eval-
uate the effects of the heat exchanger on the acoustic properties
of the flame, but it is difficult to detect the reciprocal effects of
the flame on the heat exchanger. This fact motivates the use of the
CFD-based analysis within the present research.

By changing the distance between the burner and heat ex-
changer, one can alter the intensity of the mutual interactions. For
large distances, no hydrodynamic interaction is expected. However,
as the distance decreases the hydrodynamic and thermal fields cre-
ated by the flame and heat exchanger begin to interact. These
interactions can be extremely intense and complicated when the
flame impinges on the heat exchanger surface. Details of the situ-
ations that may occur are discussed in the following section.

Ultimately, by studying this simplified configuration, general
conclusions are formulated regarding the physics of the processes
responsible for the interactions, considering the thermoacoustic as-
pects of this problem. The drawn conclusions are generic by nature
and can be applicable to other configurations as well.

2. Governinggphenomena of the interactions between a burner
and a downstream placed heat exchanger

ture of th
hematic ofith
ometry arefillus Fig. ymmetry has been used in or-

der to reduce the size of the computational domain and to model
the effects of the neighboring flames and heat exchanger tubes.
The mixture enters from the inlet at the bottom and the flames
stabilize on the slit perforations. The combustion products flow to-
ward the heat exchanger tubes and leave the domain at the out-
let. In addition to the dimensions mentioned in Fig. 1, other im-
portant length scales are flame height (L ~ 5mm), flame thickness
(8§ ~ 0.5mm) and the smallest acoustic wavelength (A ~ 1370 mm),
which is calculated for a maximum temperature of 2000K and
highest relevant frequency of 1000 Hz.

A-priori, for a heating appliance containing a burner and heat
exchanger and in presence of acoustic perturbations, one can fore-
see several hypothetical interaction scenarios between the two ele-
ments. These interactions are mainly governed by the distance be-
tween them and are illustrated in Fig. 2. This figure shows the flow
streamlines and the flame shape. In the limit case where the dis-
tance is sufficiently large to smoothen all non-uniformities (ther-
mal, kinetic and fluid dynamic), the heat exchanger is exposed to
a uniform flow of burned gases with the acoustic perturbations on
top of the mean flow (see Fig. 2a). In this case, the subsystems
can be treated separately from the point of view of either con-
vective fluid dynamics or acoustics. Consequently, there are no dif-
ficulties to define spatial boundaries as inlets and outlets for the
burner and the heat exchanger as the succeeding element. Usually
these boundaries are defined where acoustic waves can be con-
sidered one-dimensional and planar. It can even be necessary and
reasonable to include some extra acoustic elements, such as ducts,
to model the propagation of acoustic waves between the burner
and the heat exchanger [20].

At some level of proximity between the subsystems, either the
convective or the acoustic perturbations do not smoothen to a neg-
ligible level (see Fig. 2b). In this case, the thermoacoustic behav-

ted Burner-heat-exchanger system and
d configuration used as the simulation
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Fig. 1. A picture of the constructed burner-heat-exchanger system (a) and the geometry and dimensions (mm) of the simulation domain, the flow direction and typical flame

shape (b).

ior of the heat exchanger may be affected due to the deviations of
the incoming fluid field. This is the situation where the properties
of the flame are not yet affected by the heat exchanger, but the
acoustic properties of the heat exchanger are affected by the prox-
imity of the flame. In general, the convective and acoustic “near-
fields” of the excited flame do not have to be spatially the same.

Consequently, within this one- jon scenario some sub-
e inten
rthermyg

cases can be foreseen based on y of the effects of the

burner on the heat exchanger. , S an
acoustically well-defined interfa the' bur at
exchanger is questionable.

Finally, when the heat exchamger is so close to the at

the mean flame shape is affected, mutual thermoacoustic inter-
actions are expected (see Fig. 2c). Here, the subsystems may no
longer be acoustically separated and should be considered as one
combined element with common inlet and outlet interfaces.

Within the present contribution, the above-described scenarios
are studied in the presented setup. First, the numerical setup is
introduced concisely together with brief information about model
validation. More details on the model and its validation approach
can be found in a previous publication [21]. Next, the thermoa-
coustic properties of the burner and heat exchanger, and their
combined TFs and TM'’s are studied as functions of the distance
between the burner surface and the heat exchanger. This is the
core analysis, which is meant to reveal the change of the interac-
tion scenarios. The observed interactions are then analyzed in the
discussion section, and in conclusions, the generic features of the
interactions between the burner and the heat exchanger are re-
trieved based on the obtained results.

3. Numerical setup

The simulation domain is presented in Fig. 1. The inlet bound-
ary is set to constant velocity of 0.8 m/s, the outlet boundary to at-
mospheric pressure and the lateral boundaries to symmetric. Some
studies have suggested using a correction factor for flame expan-
sion effects [22]. However, these effects marginally alter the burner
TF and do not change the nature of the interactions and the con-
clusions to be drawn. The burner deck and heat exchanger have
isothermal boundaries set to 793 and 343K, respectively, obtained
from corresponding measurements, where the walls are thin and
the constant temperature assumption is acceptable. Nevertheless,
if a more accurate and detailed investigation is required, conju-
gate heat transfer needs to be taken into account. The grid size

is 160 um, which is refined to 40 and 20um around the heat ex-
changer and flame, respectively, in order to resolve the thermal
boundary layers and flame thickness properly.
The flow is assumed laminar and the fluid an incompressible
ideal gas, due to low Reynolds and Mach numbers. The mixture
is methane-air with the equivalence ratio of 0.8 and combustion
is modeled using the finite rate chemistry for a 2-step reaction
mechanism as described in [23]. The available Arrhenius rates are
ifie atch t p d thickness to the available
mental data (seée Secti@ll 4).,The specific heats of all individ-
ecies are obtai from te rature-dependent polynomials
3 eif viscosities and thermal uctivities using kinetic the-
ory. The corresponding properties of the mixture are then available
using the mixing law. The software package used for this work is
ANSYS® Fluent, Release 17.0.
The transfer function concept is widely used to characterize
the thermoacoustic properties of active elements driven by acous-
tic velocity in the linear regime. In the frequency domain, the
frequency-dependent TF is defined as the ratio of the relative per-
turbation of heat release or absorption, to the relative perturbation
of flow velocity,

7)/q

TF() = iy (1)
where q is the heat release or absorption, u the flow velocity and
f the frequency of the perturbation. The prime and overbar denote
the fluctuating and mean parts of the variables, respectively.

A purely acoustical concept to characterize the thermoacoustic
properties of an element is the transfer matrix, in which part of
the system is considered as a lumped acoustic element. This ap-
proach is most suitable to describe longitudinal acoustic waves in
the linear regime of oscillations [3]. The input vector of acoustic
variables can be related to the output vector via the transfer ma-
trix,

/ /

m — TM(f) m L TM(f) = [%P”Eg %‘”Eg]
downstream upstream 4 uu

(2)

where p’ and u’ denote the acoustic pressure and velocity, respec-

tively. It is known that for an acoustically compact element in the

limit of low Mach numbers, M, is the only entry that is sensitive

to the presence of an oscillating heat source or sink [22,24-26].
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This entry relates the acoustic components of the velocity down-
stream and upstream of an element, where the acoustic fields are
planar. For the sake of simplicity, the TM,, entry of the transfer
matrix (Myy) is referred to as TM in the rest of the article. The
relation between TF and TM can be derived from the Rankine-
Hugoniot jump conditions [27] and shows their linear proportion-
ality,

TM =1+ (0 — DTF, 3)

where 6 is the ratio of downstream to upstream temperatures in
Kelvins.

In order to obtain the burner and heat exchanger TF or TM,
transient simulations are performed to calculate their responses to
a block change in velocity. This is done by imposing a step function
with 5% increase in the inlet velocity as excitation. The response of
the burner and heat exchanger are then calculated using the vol-
ume integral of reaction source term and the surface integral of
heat flux through the heat exchanger wall, respectively. It is par-
ticularly checked that the time step size (10 ps) is small enough
to capture the premixed flame dynamics. It is also checked that
the perturbations are small enough to prevent nonlinearities and
can be regarded as a broadband excitation covering a wide range
of frequencies. This approach has proven to be efficient and repre-
sentative of obtaining the system response using discrete harmonic
excitations [28]. The responses of the system and its elements are
then calculated both with the transfer function and transfer matrix
approaches, according to Fig. 3 and Table 1.
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Fig. 3. A schematic of the network model for the total system showing the excita-
tion and response signals.

Table 1
The excitation and response signals used for calculating the TF
and TM of each element and the total system.
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n Fig. 3, a schematic of the system as a network model is
shown, where u and q denote velocity and heat release/absorption,
respectively. Note that the reference point for calculating TF of a
specific element is usually chosen at a distance upstream of the
element, where the acoustic waves can be assumed planar. Con-
sequently, for the burner, the combined effects of the flame and
flame holder are measured or simulated.

Figure 4 shows how the burner heat release and heat exchanger
heat absorption change with time as the velocity excitation is ap-
plied. This data is for a case where the heat exchanger is placed
far from the burner (see Fig. 2a).

Table 1 summarizes the corresponding excitation and response
signals used for calculating the TF and TM of each element and the
combined system.

4. Validation

The modified reaction parameters are first used in a one-
dimensional configuration to find the grid size required to capture
the flame thickness and laminar flame speed accurately, as well
as their dependency on the equivalence ratio and unburnt tem-
perature. The obtained data are in good agreement with the lit-
erature [29-31]. In addition, the validation of the TF of the two-
dimensional stretched flame is performed in comparison with the
work of Kornilov et al. [32]. They have provided measurement and
DNS simulation results of wedge flames stabilized on a perforated
deck. This work is chosen because the configuration is close to our
study and their results are confirmed in other independent studies
as well [22]. The comparison of the TF gain and phase is presented
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Fig. 5. The gain (a) and phase (b) of the burner TF for the experiments from
[32] (O), simulations from [32] (~--) and this study (—).

in Fig. 5. This comparison also provides a double check for the lam-
inar flame speed and flame height, since these parameters signif-
icantly affect the burner TF [22,26,32]. The results show that the
model is able to reproduce the al and numerical data
from the literature with good ag

5. Results and discussion

The results are categorized in“two parts. First, the ¢ ere
the heat exchanger is placed far downstream the burner is investi-
gated. Here the sensitivity of the location of the chosen section for
decoupling the burner and heat exchanger is studied. Afterwards,
various situations that occur when the physical distance between
the burner and heat exchanger decreases are discussed.

5.1. The heat exchanger far downstream the burner (at Y =50mm)

As can be noticed in Fig. 2, the flow accelerates across the flame
due to the temperature increase. Since the configuration is con-
fined, a velocity profile downstream the burner is formed which is
not flat (not constant in x-direction). The required distance from
the burner so that this velocity profile is flat with a maximum
deviation of 1% is defined by Y=0.05.Re’.s, where s is the pitch
between the slits (4mm in Fig. 1b) and Re’ is the Reynolds num-
ber (based on the velocity downstream the slits and two times the
pitch) [33]. This minimum length is calculated equal to 30 mm (6L)
for the geometry and conditions under investigation. This location
(Y=30mm) is 20 mm (>6D) upstream of the heat exchanger tube,
which is far enough for the flow not to be affected by the con-
traction between the tubes. Therefore, this location is chosen as a
mid-section for splitting the system into the burner and heat ex-
changer subsystems, when they are far from each other. Figure 6
shows a schematic of the splitting section and related dimensions.

The Helmholtz number is described as He=2ml/A, where [
is the corresponding length and A is the acoustic wavelength
[34]. For 30mm length and the smallest acoustic wavelength of
A=1370mm (see Section 2), the Helmholtz number is less than
0.14. This shows that the subsystems after splitting are still acous-
tically compact.

w
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splitting r 6.7D

section

Fig. 6. Schematic of the split and related dimensions (mm).

The total TF can be calculated theoretically using the energy
balance in the system and it is not simply the sum or a weighted
sum of the burner and heat exchanger TFs. Assuming linearity of

the system and img the heat balance we have,
(jhex )
qt urner q,hex
n the definition of TF and some algebraic manipulations
culat

Qburner qhex
TFbumer

total total

TFheX TFumld Ui *

Ftoml =
Here TFumicI_“in is a veloc1ty—to-velocity transfer function be-
tween the inlet velocity and the velocity downstream of the burner
(upstream of the heat exchanger). It can be related to burner TM

using the velocity ratio uj,[uy,;. This ratio is equal to 1/6 for an
incompressible ideal gas. Therefore, using Eq. (3) we have,

mid

TFum,-d—u,v,, = (uum >TMburner = (% (l + (9 - l)TFburner)

1 9 1
= g 6 —— Thsurner,

so that we have,
Aburner Qhex 1 0-1
TEota = TE — TF -+ ——TFk .
total ( qtotal ) burner — <qtotal ) hex (9 0 burner
(4)

Figure 7 illustrates the gain and phase of the TF of the burner,
heat exchanger and total system using both the CFD results and
Eq. (4). Here, the heat exchanger TF is calculated using the veloc-
ity fluctuations at the splitting section. The gain of the burner TF
has an overshoot at 300Hz which is due to the coupling of pe-
riodic heat transfer to the burner deck with the velocity fluctua-
tions [17]. The TF phase, and consequently the time delay, of the
burner is much larger than that of the heat exchanger and there-
fore the total system time delay is almost identical to that of the
burner. The gain of the heat exchanger TF is below unity for all
frequencies, i.e. the relative amplitude of fluctuations of the heat
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Fig. 7. The gain (a) and phase (b) of the TF of the total system via CFD (—), total
system via Eq. (4) (X), burner (=--) and heat exchanger (...... ) when it is placed at
Y=50mm.

flux through the heat exchanger is smaller than that of the exci-
tation. This is a usual trend in bluff bodies exposed to oscillating
cross flow [11,12]. Since the exeéhanger is a sink of heat, this
causes the relative amplitude i
the whole system to be large
ing in larger gain for the total
by considering harmonic fluct
of the signal. In an extreme
exchanger TF is very small, the heat exchanger is still"a
heat as a mean value (DC component), but the fluctuating part (A
component) of the total heat is still almost equal to that of the
burner, since the heat exchanger absorption has negligible fluctu-
ations. Therefore, the ratio of total system heat fluctuations to its
mean is always larger than that of the burner. This can also be
understood using the data presented in Fig. 4. If the 5% increase
in the excitation signal had led to 5% increase in burner heat re-
lease and 5% increase in heat exchanger heat absorption, then the
total system heat would have also increased by 5%. However, the
heat exchanger absorption has only increased by 2%, which means
that the total heat of the system (burner minus heat exchanger)
has increased more than 5%. This causes the gain of the total TF to
be larger than one. Note that this behavior may change depending
on the constructive or destructive effects of the elements on each
other due to, e.g. the changes of TF phase with frequency.

Figure 8 shows the gain and phase of TM for the burner, heat
exchanger and total system. Since TM is relating the velocities
upstream and downstream an element (dilatation rate), its gain
is larger than one if the temperature increases (expansion) and
smaller than one if it decreases (contraction). This is clearly visi-
ble in Fig. 8. The TM and TF are related via Eq. (3) and depend-
ing on the values of TF and 6, TM may fluctuate with frequency.
This can be seen in the form of fluctuations in the gain of TM in
Fig. 8. These fluctuations are also physically important since they
illustrate that the information obtained directly from the TF does
not suffice for judging the system dilation rate, which is impor-
tant when the system is exhibiting Helmholtz oscillations. While
the dilatation rate is around six (the steady state value due to the
temperature jump) at 400 Hz, it reduces to one (transparent ele-
ment) slightly above 600Hz. The phase of TM of the total system

5.0 | | | |
0 200 400 600 800 1000
Frequency [Hz]

Fig. 8. The gain (a) and phase (b) of the TM of the total system (—), burner (==-)
and heat exchanger (...... ) when it is placed at Y=50mm.

follows that of the burner for the same reason mentioned for TF's
(see the explanation of Fig. 7).

5.2. Varying the location of the splitting section

The calcula!lons for the case;with the heat exchanger far down-
h rd, however they become more
t hanger is placed closer to the

d

e

nging the heat exchanger closer
exchanger location fixed, but
ction. In order to study the re-
sponse of the heat exchanger under these conditions, the splitting
section is moved from its previous position (Y=6L=10D =30 mm)
to further upstream (Y=14L=233D=7mm) and downstream
(Y=9.2L=15.67D=47 mm) and its response is investigated. The
flame height is L=5mm and the heat exchanger diameter is
D=3mm and is placed at Y=50mm, therefore, Y=7 and 47 mm
correspond to 2mm downstream the flame tip and 1.5mm up-
stream the heat exchanger surface, respectively. This is the clos-
est possible to the flame tip and heat exchanger surface, without
interfering with the temperature boundary layers.

In Fig. 9, the changes of velocity magnitude with time at these
sections are shown. At each section, the transient velocity magni-
tude is plotted at the point where X=0mm (the left symmetry
line) in dashed lines, at X=2 mm (the right symmetry line) in dot-
ted lines, and the average velocity on the section in solid lines.
The two points in x-direction are shown on the splitting section in
Fig. 6. The values are normalized to their corresponding initial val-
ues before the 5% step excitation. At each section, if the velocity
profile preserves its shape with time (stays self-similar), the nor-
malized velocity at all the points in x-direction will plot on each
other in Fig. 9. This is the case for Y=30 and 47 mm, however
for Y=7 mm there is a variation, which is explained later. Despite
this variation, the average value on the splitting section (solid lines
in Fig. 9) has almost identical transient behavior for all the sec-
tions. This means that the x-averaged value at any of these sections
(even the ones extremely close to the flame tip or heat exchanger
surface) or any other section between them may be used for split-
ting the system into the burner and heat exchanger sub elements.

Figure 10 better illustrates the self-similarity of velocity pro-
files with time. The non-normalized velocity magnitudes along the
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shaded lines).

=30mm (b) and Y=47 mm (c);

x-direction are plotted for the fi
the excitation) in dashed lines, the last tim
and for 800 intermediate time Steps (8 ms) i
gray lines, forming the gray shaded area. For Y=7 (Fig. 10a) and
47 mm (Fig. 10c), it can be observed that the non-uniform velocity
profiles are induced by the flow acceleration through the flame and
contraction between the heat exchanger tubes, while the velocity
profile at Y=30mm remains flat. The velocity profiles at Y=30
and 47 mm stay self-similar with time, however, at Y=7 mm the
expansion caused by the flame grows in x-direction, i.e. the in-
crease in velocity is smallest at X=0mm and largest at X=2 mm
(see Fig. 10a). This was previously seen in Fig. 9a as the differ-
ence between the dashed and dotted lines, and is because the
flow expansion through the flame front is weaker at the flame tip
(X=0mm).

The gain and phase of the heat exchanger TF using the x-
averaged velocities at the three sections are plotted in Fig. 11. The
markers show the results for the “NoBurner” case, i.e. the case
where no burner is simulated and the heat exchanger is only ex-
posed to a fluctuating flow with post-combustion properties (mean
velocity, composition and temperature). It is evident that choosing
different heights for calculating the heat exchanger transfer func-
tion leads to almost the same results, which are all in acceptable
agreement with the NoBurner case. The observed fluctuations in
the gain and phase are because in the NoBurner case, the excita-
tion signal is a perfect step function, while for the other cases the
measured velocity at the sections are used as excitation and this
measured velocity is not a perfect step function. This poses an im-
perfect excitation signal that may lead to numerical errors. In fact
if a step function is not possible as excitation (for example in phys-
ical experiments), a separate study needs to be performed to find
a proper excitation signal. Details of creating such signals can be
found in the literature [35]. These results prove that the discussed
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Fig. 11. The gain (a) and phase (b) of the heat exchanger TF when it is placed at
Y=50mm with respect to x-averaged velocity at Y=7 (...... ), 30 (===) and 47 mm
(=), and the NoBurner case (=O-).

decoupling method is valid even when the heat exchanger is ex-
posed to a non-flat velocity profile.

5.3. Varying the distance between the burner and the heat exchanger

Decreasing the distance between the burner and heat exchanger
initially exposes the heat exchanger to a non-flat velocity profile,
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then a non-flat temperature and/or concentration profile, and fi-
nally flame quenching and different impingement regimes occur.
In order to find the physical limits of the validity of the described
method, multiple simulations are performed with the heat ex-
changer at Y=50, 25, 10, 8, 7 and 6 mm, which correspond to 10L,
5L, 2L, 14L and 1.2 L. The network model approach is then taken
and the time signals and Eq. (3) are used to obtain the TF and TM
for the burner, heat exchanger and total system. In Fig. 12, some
of the cases (Y=10, 8, 7 and 6 mm) are shown as pairs of 2D plots
of reaction heat (left side) and temperature (right side). Merging
of the temperature fields of thesflame and heat exchanger is vis-
ible for all cases except Y=1
pingement occur for Y=7 an
depending on the mixing and
tion and temperature, the h

exchanger
to a non-flat profile associate
premixed combustion, where

to any of t
ermoacousti

portant, the time scales of viscous dissipation is much larger thI

thermal and species diffusion and mixing. Therefore, the focus of
the analysis is on the velocity profiles.

The gain and phase of the burner TF for different distances be-
tween the burner and the heat exchanger are plotted in Fig. 13.
It can be observed that the burner TF in the non-impinging cases
does not significantly change as the distance decreases. The re-
duction in the overshoot of the gain is due to carbon monoxide
formation around the heat exchanger and the fact that all reac-
tion source terms are integrated in the whole domain. Therefore,
the carbon monoxide to carbon dioxide conversion is also included
and slightly alters the integrated reaction source term. These dif-
ferences were completely removed for an adiabatic heat exchanger.
For Y=7 mm, the flame stretches due to the flow distortion around
the tube (see Fig. 12), causing a longer flame front and a larger
phase. However, for Y=6mm the flame front moves toward the
high velocity region between the adjacent tubes. The higher veloc-
ity decreases the convective traveling time of perturbations along
the flame front and results in a slightly smaller phase compared to
when Y=7mm.

In general, changing the distance between the burner and heat
exchanger marginally changes the burner TF. However, for the im-
pinging cases, the heat exchanger is additionally exposed to un-
burnt mixture. This results in a different behavior, like a different
phase shift of the heat exchanger TF. Therefore, it is crucial to in-
vestigate the response of the heat exchanger and total system as
well.

Figure 14 shows the gain and phase of the heat exchanger TF
when its excitation (u,;;y) is calculated using the burner TM in Eq.
(3) and the inlet velocity (u;,). For all non-impinging cases (Y =50,

5.0 I I I I

0 200 400 600

Frequency [Hz]

800 1000

Fig. 13. The gain (a) and phase (b) of the burner TF when the heat exchanger is at
Y=50 (=), 25 (===), 10 (serrss ), 8 ( ), 7 ( ) and 6 mm ( ).

25, 10 and 8 mm), the heat exchanger TF is close to that of the
NoBurner case (see Fig. 11). For the impinging cases (Y=7 and
6 mm) however, a physical middle section between the burner and
heat exchanger does not exist and u,;,; in these cases is associ-
ated to a ‘virtual’ point. The extremely large gains for the imping-
ing cases are therefore an artifact of calculating using this virtual
point. In these cases, the heat exchanger is exposed to two streams
of hot (burnt) and cold (unburnt) flow (see the white and black
colors of the temperature contours in Fig. 12). As the velocity in-
creases, the tube is further exposed to the cold stream and its total
heat flux decreases. This reflects in a phase shift of the order of &
in the phase of the heat exchanger TF (see Fig. 14b).

For all the investigated cases, the mean heat flux at every point
on the circumference of the heat exchanger tube is negative, i.e.
in the absence of fluctuations, the heat exchanger is constantly ab-
sorbing heat from the system. However, for the impinging cases
this sink is acting with a phase shift of 7 (see Fig. 14b) and may
have adverse effects. These effects should reflect in the dilatation
rate and therefore the TM of the total system. The gain and phase
of the total TM are plotted in Fig. 15. The baseline is considered
for the case without a heat exchanger (NoHex) and is marked
by symbols. As intuitively expected, adding a heat exchanger far
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Fig. 15. The gain (a) and phase (b) of the total TM in the NoHex case (=O-) and
when the heat exchanger is placed at Y=50 (—), 25 (===), 10 (su... ), 8 ( ), 7
( ) and 6 mm ( ).

downstream introduces an opposite temperature jump and de-
creases the gain of the total TM compared to the NoHex case. For
the impinging cases on the other hand, the gain of the TM is larger
than that of the NoHex case. This is a result of the counter-phase
behavior of the heat exchanger, i.e. although the total temperature
ratio in Eq. (3) is smaller compared to the NoHex case, the gain of
the total system TF is larger (see Fig. 7a), resulting in a larger TM
and therefore larger dilatation rate.

Here a heat exchanger with only one row of tubes is considered
and the results indicate that the phase of the heat exchanger has
a negligible value compared to the burner. However, in other con-
figurations such as multiple rows of heat exchanger tubes and the
presence of von Karman vortices, the heat exchanger may acquire
larger phase values and adversely affect the instability of the sys-

tem, even when placed far away from the burner [13]. In addition,
the methods and processes discussed in this work are applicable to
any other configuration of burners and heat exchangers. The gen-
eral conclusions to be used for this purpose are formulated in the
following section.

6. Conclusions

A method is introduced for predicting the thermoacoustic re-
sponse of a simplified heating appliance using the behavior of
its major constituting elements, i.e. the burner and the heat ex-
changer. To fulfill this purpose, the network model approach is
used to decouple the effects of the elements, considering details of
velocity profiles. The results of the conducted research allow for-
mulating the following conclusions:

- For a wide range of conditions, the TF/TM of the combination of
the burner and heat exchanger can be represented as a super-
position of their independently measured or modeled TF/TM's.
A mathematical approach that allows the proper superposition
of the individual TF/TM’s into a combined TF/TM is proposed
and validated.

In the case of large distance between the burner and heat ex-
changer, the interactions are purely acoustic by nature and can
be described within, e.g. the acoustic network model approach.
The corresponding composition method provides good predic-
tions for all distances between the burner and heat exchanger
that are larger than the flame height. It shows that a flat veloc-
ity profile, that promotes planar acoustic waves, is not a neces-
sity for decoupling the system using this method.

For distancedléomparable to flaghe length, the method requires

egistering, average. v. ties physical plane between the
m nd th ha
distances [lang fl
rusions in tem nd/

r surface. This is possible for
e length if there are negligible

noty'the interac
flame impingement.

species concentration profiles.
ifiesi@fd causes the phenomenon of
In general, in all cases without flame impingement, one can
treat the burner and the heat exchanger as two acoustic ele-
ments acting opposite each other, i.e. the oscillations of dilata-
tion rate introduced by the burner are reduced due to the pres-
ence of the heat exchanger.
When the distance between the burner and heat exchanger is
so small that flame impingement occurs, modifications of both
the flame shape, temperature and the profile of flow approach-
ing the heat exchanger takes place. In this case, the combina-
tion of the burner plus heat exchanger has to be considered
as one coupled thermoacoustic element. Furthermore, the re-
sponse of the coupled system in these cases changes drastically
due to the heat exchanger acting as a counter-phase sink and
increasing the cumulative oscillations of dilatation rate.

This investigation also implies that a correct modeling of the
thermoacoustic response of a heating appliance requires the inclu-
sion of the effects of both the burner and the heat exchanger as ac-
tive acoustic elements, especially when flame impingement occurs.
A heat exchanger placed relatively far downstream the burner re-
sults in a decrease in the gain of the combined TM, that may help
abate possible instabilities. On the contrary, if flame impingement
occurs the effects of the heat exchanger may enhance these insta-
bilities.
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