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a b s t r a c t 

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

paper, a modeling approach is introduced to study these interactions in an academic representation of a

heating appliance, comprised of a perforated slit burner and a tube heat exchanger. Both elements are

considered thermally and acoustically active. A CFD model is used in a two-dimensional domain to simu- 

late the response of the system to small amplitude broadband velocity perturbations. The thermochemical

and acoustic coupling between the burner and the heat exchanger is investigated and a method is intro- 

duced to decouple their effects and study them separately. The extents to which this method is valid are

addressed by varying the distance between the elements. Results show that as long as the flames do not

impinge on the heat exchanger 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.
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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-
∗ Corresponding author.

E-mail address: naseh.hosseini@gmail.com (N. Hosseini).
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ic research, the common practice is to treat the burner as the

olely active thermoacoustic element and the other components

s passive elements (such as ducts, vessels and terminations, in-

luding heat exchangers) [4] . One of the crucial prerequisites of

his modular method is the possibility to distinguish and separate

he “acoustic elements” from each other, and accordingly to en-

apsulate their acoustic behavior as a property of the given ele-

ent only. This paradigm is the basis of the network model ap-

roach, where the subsystems are described as linear elements

ith two acoustic inputs and two outputs (two-ports), interrelated

ia a Transfer Matrix ( TM ) or a Scattering Matrix ( SM). The heat
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http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2018.01.030&domain=pdf
mailto:naseh.hosseini@gmail.com
https://doi.org/10.1016/j.combustflame.2018.01.030


r  

m  

t  

e  

t  

h  

t  

i  

s

 

m  

p  

t  

m  

T  

t  

T  

n  

i  

b  

e  

o  

p  

p  

g

 

u  

t  

T  

c  

d  

i  

l  

P  

n  

a  

t  

fl  

p  

t  

a  

i  

i  

t  

i  

w  

e  

c

 

k  

a  

t  

e  

P

c  

t  

o  

h  

p  

r  

p  

b  

a

 

v  

h  

c  

C  

u  

o  

t  

C

 

c  

l  

a  

a  

i  

fl  

a

 

c  

r  

p  

a

2

a

 

a  

g  

d  

t  

T  

s  

w  

l  

p  

(  

w  

h

 

e  

s  

m  

t  

s  

t  

m  

a  

t  

c  

v  

fi  

b  

t  

s  

r  

t  

a

 

c  

l  
Prep

elease response to acoustic excitation of velocity in an active ele-

ent, like burner, can be naturally described within the concept of

he thermoacoustic Transfer Function ( TF ). For acoustically compact

lements (where the size of the element is negligible compared to

he acoustic wavelength), the TM is related to the TF through the

eat release rate [5,6] . There are multiple examples in the litera-

ure, where this approach has proven to be productive in predict-

ng system instabilities and evaluating different measures of pas-

ive and/or active control [7–10] . 

On the system level, the heat exchanger is designed to absorb

ost of the heat produced by the burner and create a reverse tem-

erature jump of the same order of magnitude as the burner. On

he other hand, it is well known that an acoustically forced flow

ay create a fluctuating heat flux on the bodies in the flow [11,12] .

herefore, the heat exchanger may potentially be an additional ac-

ive acoustic element next to the burner in the acoustic network.

he activity of a heat exchanger can be included in the acoustic

etwork analysis. As an example, the authors have demonstrated

n an earlier publication that in a simple one-dimensional Rijke

urner with a flame and heat exchanger, the thermoacoustic prop-

rties of the heat exchanger can significantly alter the stability

f the system [13] . However, the aforementioned study has been

urely acoustic and considered approximated and frequency inde-

endent transfer functions for the burner and heat exchanger, ne-

lecting any direct interactions. 

On the other hand, the practical need to reduce the built vol-

me of combustion appliances and minimize nitrogen oxides, leads

o the desire to locate the heat exchanger very close to the burner.

he smaller this distance, the more questionable it becomes to

onsider the burner and the heat exchanger as two acoustically in-

ependent elements. It is known that in the limit case of imping-

ng flames, the intense interaction of a flame with a heat exchanger

eads to significant changes of the acoustic properties of the flame.

articularly, it was observed that impingement may change the

oise produced by the flame [14–16] . Similarly, the proximity of

 flame to the heat exchanger surface can affect the periodic heat

ransfer between the surface and hot gases. In other words, the

uctuations induced by the flame dynamics may alter the acoustic

roperties of the heat exchanger. Consequently, the thermoacous-

ic properties (e.g. TF and TM ) of the combination of the burner

nd heat exchanger may differ drastically from when considered

ndependent. Therefore, one may a-priori expect that the mutual

nteractions between the burner and the heat exchanger may alter

heir individual thermoacoustic properties. Consequently, the direct

nteractions (hydrodynamic, heat transfer and chemical reactions)

ill impose a range of implications for the acoustic network mod-

ling of a combustion system with interacting burner and heat ex-

hanger. 

The practical relevance, fundamental interest and shortage of

nowledge about the burner-heat-exchanger thermoacoustic inter-

ctions has stimulated the present research. The ultimate goal of

his investigation is to elucidate the physical nature of burner-heat-

xchanger interactions in respect to their thermoacoustic behavior.

articularly, 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

onfiguration is studied that consists of a bed of idealized Bunsen-

ype wedge shaped (two-dimensional) premixed flames anchored

n slot perforations in a burner deck, and interacting with a
rint

eat exchanger consisting of a series of idealized cylindrical tubes

laced downstream the burner (see Fig. 1 ). This academic configu-

ation is representative for the design of a majority of heating ap-

liances and is composed of relatively simple elements which have

een intensively studied in the past on theoretical, experimental

nd numerical levels [12,17–19] . 

CFD is chosen as the research tool because there are no con-

enient and easily measurable indicators for the oscillating rate of

eat transfer from the hot gases to the heat exchanger (unlike the

hemiluminescence of chemical radicals for flame heat release).

onsequently, within a physical experiment, it is feasible to eval-

ate the effects of the heat exchanger on the acoustic properties

f the flame, but it is difficult to detect the reciprocal effects of

he flame on the heat exchanger. This fact motivates the use of the

FD-based analysis within the present research. 

By changing the distance between the burner and heat ex-

hanger, one can alter the intensity of the mutual interactions. For

arge distances, no hydrodynamic interaction is expected. However,

s the distance decreases the hydrodynamic and thermal fields cre-

ted by the flame and heat exchanger begin to interact. These

nteractions can be extremely intense and complicated when the

ame impinges on the heat exchanger surface. Details of the situ-

tions that may occur are discussed in the following section. 

Ultimately, by studying this simplified configuration, general

onclusions are formulated regarding the physics of the processes

esponsible for the interactions, considering the thermoacoustic as-

ects of this problem. The drawn conclusions are generic by nature

nd can be applicable to other configurations as well. 

. Governing phenomena of the interactions between a burner

nd a downstream placed heat exchanger 

A picture of the constructed burner-heat-exchanger system and

 schematic of the simplified configuration used as the simulation

eometry are illustrated in Fig. 1 . Symmetry has been used in or-

er to reduce the size of the computational domain and to model

he effects of the neighboring flames and heat exchanger tubes.

he mixture enters from the inlet at the bottom and the flames

tabilize on the slit perforations. The combustion products flow to-

ard the heat exchanger tubes and leave the domain at the out-

et. In addition to the dimensions mentioned in Fig. 1 , other im-

ortant length scales are flame height ( L ≈ 5 mm), flame thickness

 δ ≈ 0.5 mm) and the smallest acoustic wavelength ( λ ≈ 1370 mm),

hich is calculated for a maximum temperature of 20 0 0 K and

ighest relevant frequency of 10 0 0 Hz. 

A-priori, for a heating appliance containing a burner and heat

xchanger and in presence of acoustic perturbations, one can fore-

ee several hypothetical interaction scenarios between the two ele-

ents. These interactions are mainly governed by the distance be-

ween them and are illustrated in Fig. 2 . This figure shows the flow

treamlines and the flame shape. In the limit case where the dis-

ance is sufficiently large to smoothen all non-uniformities (ther-

al, kinetic and fluid dynamic), the heat exchanger is exposed to

 uniform flow of burned gases with the acoustic perturbations on

op of the mean flow (see Fig. 2 a). In this case, the subsystems

an be treated separately from the point of view of either con-

ective fluid dynamics or acoustics. Consequently, there are no dif-

culties to define spatial boundaries as inlets and outlets for the

urner and the heat exchanger as the succeeding element. Usually

hese boundaries are defined where acoustic waves can be con-

idered one-dimensional and planar. It can even be necessary and

easonable to include some extra acoustic elements, such as ducts,

o model the propagation of acoustic waves between the burner

nd the heat exchanger [20] . 

At some level of proximity between the subsystems, either the

onvective or the acoustic perturbations do not smoothen to a neg-

igible level (see Fig. 2 b). In this case, the thermoacoustic behav-



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).
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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-way interaction scenario some sub-

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

burner on the heat exchanger. Furthermore, the existence of an

acoustically well-defined interface between the burner and heat

exchanger is questionable. 

Finally, when the heat exchanger is so close to the burner that

the mean flame shape is affected, mutual thermoacoustic inter-

actions are expected (see Fig. 2 c). 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 TF ’s 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 343 K, 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
rint
s 160 μm, which is refined to 40 and 20 μm around the heat ex-

hanger and flame, respectively, in order to resolve the thermal

oundary layers and flame thickness properly. 

The flow is assumed laminar and the fluid an incompressible

deal gas, due to low Reynolds and Mach numbers. The mixture

s methane–air with the equivalence ratio of 0.8 and combustion

s modeled using the finite rate chemistry for a 2-step reaction

echanism as described in [23] . The available Arrhenius rates are

odified to match the flame speed and thickness to the available

xperimental data (see Section 4 ). The specific heats of all individ-

al species are obtained from temperature-dependent polynomials

nd their viscosities and thermal conductivities using kinetic the-

ry. The corresponding properties of the mixture are then available

sing the mixing law. The software package used for this work is

NSYS ® Fluent, Release 17.0. 

The transfer function concept is widely used to characterize

he thermoacoustic properties of active elements driven by acous-

ic velocity in the linear regime. In the frequency domain, the

requency-dependent TF is defined as the ratio of the relative per-

urbation of heat release or absorption, to the relative perturbation

f flow velocity, 

 F ( f ) = 

q ′ ( f ) / ̄q
u 

′ ( f ) / ̄u 

, (1)

here q is the heat release or absorption, u the flow velocity and

 the frequency of the perturbation. The prime and overbar denote

he fluctuating and mean parts of the variables, respectively. 

A purely acoustical concept to characterize the thermoacoustic

roperties of an element is the transfer matrix, in which part of

he system is considered as a lumped acoustic element. This ap-

roach is most suitable to describe longitudinal acoustic waves in

he linear regime of oscillations [3] . The input vector of acoustic

ariables can be related to the output vector via the transfer ma-

rix, 

p ′ 
u 

′ 

]
downstream

= T M ( f ) 

[
p ′ 
u 

′ 

]
upstream

, T M ( f ) = 

[
M pp ( f ) M pu ( f ) 
M up ( f ) M uu ( f ) 

]
,

(2)

here p ′ and u ′ denote the acoustic pressure and velocity, respec-

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

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

o the presence of an oscillating heat source or sink [22,24–26] .



PreprintFig. 2. The flow streamlines and flame shapes for various conditions of interaction 

between the burner and heat exchanger, i.e. flame and heat exchanger unaffected 

(a), flame unaffected and heat exchanger affected (b) and both flame and heat ex- 

changer affected (c).
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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.

Parameter Excitation Response

TF burner u in q burner

TF hex u mid q hex

TF total u in q burner - q hex

TM burner u in u mid

TM hex u mid u out

TM total u in u out

Fig. 4. Normalized time signals of the inlet velocity ( ), burner heat release

( ) and heat exchanger heat absorption ( ). The normalization is performed

with respect to corresponding values before excitation.
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his entry relates the acoustic components of the velocity down-

tream and upstream of an element, where the acoustic fields are

lanar. For the sake of simplicity, the TM 22 entry of the transfer

atrix ( M uu ) is referred to as TM in the rest of the article. The

elation between TF and TM can be derived from the Rankine–

ugoniot jump conditions [27] and shows their linear proportion-

lity, 

 M = 1 + ( θ − 1 ) T F , (3)

here θ is the ratio of downstream to upstream temperatures in

elvins. 

In order to obtain the burner and heat exchanger TF or TM ,

ransient simulations are performed to calculate their responses to

 block change in velocity. This is done by imposing a step function

ith 5% increase in the inlet velocity as excitation. The response of

he burner and heat exchanger are then calculated using the vol-

me integral of reaction source term and the surface integral of

eat flux through the heat exchanger wall, respectively. It is par-

icularly checked that the time step size (10 μs) is small enough

o capture the premixed flame dynamics. It is also checked that

he perturbations are small enough to prevent nonlinearities and

an be regarded as a broadband excitation covering a wide range

f frequencies. This approach has proven to be efficient and repre-

entative of obtaining the system response using discrete harmonic

xcitations [28] . The responses of the system and its elements are

hen calculated both with the transfer function and transfer matrix

pproaches, according to Fig. 3 and Table 1 . 
In Fig. 3 , a schematic of the system as a network model is

hown, where u and q denote velocity and heat release/absorption,

espectively. Note that the reference point for calculating TF of a

pecific element is usually chosen at a distance upstream of the

lement, where the acoustic waves can be assumed planar. Con-

equently, for the burner, the combined effects of the flame and

ame holder are measured or simulated. 

Figure 4 shows how the burner heat release and heat exchanger

eat absorption change with time as the velocity excitation is ap-

lied. This data is for a case where the heat exchanger is placed

ar from the burner (see Fig. 2 a). 

Table 1 summarizes the corresponding excitation and response

ignals used for calculating the TF and TM of each element and the

ombined system. 

. Validation

The modified reaction parameters are first used in a one-

imensional configuration to find the grid size required to capture

he flame thickness and laminar flame speed accurately, as well

s their dependency on the equivalence ratio and unburnt tem-

erature. The obtained data are in good agreement with the lit-

rature [29–31] . In addition, the validation of the TF of the two-

imensional stretched flame is performed in comparison with the

ork of Kornilov et al. [32] . They have provided measurement and

NS simulation results of wedge flames stabilized on a perforated

eck. This work is chosen because the configuration is close to our

tudy and their results are confirmed in other independent studies

s well [22] . The comparison of the TF gain and phase is presented



Fig. 5. The gain (a) and phase (b) of the burner TF for the experiments from

[32] ( ), simulations from [32] ( ) and this study ( ).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

from the literature with good agreement. 

5. Results and discussion

The results are categorized in two parts. First, the case where

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 = 50 mm) 

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 (4 mm in Fig. 1 b) 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 = 30 mm) is 20 mm ( > 6 D ) 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 = 2 π l/ λ, where l

is the corresponding length and λ is the acoustic wavelength

[34] . For 30 mm length and the smallest acoustic wavelength of

λ= 1370 mm (see Section 2 ), the Helmholtz number is less than

0.14. This shows that the subsystems after splitting are still acous-

tically compact. 
rint
The total TF can be calculated theoretically using the energy

alance in the system and it is not simply the sum or a weighted

um of the burner and heat exchanger TF ’s. Assuming linearity of

he system and using the heat balance we have, 

 total = q burner − q hex ⇒ 

{
q̄ total = q̄ burner − q̄ hex 

q ′ total = q ′ burner − q ′ hex 
.

Based on the definition of TF and some algebraic manipulations

e can calculate, 

 F total = 

(
q̄ burner 

q̄ total 

)
T F burner −

(
q̄ hex 

q̄ total 

)
T F hex T F u mid −u in . 

Here T F u mid −u in is a velocity-to-velocity transfer function be-

ween the inlet velocity and the velocity downstream of the burner

upstream of the heat exchanger). It can be related to burner TM

sing the velocity ratio u in / u mid . This ratio is equal to 1/ θ for an

ncompressible ideal gas. Therefore, using Eq. (3) we have, 

 F u mid −u in = 

(
ū in 

ū mid 

)
T M burner = 

(
1 

θ
( 1 + ( θ − 1 ) T F burner ) 

= 

1

θ
+ 

θ − 1

θ
T F burner , 

o that we have, 

 F total = 

(
q̄ burner 

q̄ total 

)
T F burner −

(
q̄ hex 

q̄ total 

)
T F hex 

(
1 

θ
+ 

θ − 1

θ
T F burner 

)
.

(4)

Figure 7 illustrates the gain and phase of the TF of the burner,

eat exchanger and total system using both the CFD results and

q. (4) . Here, the heat exchanger TF is calculated using the veloc-

ty fluctuations at the splitting section. The gain of the burner TF

as an overshoot at 300 Hz which is due to the coupling of pe-

iodic heat transfer to the burner deck with the velocity fluctua-

ions [17] . The TF phase, and consequently the time delay, of the

urner is much larger than that of the heat exchanger and there-

ore the total system time delay is almost identical to that of the

urner. The gain of the heat exchanger TF is below unity for all

requencies, i.e. the relative amplitude of fluctuations of the heat



Fig. 7. The gain (a) and phase (b) of the TF of the total system via CFD ( ), total

system via Eq. (4) ( ), burner ( ) and heat exchanger ( ) when it is placed at

Y = 50 mm. 
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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 = 50 mm. 
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ux through the heat exchanger is smaller than that of the exci-

ation. This is a usual trend in bluff bodies exposed to oscillating

ross flow [11,12] . Since the heat exchanger is a sink of heat, this

auses the relative amplitude of fluctuations of the total heat of

he whole system to be larger than that of the excitation, result-

ng in larger gain for the total TF . This causality can be understood

y considering harmonic fluctuations with DC and AC components

f the signal. In an extreme case, in which the gain of the heat

xchanger TF is very small, the heat exchanger is still absorbing

eat as a mean value (DC component), but the fluctuating part (AC

omponent) of the total heat is still almost equal to that of the

urner, since the heat exchanger absorption has negligible fluctu-

tions. Therefore, the ratio of total system heat fluctuations to its

ean is always larger than that of the burner. This can also be

nderstood using the data presented in Fig. 4 . If the 5% increase

n the excitation signal had led to 5% increase in burner heat re-

ease and 5% increase in heat exchanger heat absorption, then the

otal system heat would have also increased by 5%. However, the

eat exchanger absorption has only increased by 2%, which means

hat the total heat of the system (burner minus heat exchanger)

as increased more than 5%. This causes the gain of the total TF to

e larger than one. Note that this behavior may change depending

n the constructive or destructive effects of the elements on each

ther due to, e.g. the changes of TF phase with frequency. 

Figure 8 shows the gain and phase of TM for the burner, heat

xchanger and total system. Since TM is relating the velocities

pstream and downstream an element (dilatation rate), its gain

s larger than one if the temperature increases (expansion) and

maller than one if it decreases (contraction). This is clearly visi-

le in Fig. 8 . The TM and TF are related via Eq. (3) and depend-

ng on the values of TF and θ , TM may fluctuate with frequency.

his can be seen in the form of fluctuations in the gain of TM in

ig. 8 . These fluctuations are also physically important since they

llustrate that the information obtained directly from the TF does

ot suffice for judging the system dilation rate, which is impor-

ant when the system is exhibiting Helmholtz oscillations. While

he dilatation rate is around six (the steady state value due to the

emperature jump) at 400 Hz, it reduces to one (transparent ele-

ent) slightly above 600 Hz. The phase of TM of the total system
rint
ollows that of the burner for the same reason mentioned for TF ’s

see the explanation of Fig. 7 ). 

.2. Varying the location of the splitting section 

The calculations for the case with the heat exchanger far down-

tream the burner are straightforward, however they become more

omplicated when the heat exchanger is placed closer to the

urner. The first step toward bringing the heat exchanger closer

o the burner is to keep the heat exchanger location fixed, but

ary the location of the splitting section. In order to study the re-

ponse of the heat exchanger under these conditions, the splitting

ection is moved from its previous position ( Y = 6L = 10 D = 30 mm)

o further upstream ( Y = 1.4 L = 2.33D = 7 mm) and downstream

 Y = 9.2L = 15.67 D = 47 mm) and its response is investigated. The

ame height is L = 5 mm and the heat exchanger diameter is

 = 3 mm and is placed at Y = 50 mm, therefore, Y = 7 and 47 mm

orrespond to 2 mm downstream the flame tip and 1.5 mm up-

tream the heat exchanger surface, respectively. This is the clos-

st possible to the flame tip and heat exchanger surface, without

nterfering with the temperature boundary layers. 

In Fig. 9 , the changes of velocity magnitude with time at these

ections are shown. At each section, the transient velocity magni-

ude is plotted at the point where X = 0 mm (the left symmetry

ine) in dashed lines, at X = 2 mm (the right symmetry line) in dot-

ed lines, and the average velocity on the section in solid lines.

he two points in x-direction are shown on the splitting section in

ig. 6 . The values are normalized to their corresponding initial val-

es before the 5% step excitation. At each section, if the velocity

rofile preserves its shape with time (stays self-similar), the nor-

alized velocity at all the points in x-direction will plot on each

ther in Fig. 9 . This is the case for Y = 30 and 47 mm, however

or Y = 7 mm there is a variation, which is explained later. Despite

his variation, the average value on the splitting section (solid lines

n Fig. 9 ) has almost identical transient behavior for all the sec-

ions. This means that the x-averaged value at any of these sections

even the ones extremely close to the flame tip or heat exchanger

urface) or any other section between them may be used for split-

ing the system into the burner and heat exchanger sub elements. 

Figure 10 better illustrates the self-similarity of velocity pro-

les with time. The non-normalized velocity magnitudes along the



rint

Fig. 9. Time history of normalized velocity magnitudes at Y = 7 mm (a), Y = 30 mm (b) and Y = 47 mm (c); X = 0 mm ( ), X = 2 mm ( ) and average on the splitting

section ( ); the heat exchanger is placed at Y = 50 mm. 

Fig. 10. Velocity magnitude profiles at Y = 7 mm (a), Y = 30 mm (b) and Y = 47 mm (c); the first time step ( ), last time step ( ) and 800 intermediate time steps (gray

shaded lines).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. The gain (a) and phase (b) of the heat exchanger TF when it is placed at

Y = 50 mm with respect to x-averaged velocity at Y = 7 ( ), 30 ( ) and 47 mm 

( ), and the NoBurner case ( ).
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i  
Prepx-direction are plotted for the first time step (just before applying

the excitation) in dashed lines, for the last time step in solid lines

and for 800 intermediate time steps (8 ms) in semi-transparent

gray lines, forming the gray shaded area. For Y = 7 ( Fig. 10 a) and

47 mm ( Fig. 10 c), 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 = 30 mm 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 = 0 mm and largest at X = 2 mm

(see Fig. 10 a). This was previously seen in Fig. 9 a 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 = 0 mm). 

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
ecoupling method is valid even when the heat exchanger is ex-

osed to a non-flat velocity profile. 

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

Decreasing the distance between the burner and heat exchanger

nitially exposes the heat exchanger to a non-flat velocity profile,



rint

Fig. 12. Contours of reaction heat (W) (left sides) and temperature (K) (right sides) for the cases with the heat exchanger at Y = 10, 8, 7 and 6 mm. 
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Fig. 13. The gain (a) and phase (b) of the burner TF when the heat exchanger is at

Y = 50 ( ), 25 ( ), 10 ( ), 8 ( ), 7 ( ) and 6 mm ( ). 
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hen a non-flat temperature and/or concentration profile, and fi-

ally flame quenching and different impingement regimes occur.

n order to find the physical limits of the validity of the described

ethod, multiple simulations are performed with the heat ex-

hanger at Y = 50, 25, 10, 8, 7 and 6 mm, which correspond to 10 L ,

 L , 2 L, 1.4 L and 1.2 L . The network model approach is then taken

nd the time signals and Eq. (3) are used to obtain the TF and TM

or the burner, heat exchanger and total system. In Fig. 12 , some

f the cases ( Y = 10, 8, 7 and 6 mm) are shown as pairs of 2D plots

f reaction heat (left side) and temperature (right side). Merging

f the temperature fields of the flame and heat exchanger is vis-

ble for all cases except Y = 10 mm, and flame quenching and im-

ingement occur for Y = 7 and 6 mm. It is important to note that

epending on the mixing and/or diffusivity of velocity, concentra-

ion and temperature, the heat exchanger may first be exposed

o a non-flat profile associated to any of them. However, in lean

remixed combustion, where thermoacoustic instabilities are im-

ortant, the time scales of viscous dissipation is much larger than

hermal and species diffusion and mixing. Therefore, the focus of

he analysis is on the velocity profiles. 

The gain and phase of the burner TF for different distances be-

ween the burner and the heat exchanger are plotted in Fig. 13 .

t can be observed that the burner TF in the non-impinging cases

oes not significantly change as the distance decreases. The re-

uction in the overshoot of the gain is due to carbon monoxide

ormation around the heat exchanger and the fact that all reac-

ion source terms are integrated in the whole domain. Therefore,

he carbon monoxide to carbon dioxide conversion is also included

nd slightly alters the integrated reaction source term. These dif-

erences were completely removed for an adiabatic heat exchanger.

or Y = 7 mm, the flame stretches due to the flow distortion around

he tube (see Fig. 12 ), causing a longer flame front and a larger

hase. However, for Y = 6 mm the flame front moves toward the

igh velocity region between the adjacent tubes. The higher veloc-

ty decreases the convective traveling time of perturbations along

he flame front and results in a slightly smaller phase compared to

hen Y = 7 mm. 

In general, changing the distance between the burner and heat

xchanger marginally changes the burner TF . However, for the im-

inging cases, the heat exchanger is additionally exposed to un-

urnt mixture. This results in a different behavior, like a different

hase shift of the heat exchanger TF . Therefore, it is crucial to in-

estigate the response of the heat exchanger and total system as

ell. 

Figure 14 shows the gain and phase of the heat exchanger TF

hen its excitation ( u mid ) is calculated using the burner TM in Eq.

3) and the inlet velocity ( u in ). For all non-impinging cases ( Y = 50,
5, 10 and 8 mm), the heat exchanger TF is close to that of the

oBurner case (see Fig. 11 ). For the impinging cases ( Y = 7 and

 mm) however, a physical middle section between the burner and

eat exchanger does not exist and u mid in these cases is associ-

ted to a ‘virtual’ point. The extremely large gains for the imping-

ng cases are therefore an artifact of calculating using this virtual

oint. In these cases, the heat exchanger is exposed to two streams

f hot (burnt) and cold (unburnt) flow (see the white and black

olors of the temperature contours in Fig. 12 ). As the velocity in-

reases, the tube is further exposed to the cold stream and its total

eat flux decreases. This reflects in a phase shift of the order of π
n the phase of the heat exchanger TF (see Fig. 14 b). 

For all the investigated cases, the mean heat flux at every point

n the circumference of the heat exchanger tube is negative, i.e.

n the absence of fluctuations, the heat exchanger is constantly ab-

orbing heat from the system. However, for the impinging cases

his sink is acting with a phase shift of π (see Fig. 14 b) and may

ave adverse effects. These effects should reflect in the dilatation

ate and therefore the TM of the total system. The gain and phase

f the total TM are plotted in Fig. 15 . The baseline is considered

or the case without a heat exchanger (NoHex) and is marked

y symbols. As intuitively expected, adding a heat exchanger far



Prep
Fig. 14. The gain (a) and phase (b) of the heat exchanger TF when it is placed at

Y = 50 ( ), 25 ( ), 10 ( ), 8 ( ), 7 ( ) and 6 mm ( ), and its ex- 

citation ( u mid ) is calculated using the burner TM in Eq. (3) and the inlet velocity

( u in ).

Fig. 15. The gain (a) and phase (b) of the total TM in the NoHex case ( ) and

when the heat exchanger is placed at Y = 50 ( ), 25 ( ), 10 ( ), 8 ( ), 7

( ) and 6 mm ( ).
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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. 7 a), 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 Kármán vortices, the heat exchanger may acquire

larger phase values and adversely affect the instability of the sys-
rint

em, even when placed far away from the burner [13] . In addition,

he methods and processes discussed in this work are applicable to

ny other configuration of burners and heat exchangers. The gen-

ral conclusions to be used for this purpose are formulated in the

ollowing section. 

. Conclusions

A method is introduced for predicting the thermoacoustic re-

ponse of a simplified heating appliance using the behavior of

ts major constituting elements, i.e. the burner and the heat ex-

hanger. To fulfill this purpose, the network model approach is

sed to decouple the effects of the elements, considering details of

elocity profiles. The results of the conducted research allow for-

ulating 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 distances comparable to flame length, the method requires

registering average velocities on a physical plane between the

flame tip and the heat exchanger surface. This is possible for

all distances longer than the flame length if there are negligible

intrusions in temperature and/or species concentration profiles.

If not, the interaction intensifies and causes the phenomenon of

flame impingement. 

• 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-

ion of the effects of both the burner and the heat exchanger as ac-

ive acoustic elements, especially when flame impingement occurs.

 heat exchanger placed relatively far downstream the burner re-

ults in a decrease in the gain of the combined TM , that may help

bate possible instabilities. On the contrary, if flame impingement

ccurs the effects of the heat exchanger may enhance these insta-

ilities. 
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