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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. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 1 

Thermoacoustic instabilities are frequently present in lean (par- 2 

tially) premixed combustion and have been studied for more than 3 

a century [1–3] . Such instabilities may occur in various systems, 4 

such as gas turbines, boilers and other heating systems. Many of 5 

combustion appliances include not only heat sources (burners) but 6 

also heat sinks (heat exchangers). In the combustion thermoacous- 7 

tic research, the common practice is to treat the burner as the 8 
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solely active thermoacoustic element and the other components 9 

as passive elements (such as ducts, vessels and terminations, in- 10 

cluding heat exchangers) [4] . One of the crucial prerequisites of 11 

this modular method is the possibility to distinguish and separate 12 

the “acoustic elements” from each other, and accordingly to en- 13 

capsulate their acoustic behavior as a property of the given ele- 14 

ment only. This paradigm is the basis of the network model ap- 15 

proach, where the subsystems are described as linear elements 16 

with two acoustic inputs and two outputs (two-ports), interrelated 17 

via a Transfer Matrix ( TM ) or a Scattering Matrix ( SM). The heat 18 

release response to acoustic excitation of velocity in an active ele- 19 

ment, like burner, can be naturally described within the concept of 20 

the thermoacoustic Transfer Function ( TF ). For acoustically compact 21 
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elements (where the size of the element is negligible compared to 22 

the acoustic wavelength), the TM is related to the TF through the 23 

heat release rate [5,6] . There are multiple examples in the litera- 24 

ture, where this approach has proven to be productive in predict- 25 

ing system instabilities and evaluating different measures of pas- 26 

sive and/or active control [7–10] . 27 

On the system level, the heat exchanger is designed to absorb 28 

most of the heat produced by the burner and create a reverse tem- 29 

perature jump of the same order of magnitude as the burner. On 30 

the other hand, it is well known that an acoustically forced flow 31 

may create a fluctuating heat flux on the bodies in the flow [11,12] . 32 

Therefore, the heat exchanger may potentially be an additional ac- 33 

tive acoustic element next to the burner in the acoustic network. 34 

The activity of a heat exchanger can be included in the acoustic 35 

network analysis. As an example, the authors have demonstrated 36 

in an earlier publication that in a simple one-dimensional Rijke 37 

burner with a flame and heat exchanger, the thermoacoustic prop- 38 

erties of the heat exchanger can significantly alter the stability 39 

of the system [13] . However, the aforementioned study has been 40 

purely acoustic and considered approximated and frequency inde- 41 

pendent transfer functions for the burner and heat exchanger, ne- 42 

glecting any direct interactions. 43 

On the other hand, the practical need to reduce the built vol- 44 

ume of combustion appliances and minimize nitrogen oxides, leads 45 

to the desire to locate the heat exchanger very close to the burner. 46 

The smaller this distance, the more questionable it becomes to 47 

consider the burner and the heat exchanger as two acoustically in- 48 

dependent elements. It is known that in the limit case of imping- 49 

ing flames, the intense interaction of a flame with a heat exchanger 50 

leads to significant changes of the acoustic properties of the flame. 51 

Particularly, it was observed that impingement may change the 52 

noise produced by the flame [14–16] . Similarly, the proximity of 53 

a flame to the heat exchanger surface can affect the periodic heat 54 

transfer between the surface and hot gases. In other words, the 55 

fluctuations induced by the flame dynamics may alter the acoustic 56 

properties of the heat exchanger. Consequently, the thermoacous- 57 

tic properties (e.g. TF and TM ) of the combination of the burner 58 

and heat exchanger may differ drastically from when considered 59 

independent. Therefore, one may a-priori expect that the mutual 60 

interactions between the burner and the heat exchanger may alter 61 

their individual thermoacoustic properties. Consequently, the direct 62 

interactions (hydrodynamic, heat transfer and chemical reactions) 63 

will impose a range of implications for the acoustic network mod- 64 

eling of a combustion system with interacting burner and heat ex- 65 

changer. 66 

The practical relevance, fundamental interest and shortage of 67 

knowledge about the burner-heat-exchanger thermoacoustic inter- 68 

actions has stimulated the present research. The ultimate goal of 69 

this investigation is to elucidate the physical nature of burner-heat- 70 

exchanger interactions in respect to their thermoacoustic behavior. 71 

Particularly, the aim is to answer the following questions: 72 

• What are the conditions for considering the combined TF/TM 73 

of the burner and heat exchanger as the superposition of their 74 

individual TF/TM’s , and how can this be done properly? 75 

• When do the interactions between them affect the individual 76 

TF/TM’s , and what is an applicable method to reconstruct a 77 

combined TF/TM ? 78 

• What are the physical phenomena and governing parameters 79 

responsible for these interactions? 80 

To solve the formulated problem and questions, a particular 81 

configuration is studied that consists of a bed of idealized Bunsen- 82 

type wedge shaped (two-dimensional) premixed flames anchored 83 

on slot perforations in a burner deck, and interacting with a 84 

heat exchanger consisting of a series of idealized cylindrical tubes 85 

placed downstream the burner (see Fig. 1 ). This academic configu- 86 

ration is representative for the design of a majority of heating ap- 87 

pliances and is composed of relatively simple elements which have 88 

been intensively studied in the past on theoretical, experimental 89 

and numerical levels [12,17–19] . 90 

CFD is chosen as the research tool because there are no con- 91 

venient and easily measurable indicators for the oscillating rate of 92 

heat transfer from the hot gases to the heat exchanger (unlike the 93 

chemiluminescence of chemical radicals for flame heat release). 94 

Consequently, within a physical experiment, it is feasible to eval- 95 

uate the effects of the heat exchanger on the acoustic properties 96 

of the flame, but it is difficult to detect the reciprocal effects of 97 

the flame on the heat exchanger. This fact motivates the use of the 98 

CFD-based analysis within the present research. 99 

By changing the distance between the burner and heat ex- 100 

changer, one can alter the intensity of the mutual interactions. For 101 

large distances, no hydrodynamic interaction is expected. However, 102 

as the distance decreases the hydrodynamic and thermal fields cre- 103 

ated by the flame and heat exchanger begin to interact. These 104 

interactions can be extremely intense and complicated when the 105 

flame impinges on the heat exchanger surface. Details of the situ- 106 

ations that may occur are discussed in the following section. 107 

Ultimately, by studying this simplified configuration, general 108 

conclusions are formulated regarding the physics of the processes 109 

responsible for the interactions, considering the thermoacoustic as- 110 

pects of this problem. The drawn conclusions are generic by nature 111 

and can be applicable to other configurations as well. 112 

2. Governing phenomena of the interactions between a burner 113 

and a downstream placed heat exchanger 114 

A picture of the constructed burner-heat-exchanger system and 115 

a schematic of the simplified configuration used as the simula- 116 

tion geometry are illustrated in Fig. 1 . Symmetry has been used 117 

in order to reduce the size of the computational domain and to 118 

model the effects of the neighboring flames and heat exchanger 119 

tubes. The mixture enters from the inlet at the bottom and the 120 

flames stabilize on the slit perforations. The combustion products 121 

flow toward the heat exchanger tubes and leave the domain at the 122 

outlet. In addition to the dimensions mentioned in Fig. 1 , other im- 123 

portant length scales are flame height ( L ≈ 5 mm), flame thickness 124 

( δ ≈ 0.5 mm) and the smallest acoustic wavelength ( λ ≈ 1370 mm), 125 

which is calculated for a maximum temperature of 20 0 0 K and 126 

highest relevant frequency of 10 0 0 Hz. 127 

A-priori, for a heating appliance containing a burner and heat 128 

exchanger and in presence of acoustic perturbations, one can fore- 129 

see several hypothetical interaction scenarios between the two ele- 130 

ments. These interactions are mainly governed by the distance be- 131 

tween them and are illustrated in Fig. 2 . This figure shows the flow 132 

streamlines and the flame shape. In the limit case where the dis- 133 

tance is sufficiently large to smoothen all non-uniformities (ther- 134 

mal, kinetic and fluid dynamic), the heat exchanger is exposed to 135 

a uniform flow of burned gases with the acoustic perturbations on 136 

top of the mean flow (see Fig. 2 a). In this case, the subsystems 137 

can be treated separately from the point of view of either con- 138 

vective fluid dynamics or acoustics. In this case, there are no dif- 139 

ficulties to define spatial boundaries as inlets and outlets for the 140 

burner and the heat exchanger as the succeeding element. Usually 141 

these boundaries are defined where acoustic waves can be con- 142 

sidered one-dimensional and planar. It can even be necessary and 143 

reasonable to include some extra acoustic elements, such as ducts, 144 

to model the propagation of acoustic waves between the burner 145 

and the heat exchanger [20] . 146 

At some level of proximity between the subsystems, either the 147 

convective or the acoustic perturbations do not smoothen to a neg- 148 

ligible level (see Fig. 2 b). In this case, the thermoacoustic behav- 149 

ior of the heat exchanger may be affected due to the deviations of 150 
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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). 

the incoming fluid field. This is the situation where the properties 151 

of the flame are not yet affected by the heat exchanger, but the 152 

acoustic properties of the heat exchanger are affected by the prox- 153 

imity of the flame. In general, the convective and acoustic “near- 154 

fields” of the excited flame do not have to be spatially the same. 155 

Consequently, within this one-way interaction scenario some sub- 156 

cases can be foreseen based on the intensity of the effects of the 157 

burner on the heat exchanger. Furthermore, the existence of an 158 

acoustically well-defined interface between the burner and heat 159 

exchanger is questionable. 160 

Finally, when the heat exchanger is so close to the burner that 161 

the mean flame shape is affected, mutual thermoacoustic inter- 162 

actions are expected (see Fig. 2 c). Here, the subsystems may no 163 

longer be acoustically separated and should be considered as one 164 

combined element with common inlet and outlet interfaces. 165 

Within the present contribution, the above-described scenarios 166 

are studied in the presented setup. First, the numerical setup is 167 

introduced concisely together with brief information about model 168 

validation. More details on the model and its validation approach 169 

can be found in a previous publication [21] . Next, the thermoa- 170 

coustic properties of the burner and heat exchanger, and their 171 

combined TF ’s and TM ’s are studied as functions of the distance 172 

between the burner surface and the heat exchanger. This is the 173 

core analysis, which is meant to reveal the change of the interac- 174 

tion scenarios. The observed interactions are then analyzed in the 175 

discussion section, and in conclusions, the generic features of the 176 

interactions between the burner and the heat exchanger are re- 177 

trieved based on the obtained results. 178 

3. Numerical setup 179 

The simulation domain is presented in Fig. 1 . The inlet bound- 180 

ary is set to constant velocity of 0.8 m/s, the outlet boundary to at- 181 

mospheric pressure and the lateral boundaries to symmetric. Some 182 

studies have suggested using a correction factor for flame expan- 183 

sion effects [22] . However, these effects marginally alter the flame 184 

TF and do not change the nature of the interactions and the con- 185 

clusions to be drawn. The burner deck and heat exchanger have 186 

isothermal boundaries set to 793 and 343 K, respectively, obtained 187 

from corresponding measurements, where the walls are thin and 188 

the constant temperature assumption is acceptable. Nevertheless, 189 

if a more accurate and detailed investigation is required, conju- 190 

gate heat transfer needs to be taken into account. The grid size 191 

is 160 μm, which is refined to 40 and 20 μm around the heat ex- 192 

changer and flame, respectively, in order to resolve the thermal 193 

boundary layers and flame thickness properly. 194 

The flow is assumed laminar and the fluid an incompressible 195 

ideal gas, due to low Reynolds and Mach numbers. The mixture 196 

is methane –air with the equivalence ratio of 0.8 and combustion 197 

is modeled using the finite rate chemistry for a 2-step reaction 198 

mechanism as described in [23] . The available Arrhenius rates are 199 

modified to match the flame speed and thickness to the available 200 

experimental data (see Section 4 ). The specific heats of all individ- 201 

ual species are obtained from temperature-dependent polynomials 202 

and their viscosities and thermal conductivities using kinetic the- 203 

ory. The corresponding properties of the mixture are then available 204 

using the mixing law. The software package used for this work is 205 

ANSYS ® Fluent, Release 17.0. 206 

The transfer function concept is widely used to characterize 207 

the thermoacoustic properties of active elements driven by acous- 208 

tic velocity in the linear regime. In the frequency domain, the 209 

frequency-dependent TF is defined as the ratio of the relative per- 210 

turbation of heat release or absorption, to the relative perturbation 211 

of flow velocity, 212 

T F ( f ) = 

q ′ ( f ) / ̄q 
u 

′ ( f ) / ̄u 

, (1) 

where q is the heat release or absorption, u the flow velocity and 213 

f the frequency of the perturbation. The prime and overbar denote 214 

the fluctuating and mean parts of the variables, respectively. 215 

A purely acoustical concept to characterize the thermoacoustic 216 

properties of an element is the transfer matrix, in which part of 217 

the system is considered as a lumped acoustic element. This ap- 218 

proach is most suitable to describe longitudinal acoustic waves in 219 

the linear regime of oscillations [3] . The input vector of acoustic 220 

variables can be related to the output vector via the transfer ma- 221 

trix, 222 [
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) 

where p ′ and u ′ denote the acoustic pressure and velocity, respec- 223 

tively. It is known that for an acoustically compact element in the 224 

limit of low Mach numbers, M uu is the only entry that is sensitive 225 

to the presence of an oscillating heat source or sink [22,24–26] . 226 
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Fig. 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). 

This entry relates the acoustic components of the velocity down- 227 

stream and upstream of an element, where the acoustic fields are 228 

planar. For the sake of simplicity, the TM 22 entry of the transfer 229 

matrix ( M uu ) is referred to as TM in the rest of the article. The 230 

relation between TF and TM can be derived from the Rankine –231 

Hugoniot jump conditions [27] and shows their linear proportion- 232 

ality, 233 

T M = 1 + ( θ − 1 ) T F , (3) 

where θ is the ratio of downstream to upstream temperatures in 234 

Kelvins. 235 

In order to obtain the burner and heat exchanger TF or TM , 236 

transient simulations are performed to calculate their responses to 237 

a block change in velocity. This is done by imposing a step function 238 

with 5% increase in the inlet velocity as excitation. The response of 239 

the burner and heat exchanger are then calculated using the vol- 240 

ume integral of reaction source term and the surface integral of 241 

heat flux through the heat exchanger wall, respectively. It is par- 242 

ticularly checked that the time step size (10 μs) is small enough 243 

to capture the premixed flame dynamics. It is also checked that 244 

the perturbations are small enough to prevent nonlinearities and 245 

can be regarded as a broadband excitation covering a wide range 246 

of frequencies. This approach has proven to be efficient and repre- 247 

sentative of obtaining the system response using discrete harmonic 248 

excitations [28] . The responses of the system and its elements are 249 

then calculated both with the transfer function and transfer matrix 250 

approaches, according to Fig. 3 and Table 1 . 251 

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. 

In Fig. 3 , a schematic of the system as a network model is 252 

shown, where u and q denote velocity and heat release/absorption, 253 

respectively. Note that the reference point for calculating TF of a 254 

specific element is usually chosen at a distance upstream of the 255 

element, where the acoustic waves can be assumed planar. Con- 256 

sequently, for the burner, the combined effects of the flame and 257 

flame holder are measured or simulated. 258 

Figure 4 shows how the burner heat release and heat exchanger 259 

heat absorption change with time as the velocity excitation is ap- 260 

plied. This data is for a case where the heat exchanger is placed 261 

far from the burner (see Fig. 2 a). 262 

Table 1 summarizes the corresponding excitation and response 263 

signals used for calculating the TF and TM of each element and the 264 

combined system. 265 

4. Validation 266 

The modified reaction parameters are first used in a one- 267 

dimensional configuration to find the grid size required to capture 268 

the flame thickness and laminar flame speed accurately, as well 269 

as their dependency on the equivalence ratio and unburnt tem- 270 

perature. The obtained data are in good agreement with the lit- 271 

erature [29–31] . In addition, the validation of the TF of the two- 272 

dimensional stretched flame is performed in comparison with the 273 

work of Kornilov et al. [32] . They have provided measurement and 274 

DNS simulation results of wedge flames stabilized on a perforated 275 

deck. This work is chosen because the configuration is close to our 276 

study and their results are confirmed in other independent studies 277 

as well [22] . The comparison of the TF gain and phase is presented 278 

Please cite this article as: N. Hosseini et al., Evaluating thermoacoustic properties of heating appliances considering the burner and heat 

exchanger as acoustically active elements, Combustion and Flame (2018), https://doi.org/10.1016/j.combustflame.2018.01.030 

https://doi.org/10.1016/j.combustflame.2018.01.030


N. Hosseini et al. / Combustion and Flame xxx (2018) xxx–xxx 5 

ARTICLE IN PRESS 

JID: CNF [m5G; January 29, 2018;12:29 ] 

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

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

in Fig. 5 . This comparison also provides a double check for the lam- 279 

inar flame speed and flame height, since these parameters signif- 280 

icantly affect the burner TF [22,26,32] . The results show that the 281 

model is able to reproduce the experimental and numerical data 282 

from the literature with good agreement. 283 

5. Results and discussion 284 

The results are categorized in two parts. First, the case where 285 

the heat exchanger is placed far downstream the burner is investi- 286 

gated. Here the sensitivity of the location of the chosen section for 287 

decoupling the burner and heat exchanger is studied. Afterwards, 288 

various situations that occur when the physical distance between 289 

the flame and heat exchanger decreases are discussed. 290 

5.1. The heat exchanger far downstream the burner (at Y = 50 mm) 291 

As can be noticed in Fig. 2 , the flow accelerates across the flame 292 

due to the temperature increase. Since the configuration is con- 293 

fined, a velocity profile downstream the flame is formed which is 294 

not flat (not constant in x-direction). The required distance from 295 

the burner so that this velocity profile is flat with a maximum 296 

deviation of 1% is defined by Y = 0.05. Re ′ . s , where s is the pitch 297 

between the slits (4 mm in Fig. 1 b) and Re ′ is the Reynolds num- 298 

ber (based on the velocity downstream the slits and two times the 299 

pitch) [33] . This minimum length is calculated equal to 30 mm (6 L) 300 

for the geometry and conditions under investigation. This location 301 

( Y = 30 mm) is 20 mm ( > 6 D ) upstream of the heat exchanger tube, 302 

which is far enough for the flow not to be affected by the con- 303 

traction between the tubes. Therefore, this location is chosen as a 304 

mid-section for splitting the system into the burner and heat ex- 305 

changer subsystems, when they are far from each other. Figure 6 306 

shows a schematic of the splitting section and related dimensions. 307 

The Helmholtz number is described as He = 2 π l/ λ, where l 308 

is the corresponding length and λ is the acoustic wavelength 309 

[34] . For 30 mm length and the smallest acoustic wavelength of 310 

λ= 1370 mm (see Section 2 ), the Helmholtz number is less than 311 

0.14. This shows that the subsystems after splitting are still acous- 312 

tically compact. 313 

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

The total TF can be calculated theoretically using the energy 314 

balance in the system and it is not simply the sum or a weighted 315 

sum of the burner and heat exchanger TF ’s. Assuming linearity of 316 

the system and using the heat balance we have, 317 

q 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 318 

we can calculate, 319 

T 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- 320 

tween the inlet velocity and the velocity downstream of the flame 321 

(upstream of the heat exchanger). It can be related to burner TM 322 

using the velocity ratio u in / u mid . This ratio is equal to 1/ θ for an 323 

incompressible ideal gas. Therefore, using Eq. (3) we have, 324 

T 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 , 

so that we have, 325 

T 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, 326 

heat exchanger and total system using both the CFD results and 327 

Eq. (4) . Here, the heat exchanger TF is calculated using the veloc- 328 

ity fluctuations at the splitting section. The gain of the burner TF 329 

has an overshoot at 300 Hz which is due to the coupling of pe- 330 

riodic heat transfer to the burner deck with the velocity fluctua- 331 

tions [17] . The TF phase, and consequently the time delay, of the 332 

burner is much larger than that of the heat exchanger and there- 333 

fore the total system time delay is almost identical to that of the 334 

burner. The gain of the heat exchanger TF is below unity for all 335 

frequencies, i.e. the relative amplitude of fluctuations of the heat 336 
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Fig. 7. The gain (a) and phase (b) of the TF of the total system via CFD ( ), via 

Eq. (4) ( ), burner ( ) and heat exchanger ( ) when it is placed at Y = 50 mm. 

flux through the heat exchanger is smaller than that of the exci- 337 

tation. This is a usual trend in bluff bodies exposed to oscillating 338 

cross flow [11,12] . Since the heat exchanger is a sink of heat, this 339 

causes the relative amplitude of fluctuations of the total heat of 340 

the whole system to be larger than that of the excitation, result- 341 

ing in larger gain for the total TF . This causality can be understood 342 

by considering harmonic fluctuations with DC and AC components 343 

of the signal. In an extreme case, in which the gain of the heat 344 

exchanger TF is very small, the heat exchanger is still absorbing 345 

heat as a mean value (DC component), but the fluctuating part (AC 346 

component) of the total heat is still almost equal to that of the 347 

burner, since the heat exchanger absorption has negligible fluctu- 348 

ations. Therefore, the ratio of total system heat fluctuations to its 349 

mean is always larger than that of the burner. This can also be un- 350 

derstood using the data presented in Fig. 4 . If the 5% increase in 351 

the excitation signal had led to 5% increase in burner heat release 352 

and 5% increase in heat exchanger heat absorption, then the total 353 

system heat would have also increased by 5%. However, the heat 354 

exchanger absorption has only increased by 2%, which means that 355 

the total heat of the system (burner minus heat exchanger) has 356 

increased more than 5%. This causes a gain of the total TF to be 357 

larger than one. Note that this behavior may change depending on 358 

the constructive or destructive behaviors due to the changes of TF 359 

phase for various frequencies. 360 

Figure 8 shows the gain and phase of TM for the burner, heat 361 

exchanger and total system. Since TM is relating the velocities 362 

upstream and downstream an element (dilatation rate), its gain 363 

is larger than one if the temperature increases (expansion) and 364 

smaller than one if it decreases (contraction). This is clearly visi- 365 

ble in Fig. 8 . The TM and TF are related via Eq. (3) and depend- 366 

ing on the values of TF and θ , TM may fluctuate with frequency. 367 

This can be seen in the form of fluctuations in the gain of TM in 368 

Fig. 8 . These fluctuations are also physically important since they 369 

illustrate that the information obtained directly from the TF does 370 

not suffice for judging the system dilation rate, which is impor- 371 

tant when the system is exhibiting Helmholtz oscillations. While 372 

the dilatation rate is around six (the steady state value due to the 373 

temperature jump) at 400 Hz, it reduces to one (transparent ele- 374 

ment) slightly above 600 Hz. The phase of TM of the total system 375 

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. 

follows that of the flame for the same reason mentioned for TF ’s 376 

(see the explanation of Fig. 7 ). 377 

5.2. Varying the location of the splitting section 378 

The calculations for the case with the heat exchanger far down- 379 

stream the burner are straightforward, however they become more 380 

complicated when the heat exchanger is placed closer to the 381 

burner. The first step toward bringing the heat exchanger closer 382 

to the burner is to keep the heat exchanger location fixed, but 383 

vary the location of the splitting section. In order to study the re- 384 

sponse of the heat exchanger under these conditions, the splitting 385 

section is moved from its previous position ( Y = 6L = 10 D = 30 mm) 386 

to further upstream ( Y = 1.4 L = 2.33D = 7 mm) and downstream 387 

( Y = 9.2L = 15.67 D = 47 mm) and its response is investigated. The 388 

flame height is L = 5 mm and the heat exchanger diameter is 389 

D = 3 mm and is placed at Y = 50 mm, therefore, Y = 7 and 47 mm 390 

correspond to 2 mm downstream the flame tip and 1.5 mm up- 391 

stream the heat exchanger surface, respectively. This is the clos- 392 

est possible to the flame tip and heat exchanger surface, without 393 

interfering with the temperature boundary layers. 394 

In Fig. 9 , the changes of velocity magnitude with time at these 395 

sections are shown. At each section, the transient velocity magni- 396 

tude is plotted at the point where X = 0 mm (the left symmetry 397 

line) in dashed lines, at X = 2 mm (the right symmetry line) in dot- 398 

ted lines, and the average velocity on the section in solid lines. The 399 

two points in x-direction are shown on the splitting section in Fig. 400 

6 and the values are normalized to their corresponding initial val- 401 

ues before the 5% step excitation. At each section, if the velocity 402 

profile preserves its shape with time (stays self-similar), the nor- 403 

malized velocity at all the points in x-direction will plot on each 404 

other in Fig. 9 . This is the case for Y = 30 and 47 mm, however 405 

for Y = 7 mm there is a variation, which is explained later. Despite 406 

this variation, the average value on the splitting section (solid lines 407 

in Fig. 9 ) has almost identical transient behavior for all the sec- 408 

tions. This means that the x-averaged value at any of these sections 409 

(even the ones extremely close to the flame tip or heat exchanger 410 

surface) or any other section between them may be used for split- 411 

ting the system into the burner and heat exchanger sub elements. 412 

Figure 10 better illustrates the self-similarity of velocity pro- 413 

files with time. The non-normalized velocity magnitudes along the 414 
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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). 

x-direction are plotted for the first time step (just before applying 415 

the excitation) in dashed lines, for the last time step in solid lines 416 

and for 800 intermediate time steps (8 ms) in semi-transparent 417 

gray lines, forming the gray shaded area. For Y = 7 ( Fig. 10 a) and 418 

47 mm ( Fig. 10 c), it can be observed that the non-uniform velocity 419 

profiles are induced by the flow acceleration through the flame and 420 

contraction between the heat exchanger tubes, while the velocity 421 

profile at Y = 30 mm remains flat. The velocity profiles at Y = 30 422 

and 47 mm stay self-similar with time, however, at Y = 7 mm the 423 

expansion caused by the flame grows in x-direction, i.e. the in- 424 

crease in velocity is smallest at X = 0 mm and largest at X = 2 mm 425 

(see Fig. 10 a). This was previously seen in Fig. 9 a as the differ- 426 

ence between the dashed and dotted lines, and is because the 427 

flow expansion through the flame front is weaker at the flame tip 428 

( X = 0 mm). 429 

The gain and phase of the heat exchanger TF using the x- 430 

averaged velocities at the three sections are plotted in Fig. 11 . 431 

The markers show the results for the “NoFlame” case, i.e. the case 432 

where no flame is simulated and the heat exchanger is only ex- 433 

posed to a fluctuating flow with post-combustion properties (mean 434 

velocity, composition and temperature). It is evident that choosing 435 

different heights for calculating the heat exchanger transfer func- 436 

tion leads to almost the same results, which are all in acceptable 437 

agreement with the NoFlame case. The observed fluctuations in 438 

the gain and phase are because in the NoFlame case, the exci- 439 

tation signal is a perfect step function, while for the other cases 440 

the measured velocity at the sections are used as excitation and 441 

this measured velocity is not a perfect step. This poses an imper- 442 

fect excitation signal that may lead to numerical errors. In fact if a 443 

step function is not possible as excitation (for example in measure- 4 4 4 

ments), a separate study needs to be performed to find a proper 445 

excitation signal. Details of creating such signals can be found in 446 

the literature [35] . These results prove that the discussed decou- 447 

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 NoFlame case ( ). 

pling method is valid even when the heat exchanger is exposed to 448 

a non-flat velocity profile. 449 

5.3. Varying the distance between the burner and the heat exchanger 450 

Decreasing the distance between the burner and heat exchanger 451 

initially exposes the heat exchanger to a non-flat velocity profile, 452 
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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. 

then a non-flat temperature and/or concentration profile, and fi- 453 

nally flame quenching and different impingement regimes occur. 454 

In order to find the physical limits of the validity of the described 455 

method, multiple simulations are performed with the heat ex- 456 

changer at Y = 50, 25, 10, 8, 7 and 6 mm, which correspond to 10 L , 457 

5 L , 2 L, 1.4 L and 1.2 L . The network model approach is then taken 458 

and the time signals and Eq. (3) are used to obtain the TF and TM 459 

for the burner, heat exchanger and total system. In Fig. 12 , some of 460 

the cases ( Y = 10, 8, 7 and 6 mm) are shown as pairs of 2D plots of 461 

reaction heat (left side) and temperature (right side). Merging of 462 

the temperature fields of the flame and heat exchanger is visible 463 

for all except Y = 10 mm, and flame quenching and impingement 464 

occur for Y = 7 and 6 mm. It is important to note that depending on 465 

the mixing and/or diffusivity of velocity, concentration and temper- 466 

ature, the heat exchanger may first be exposed to a non-flat profile 467 

associated to any of them. However, in lean premixed combustion, 468 

where thermoacoustic instabilities are important, the time scales 469 

of viscous dissipation is much larger than thermal and species dif- 470 

fusion and mixing. Therefore, the focus of the analysis is on the 471 

velocity profiles. 472 

The gain and phase of the burner TF for different distances be- 473 

tween the burner and the heat exchanger are plotted in Fig. 13 . 474 

As observed in Section 5.2 , the burner TF in the non-impinging 475 

cases does not significantly change as the distance decreases. The 476 

reduction in the overshoot of the gain is due to carbon monoxide 477 

formation around the heat exchanger and the fact that all reac- 478 

tion source terms are integrated in the whole domain. Therefore, 479 

the carbon monoxide to carbon dioxide conversion is also included 480 

and slightly alters the integrated reaction source term. These dif- 481 

ferences were completely removed for an adiabatic heat exchanger. 482 

For Y = 7 mm, the flame stretches due to the flow distortion around 483 

the tube (see Fig. 12 ), causing a longer flame front and a larger 484 

phase. However, for Y = 6 mm the flame front moves toward the 485 

high velocity region between the adjacent tubes. The higher veloc- 486 

ity decreases the convective traveling time of perturbations along 487 

the flame front and results in a slightly smaller phase compared to 488 

when Y = 7 mm. 489 

In general, changing the distance between the burner and heat 490 

exchanger marginally changes the flame TF . However, for the im- 491 

pinging cases, the heat exchanger is additionally exposed to un- 492 

burnt mixture. This results in a different behavior, like a different 493 

phase shift of the heat exchanger TF . Therefore, it is crucial to in- 494 

vestigate the response of the heat exchanger and total system as 495 

well. 496 

Figure 14 shows the gain and phase of the heat exchanger TF 497 

when its excitation ( u mid ) is calculated using the burner TM in 498 

Eq. (3) and the inlet velocity ( u in ). For all non-impinging cases 499 

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 ( ). 

( Y = 50, 25, 10 and 8 mm), the heat exchanger TF is close to that 500 

of the NoFlame case (see Fig. 11 ). For the impinging cases ( Y = 7 501 

and 6 mm) however, a physical middle section between the burner 502 

and heat exchanger does not exist and u mid in these cases is as- 503 

sociated to a ‘virtual’ point. The extremely large gains for the im- 504 

pinging cases are therefore an artifact of calculating using this vir- 505 

tual point. In these cases, the heat exchanger is exposed to two 506 

streams of hot (burnt) and cold (unburnt) flow (see the white and 507 

black colors of the temperature contours in Fig. 12 ). As the veloc- 508 

ity increases, the tube is further exposed to the cold stream and its 509 

total heat flux decreases. This reflects in a phase shift of the order 510 

of π in the phase of the heat exchanger TF (see Fig. 14 b). 511 

For all the investigated cases, the mean heat flux at every point 512 

on the circumference of the heat exchanger tube is negative, i.e. 513 

in the absence of fluctuations, the heat exchanger is constantly ab- 514 

sorbing heat from the system. However, for the impinging cases 515 

this sink is acting with a phase shift of π (see Fig. 14 b) and may 516 

have adverse effects. These effects should reflect in the dilatation 517 

rate and therefore the TM of the total system. The gain and phase 518 

of the total TM are plotted in Fig. 15 . The baseline is considered 519 

for the case without a heat exchanger (NoHex) and is marked 520 

by symbols. As intuitively expected, adding a heat exchanger far 521 
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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 ( ). 

downstream introduces an opposite temperature jump and de- 522 

creases the gain of the total TM compared to the NoHex case. For 523 

the impinging cases on the other hand, the gain of the TM is larger 524 

than that of the NoHex case. This is a result of the counter-phase 525 

behavior of the heat exchanger, i.e. although the total temperature 526 

ratio in Eq. (3) is smaller compared to the NoHex case, the gain of 527 

the total system TF is larger (see Fig. 7 a), resulting in a larger TM 528 

and therefore larger dilatation rate. 529 

Here a heat exchanger with only one tube row is considered 530 

and the results indicate that the phase of the heat exchanger has 531 

a negligible value compared to the burner. However, in other con- 532 

figurations such as multiple rows of heat exchanger tubes and the 533 

presence of von Kármán vortices, the heat exchanger may acquire 534 

larger phase values and adversely affect the instability of the sys- 535 

tem, even when placed far away from the burner [13] . In addition, 536 

the methods and processes discussed in this work are applicable to 537 

any other configuration of burners and heat exchangers. The gen- 538 

eral conclusions to be used for this purpose are formulated in the 539 

following section. 540 

6. Conclusions 541 

A method is introduced for predicting the thermoacoustic re- 542 

sponse of a simplified heating appliance using the behavior of 543 

its major constituting elements, i.e. the burner and the heat ex- 544 

changer. To fulfill this purpose, the network model approach is 545 

used to decouple the effects of the elements, considering details of 546 

velocity profiles. The results of the conducted research allow for- 547 

mulating the following conclusions: 548 

• For a wide range of conditions, the TF/TM of the combination of 549 

the burner and heat exchanger can be represented as a super- 550 

position of their independently measured or modeled TF/TM ’s. 551 

A mathematical approach that allows the proper superposition 552 

of the individual TF/TM ’s into a combined TF/TM is proposed 553 

and validated. 554 

• In the case of large distance between the burner and heat ex- 555 

changer, the interactions are purely acoustic by nature and can 556 

be described within, e.g. the acoustic network model approach. 557 

The corresponding composition method provides good predic- 558 

tions for all distances between the burner and heat exchanger 559 

that are larger than the flame height. It shows that a flat veloc- 560 

ity profile, that promotes planar acoustic waves, is not a neces- 561 

sity for decoupling the system using this method. 562 

• For distances comparable to flame length, the method requires 563 

registering average velocities on a physical plane between the 564 

flame tip and the heat exchanger surface. This is possible for 565 

all distances longer than the flame length if there are negligible 566 

intrusions in temperature and/or species concentration profiles. 567 

If not, the interaction intensifies and causes the phenomenon of 568 

flame impingement. 569 

• In general, in all cases without flame impingement, one can 570 

treat the burner and the heat exchanger as two acoustic ele- 571 

ments acting opposite each other, i.e. the oscillations of dilata- 572 

tion rate introduced by the burner are reduced due to the pres- 573 

ence of the heat exchanger. 574 

• When the distance between the burner and heat exchanger is 575 

so small that flame impingement occurs, modifications of both 576 

the flame shape, temperature and the profile of flow approach- 577 

ing the heat exchanger takes place. In this case, the combina- 578 

tion of the burner plus heat exchanger has to be considered 579 

as one coupled thermoacoustic element. Furthermore, the re- 580 

sponse of the coupled system in these cases changes drastically 581 

due to the heat exchanger acting as a counter-phase sink and 582 

increasing the cumulative oscillations of dilatation rate. 583 

This investigation also implies that a correct modeling of the 584 

thermoacoustic response of a heating appliance requires the inclu- 585 

sion of the effects of both the burner and the heat exchanger as ac- 586 

tive acoustic elements, especially when flame impingement occurs. 587 

A heat exchanger placed relatively far downstream the burner re- 588 

sults in a decrease in the gain of the combined TM , that may help 589 

abate possible instabilities. On the contrary, if flame impingement 590 

occurs the effects of the heat exchanger may enhance these insta- 591 

bilities. 592 
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