
Vol.:(0123456789)1 3

Waste and Biomass Valorization (2021) 12:417–433 
https://doi.org/10.1007/s12649-020-00976-9

ORIGINAL PAPER

Effects of Water Cleaning on Different Deposit Types: An Experimental 
Study Combined with Mathematical Investigations

Franziska Graube‑Kühne1,3  · Nina Heißen2 · Sebastian Grahl1 · Michael Beckmann1 · Bhaumik Patel2

Received: 20 August 2019 / Accepted: 13 February 2020 / Published online: 25 February 2020 
© The Author(s) 2020

Abstract
The deposits in waste incinerators are commonly removed with cleaning systems. Hitherto, the power plants lack the pos-
sibility to adjust the cleaning optimally to the specific situation. As a result, the cleaning sometimes has no effect and the 
deposits remain on the walls, while another time, the cleaning is applied too frequently and may result in damage of the water 
walls. The current paper evaluates investigations of the cleaning effects of water cleaning systems and their dependency on 
deposit properties. Real deposits are classified regarding their properties with focus on water cleaning systems. A mathemati-
cal model is established which calculates the dominating cleaning effect for known deposits and firing parameters. Firstly, 
a parameter study analyzes the influence of the deposit’s porosity, material properties, structure and layer thickness on the 
cleaning results. Afterwards, the model is applied to a real incinerator and three actual cleaning procedures are evaluated 
concerning their suitability to the existing impurification. The results demonstrate the principal assessment ability of the 
cleaning cycle and reveal weak points that have to be considered in cleaning setups.
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Statement of novelty

The current work helps to better understand the cleaning 
process and meanwhile to describe the deposit. Thereby, 
the cleaning process is adjusted appropriately to the 
deposit.

Introduction

The combustion of waste releases a variety of components, 
which cause deposits on the water walls. These compo-
nents might be silicates, sulphur, aluminum, nitrides and 
in lower quantities chlorine, heavy metals and others 
[1–3]. The deposits, consistently, limit the heat output, 
and, additionally, react corrosively. This may lead to a 
damage of the water walls [4]. Both heat output and corro-
sion potential strongly depend on the deposit composition. 
Namely, their physical properties solidity, thermal conduc-
tivity, porosity and others as well as the chemical proper-
ties are component-dependent. To protect the water walls 
and to maximize the heat output, many cleaning systems 
are established to remove the deposits. Some of them oper-
ate online, while others clean the boiler during shutdowns 
of the power plant. Because of their ability to clean the 
combustion chamber during operation, the online cleaning 
systems are of great importance in order to maintain long 
operational time. These systems can be classified into two 
groups: cleaning systems that work without an additional 
medium or cleaning systems that use an extra medium, 
e.g. water or bullet rain [5]. A detailed description of 
established online cleaning methods can be found in [6]. 
The use of water for deposit removal is a widely spread 
method. Advantages are a good availability and compara-
bly low costs in contrast to e.g. soot blowers [7]. Addition-
ally, the water cleaning systems are able to operate online 
and they have a number of adjustable parameters. Due to 
the prevalence of the water cleaning systems, this paper 
focuses on those, only. Regardless of the specific cleaning 
system, the physical background of water cleaning set-
ups can only be based on one of three physical effects, to 
wit the thermomechanical stress, the momentum of the 
water including erosion effects or the evaporation pressure 
[8]. Additionally, non- physical effects may influence the 
cleaning, to wit dissolving of salt and chemical reactions. 
Scope of the present article are the physical effects men-
tioned above.

There are three common types of water cleaning sys-
tems, namely shower cleaning systems, water blowers/
water lance blowers and water jet cannons [9] that will 
be presented in the following. Conventional soot blowers 

mainly use steam or air and, thus, are not considered in 
the mathematical calculations further down and, hence, are 
not described in detail. Principally, the results presented 
in the current paper can be transferred to soot blowers 
as well. A further development are water lance blowers 
with rotating nozzles, which clean the superheater gaps. 
They are not listed separately. These sootblowers clean 
more target-oriented and are commonly used as alterna-
tive to soot blowers in waste and biomass incineration. 
The shower cleaning system has a spray nozzle, which 
moves downwards from the top of the incinerator paths. 
The cleaning is achieved through thermomechanical 
stress, the dissolving of salt and the penetration of water. 
A cleaning by the momentum is possible if the momen-
tum exceeds the adhesive force [5], but is less important 
compared to other cleaning systems due to the low water 
pressure. Shower cleaning systems are typically installed 
in waste incinerators. Adjustable parameters of these sys-
tems are the amount of water, the water pressure, the reten-
tion time of the nozzle and the nozzle shape. Water jet 
cannons operate from the side of the boiler opposite the 
deposit or from the sidewalls angular to the deposit. Water 
blowers face backwards, so that they clean the wall around 
their entry position. Both work similar. Principle possible 
cleaning effects are the momentum, the thermomechanical 
stress and the penetration of water. The systems are suit-
able for larger boilers. The adjustable parameters of water 
jet cannons and water blowers are the cleaning pattern, 
the amount of water, the movement speed of the nozzle 
and the residence time [6]. These cleaning systems follow 
cleaning patterns, which are adopted to the deposit loca-
tions inside the boiler.

The efficiency of the cleaning result highly depends 
on the adjustment of the cleaning to the deposit structure 
and deposit properties. Properties and structure are closely 
related. Many scientists aimed on classifying deposits. In 
general, deposits are distinguished in slagging and fouling, 
though the comprehension of slagging and fouling is not 
completely similar everywhere. Gumz [10] differs between 
slagging and fouling as the following: Molten and partly 
molten fly ash form slagging. The melting may also include 
non-molten parts. However, fouling encompasses detached 
fly ash that may form layered or non-  layered deposits. 
Hansen [11] investigated such a fouling in straw- fired boil-
ers. He detected two types of deposits. The first one could be 
collected with a cooled probe that remained under the roof 
of the first and second path. The deposit consisted of two 
layers. The inner layer was a corrosive potassium chloride 
layer. The outer layer showed sintered parts. A second type 
originated from the super heaters and consisted of six lay-
ers, having iron oxide at the inside and potassium chloride 
outside. The central layers where comparably porous. Fol-
lowing these scientists, more classifications are conceivable. 



419Waste and Biomass Valorization (2021) 12:417–433 

1 3

Zelkowski et al. defined fouling as deposit in the convective 
part and slagging as deposit in the radiative part of steam 
generators [12]. Besides the location of appearance, sev-
eral other effects affect the deposit structure. For both bio-
mass and waste incineration the fuel composition is of great 
importance [1]. That is, because the constituents do not only 
react chemically different on the walls, but may also decrease 
the ash melting behavior and, thereby, change the deposition 
propensity. Besides, the process parameters influence the 
deposits, such as the mass flow of the process air and the 
flue gas. Especially the temperature range along the flue gas 
duct is of high importance [12]. Despite the influences of the 
above mentioned parameters, the deposit passes an alteration 
process also called deposit aging. The aging process starts 
with a thin highly insulating layer, which grows while col-
lecting gritty particles. While the deposit grows further, it 
starts to densify until it starts to sinter. Finally, slag flow may 
occur. Operators try to detect and remove deposits before 
they reach the slag flow [13].

The current state of the art allows a localization of depos-
its. Several measurement systems use different physical 
effects to detect deposits. A possible measuring system is 
an infrared camera [14], which delivers thermal images of 
the water walls. Pyrometers have a similar functionality [15]. 
They are more affordable in price, but the result is more 
limited to local spots whereas infrared systems survey a 
wide area. Besides these systems another popular method is 
the installation of thermocouples or heat flux sensors at the 
backside of the water walls or inside the tubes respectively. 
The sensors are used to measure either the surface tempera-
ture or the heat flux. They distinguish the effect of cleaning 
as they measure continuously. Thus, the cleaning param-
eters can be adjusted for the next cleaning. To optimize the 
cleaning even more, knowledge of the deposit properties is 
necessary. Thus, Grahl [13] developed a deposit sensor that 
evaluates the time shift and the damping of transient temper-
ature changes. The sensor is a combination of a pyrometer 
or infrared camera and a heat flux sensor or a thermocouple. 
Basis is the calculation of the transient temperature profile 
within the deposit. This combination enables the estimation 
of the deposit properties thermal conductivity, density, ther-
mal heat capacity, deposit strength and deposit thickness. 
The sensor delivers deposit data. Besides, deposits may be 
detected with a laser distance sensor. Such a system is pre-
sented in [16]. A laser distance sensor is combined with a 
motorized mirror allowing the scan of the opposite boiler 
wall. The measurement of the deposit distance is inversely 
proportional to the deposit thickness. At the current state, 
the laser distance sensor could only be installed at waste- 
and biomass- fired power plants, through the large scale and 
the high dust rate of coal- fired boilers. The laser distance 
sensor measures the deposit thickness ± 1 mm accurately. 
Details about the setup can be found in [16]. Especially the 

combination of deposit sensor and laser distance sensor is 
promising, because the deposit sensor as standalone system 
only estimates the deposit properties. The known deposit 
thickness makes a measurement of the specific properties 
possible. To transfer the data obtained with the deposit sen-
sor and the laser distance sensor to an adjusted cleaning 
setup, the mathematical description of the cleaning process 
has to be specified as well. The following chapter presents 
experimental methods to analyze the cleaning process. 
Afterwards, a mathematical model is described, which cal-
culates the heat transfer inside the deposits during the clean-
ing procedure.

Experimental Methods

The Droplet Apparatus

Part of the experiments is a setup to investigate deposits 
online and to examine cleaning efficiency. The focus lays 
on the cleaning with water and the effect of droplets on 
hot deposits. The apparatus involves a cooled probe which 
dwells in the incinerator to collect deposits (Fig. 1a). The 
apparatus is designed in such a way, that it can be used at 
every possible boiler orifice regardless of the incinerator 
type or the location inside the incinerator (e.g. super heater 
and radiative section are both possible). The apparatus is 
flanged to the boiler. Thus, only the adapter flange needs to 
be adopted to each boiler. After a certain retention time, the 
probe is pulled back into a heated chamber (Fig. 1b). There 
the deposit may be analyzed regarding cleaning behavior 
and material properties. As presented in [17], the apparatus 
has several features, namely a droplet applicator, a hardness 
measurement system, a pyrometer measuring at two wave 
lengths and an access orifice for a high speed camera. The 
setup of the apparatus is depicted in Fig. 1.

The apparatus shall be extended with a Raman spec-
trometer, a water spray nozzle and an air pulse. The droplet 
applicator, the water spray nozzle, the air pulse and the 
hardness measurement system all serve to separate the 
cleaning effects, especially the thermomechanical stress 
and the momentum. The other measurement setups are 
useful to detect and classify different deposit types. The 
apparatus was installed in several waste incinerators and 
one coal combustor to collect as many different deposit 
types as possible. At the current state of research, the 
deposit types all originate from the radiation section. The 
investigations will be expanded to the superheaters in 
the future. Also, the application in biomass-fired boilers 
is possible. Table 1 shows the hitherto detected deposit 
types. More groups are conceivable. All these deposits 
were applied with twenty droplets to detect thermome-
chanical cracking and the dissolution of salt.Figure  2 
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shows two deposits that were impacted with twenty drop-
lets of water. Figure 2a shows that cold water leads to 
high thermomechanical stress resulting in a rupture of the 
deposit. Figure 2b shows washout of salty parts where the 
droplets hit the tube.

As expected, the different cleaning effects match different 
deposit groups. The cleaning effect through the droplets is 
presented in the Table 1 as well.

The large differences in the droplet effects show the 
importance of an adjusted cleaning. To improve the 

Fig. 1  Droplet apparatus: a Probe collects deposit; b Deposits are analyzed inside the heated chamber [5]

Table 1  Classification of 
deposits ([5] and actual 
extension [17])

Deposit type and effect of water droplets Deposits on the probe Layer Lasting time

Thin salt layer: 

water dissolves 

deposits

1 mm 16 h

Crusty layer 

splits off

2–4

mm

16 h

Thick layer of 

fine-grained 

particles remains 

without effect, 

wet area is still 

visible later on

10–18

mm

40 h

Thin dense layer 

of slag, water 

shows no effect

2–5

mm

48 h
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significance of the results, several approaches shall be made. 
Firstly, the impact point of the droplets is investigated in 
detail. Secondly, the property analysis is extended to further 
deposit samples to increase the data base.

Investigation with Droplets

The aforementioned apparatus is not only useful to clas-
sify deposits. It also allows the analysis of the water during 
contact with the deposit. Hitherto, the analysis of wetting 
depending on the surface properties and the surface tem-
perature is possible. For the execution of these investiga-
tions, a high-speed camera is installed at the optical inspec-
tion port. The camera records the droplet’s descent and 
impact on the tube. The experiment can be realized with 
hot and cold deposits. The temperature of the deposit must 
be adjusted prior to the experiment. Aim of the experiment 
is the improved wetting of deposits. The wetting affects the 
penetration of water into the deposit as well as the cooling 

of the deposit’s surface which leads to thermomechanical 
shock. For comparison, Table 2 summarizes the wetting 
effect of a droplet on a hot plain tube, on a hot deposit and 
on a cold plain tube. Seven pictures are singled out of the 
high- speed video, videlicet the appearance of the droplet, 
the impact moment, the ripping of the droplet, the spreading 
of the water at two time points and the disappearing of the 
water. Table 2 presents pictures of droplets on the probe.

Each sequence shows the dropping of a single water 
drop onto a surface. The first sequences shows the hot plain 
tube, the second the hot deposit. Both have an outer surface 
temperature of 350 °C, the third one is a blank metal tube 
at ambient temperature. The deposits visible in the second 
sequence were collected at a testing field burning coal dust. 
Subject of the different surface structures is the investiga-
tion of the penetration behavior. A droplet is not able to 
penetrate into the steel but into the porous deposit. Preceding 
experiments analyzed the wetting and penetration of depos-
its under ambient conditions. All deposits soaked the water 

Fig. 2  a Cracking through 
thermomechanical stress. b Dis-
solution of salt [17]

Table 2  Impact of droplets on different hot and cold surfaces

Droplet 
appears

Droplet hits 
tube

Droplet rips Water 
spreads

Water 
spreads 
further

Small droplets 
disappear
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droplet completely, making the determination of a wetting 
angle impossible. Based on this, the cold blank metal tube 
was chosen for comparison instead of a deposit.

The droplets impacting the hot surfaces show different 
behaviors: Both droplets are ripped into small droplets, but 
the droplet impacting the plain tube spreads lateral, while 
the droplet hitting the deposits moves back upwards. Even 
though both droplets show different behaviors during the 
impact, the droplets touching the heated surfaces illustrate 
the Leidenfrost effect respectively [18, 19]: The impact of 
the falling droplet suffices to destroy the cohesion. The high 
temperature results in a fast evaporation of the outer droplet 
layer establishing a steam film between the rest of the drop-
lets and the hot surface. As a result, the small droplets move 
above the surface without touching the surface material, as 
the steam film is a cushion in between. Besides, by wetting 
the cleaning effect may also be investigated by using the 
high-speed camera. In the current case, no cleaning effect is 
visible due to the large droplet, reason may be the reduced 
contact due to the steam film. Nonetheless, further observa-
tion of the impact shows that the small droplets with high 
velocity after the burst accomplish a material removal, pre-
sumably through the high momentum. The cold tube shows a 
droplet that is dripping off the surface. A wetting is possible 
through the absence of the Leidenfrost effect.

It is to be expected, that several deposit groups show 
similar effects. Thus, only surface effects will be considered 
in the mathematical model. It means in effect, penetration 
into pores and thermomechanical stresses at local spots are 
not part of the model. Hence, all effects based on that are 
neglected, e.g. pore evaporation, and have to be analyzed in 
another scope. Additionally, the result points out, that the 
temperature level of the cleaning water affects the cleaning 
efficiency.

Not only the effect of droplets shall be investigated. Other 
coincidences are of interest, too. To extend the results from 
the deposit characterization, the properties of deposits shall 
be associated with each other and with the deposit’s com-
ponents. On that basis follows a deposit analysis consider-
ing different properties. Later on, the mathematical model is 
used for a parameter study to evaluate properties mathemati-
cally. Part of the parameter study are the deposit’s porosity, 
layer thickness, thermal diffusivity and deposit structure and 
their influence on the temperature distribution inside the 
deposit and the occurring stress level. The parameter study 
is followed by a contrasting comparison of the temperature 
level and occurring stresses.

Analysis of Deposit Samples

The collection of deposits with the droplet apparatus is 
very time consuming and limited to accessible locations. 
Therefore, the investigation is expanded to deposits collected 

during shut downs in power plants. The first group of exam-
ined deposits originates from plants fired with Rhenish lig-
nite. Nonetheless, the results are equally valid for waste-
fired, biomass-fired and coal-fired power plants, because aim 
is the analysis of property coherences.

The multitude of possible samples makes a complete 
study impossible. Hence, only spot samples are possible. 
Three locations inside a coal-fired boiler were selected, at 
which a detailed analysis shall be performed with several 
samples. Three locations inside a coal-fired boiler were 
selected, at which a detailed analysis shall be performed with 
several samples. They all originate from the super heater 
section at different temperature levels. Later on, the analysis 
also shall incorporate samples from waste-fired boilers and 
biomass-fired boilers. The analyzation of the deposits is still 
afoot. The preliminary results are presented in the follow-
ing. Objectives of the analysis were those printed in Table 3.

The X-Ray analyzation was realized for test purposes on 
two probes only using computer tomography. The X-Ray 
analyzation allows the assessment of the inner deposit struc-
ture. The density of salty layers differs distinctly from the 
iron oxide layers or silicates. Thereby, the inner buildup e.g. 
in layers or as homogeneous deposit with material needles is 
visualisable. The results obtained with the tomography were 
very promising. Thus, the data acquisition will be expanded 
to all deposit probes. Knowledge over the inner structure 
is important for the choice of the heat transfer model. The 
heat transfer models will be presented further down. The 
porosity and density are both evaluated using the inert 
gas helium. While the porosity was measured leaving the 
sample as is, the density was determined by graining the 
deposit. The analysis was realized using a gas pycnometer. 
The porosity measurement also encompasses the determi-
nation of the pore size distribution. Even more important 
than the measurement of the porosity is the measurement of 
the open porosity. Therefore, all samples were examined at 
least at five positions using a laser microscope. By apply-
ing the microscope, both the pore density and the pore size 
are measureable. In general, the results fit very well to the 
helium porosity measurements.

The deposit state highly depends on its deformation 
point. Liquid and softened deposits stick to the water walls, 
whereas solid ash needs a sticky surface or other bonding 

Table 3  Summary of the laboratory analysis

The elemental composition (XRF) The surface structure
The helium density The porosity including the 

pore size distribution
X-Ray analyzation Melting characteristic
Compressive strength Thermal conductivity
Microsections Mineal composition (XRD)
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mechanisms to form deposits on the walls. Hence, the defor-
mation temperature of the deposits is determined using an 
ash melting microscope. The ash melting microscope can 
be used to obtain the deformation point, the melting point, 
sintering behavior and others. Here, the deformation point 
is of great importance, because it is the set point value for 
the stickiness of the deposit. The component analysis is 
made first elemental, followed by a mineralogical examina-
tion. Thereby, vital influence of specific elements can be 
determined as well as property changing mineral composi-
tions. The elemental analysis is realized using an XRF spec-
trometer, the follow up mineralogical analysis is conducted 
using an XRD. The results of the realized investigations are 
summarized in Table 4. Type two and three originate from 
the same position, but show some differences and, thus, are 
separately listed in the table. The XRF results are not pre-
sented in full, but the vital elements are included.

The analysis of the compressive strength, the thermal 
conductivity and the micro section will follow later on. 
As expected, the porosity differs strongly depending on 
the deposit type. Mainly, the pore sizes range between 10 
and 100 µm. Thus, further analysis of the water penetration 
should focus on these orders of magnitude. Additionally, 
the porosity remains one of the main parameters that shall 

be considered in the following model to determine its influ-
ence on the cleaning procedure, because the porosity varies 
between 18 and 56%. The density of the raw material is 
similar for all deposits independent of the porosity. The pore 
size is likewise not porosity- dependent. The deposits with 
the largest and the smallest porosity have equal pore size dis-
tributions. For the actual deposits, thus, no linkage between 
structure and porosity is contrivable. This conclusion cannot 
be generalized, as the data set is currently too small.

Theoretical Calculations

To compare the cleaning effects, a mathematical descrip-
tion of the deposit and the cleaning mechanisms is required. 
Deposits have very different compositions with different 
materials that show non-regular structures and inhomoge-
neous porosity. Some build up several layers, while others 
consist of a main material with embedded parts. To sim-
plify the calculations, the deposit is assumed homogeneous 
in structure and composition. The deposit consists only of 
a solid material and porous parts filled with flue gas. To 
describe the conductivity of such a deposit, it is advisable 
to use a model structure. Previous researches investigated 

Table 4  Analysis of four 
deposit spots [20]

Type 1
(Location 1)

Type 2
(Location 2)

Type 3
(Location 2)

Type 4
(Location 3)

Sample picture

Surface 
structure
(laser 
microscope)
Helium density 
[g/cm3]

3.22 3.3 3.3 3.1

Porosity 56% 22% 18% 30%
Pore size 
distribution

84%: 10–100
µm
13%: 1–10 µm

57%: 10–100 µm
26%: 1–10 µm
11%: 0.1–1 µm
6%:0.01–0.1 µm

70%: 10–100
µm
23%: 1–10 µm

69%: 10–100 µm
19%: 1–10 µm
8%: 0.1–1 µm
4%: 0.01–0.1 µm

Deformation 
temperature

1213 °C 1260 °C 1258 °C 1114 °C

XRF-analysis 
[% (m/m)]

SO3 > 40
SiO2 >10

CaO > 30
MgO > 15
Fe2O3 > 10
SO3 <25

SiO2 <5
Fe2O3 >10
SO3 ~ 34

SO3 >40
CaO > 30

XRD results
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possible heat transfer structure models. These models differ 
in complexity and integrate different numbers of parameters, 
e.g. some consider radiation, others not. The heat transfer 
structure models are interconnections of heat transfer resis-
tors consisting of the raw deposit material and the pores. The 
most limiting cases are the assumption of a serial connection 
of deposit and pores and the parallel connection [21]. Rus-
sell [22] and Rayleight [23] developed own models that are 
closer to real structures than the series connection and the 
parallel connection. To compare heat transfer models and 
their influence on the stresses inside deposits during a clean-
ing cycle, all models depicted in Fig. 3 are integrated into 
the mathematical model. Pore radiation is not considered at 
the current state.

For the analysis of thermal effects within the deposit, 
the temperature profile of the whole deposit must be 
acquainted. As the temperature changes over time, a tran-
sient calculation is necessary. A study comparing several 
transient temperature calculations was conducted prior to 
the model development, comparing the error function, the 
Groeber-method, step response and greens function. Under 
consideration of known parameters, the geometry of the 
boiler and computational time the error function combined 
with the semi- infinite wall was selected. Therefore, the 
temperature calculation for rapid changes is based on the 
error function. Normally, the error function is valid for 
walls with even temperature distribution. However, there is 
a temperature gradient inside the deposit from the surface 
( TD;SF = surface temperature of deposit) to the water tube 
wall ( TT ,o = outer tube temperature). This gradient makes a 
modification of the error function necessary, which allows 

an inhomogeneous temperature distribution in the deposit. 
Equation 1 is the modified error function for an imprinted 
temperature gradient:

Equation 1 allows calculating the temperature inside 
the deposit at any location x at the desired time. Basis is 
the one- dimensional calculation of a semi- infinite wall. 
TW is the water temperature at the moment of impact and 
�D is the deposit thickness. As the ratio of pores to solid 
material affects the deposit properties, additionally, knowl-
edge of the flue gas properties is necessary, assuming that 
the gas inside the pores is equal to the flue gas. Hence, 
these properties are calculated from the flue gas compo-
sition with aid of the equations in [24], the radiation is 
considered based on [25]. The model incorporates parti-
cle radiation and gas radiation. Carbon dioxide and water 
are highly relevant as active radiators, whereas nitrogen 
and oxygen do not send heat radiation. The concentration 
of other gases is too low. Consequently, carbon dioxide 
and water are solely part of the gas radiation calculation. 
Their emissivity spectra are recorded in polynomials, so 
that the amount of radiation is calculated automatically, 
based on the input parameters. For a precise calculation, 
all geometrical data and materials of the boiler are fed 
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Fig. 3  Heat Transfer Structure Models for the assumption of the effective thermal conductivity [24]
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into the mathematical tool. The properties of the deposits 
are predetermined based on evaluation of several materi-
als [13]. They can be changed easily to realize parameter 
studies or to compare the effect of a cleaning cycle with a 
calibration material.

Not only the deposit, but also the water jet has to be 
described mathematically—especially, because main target 
is the optimization of the cleaning setup. Thus, in focus are 
the influence of the residence time, the amount of water, the 
water pressure and the momentum of the droplets on the 
cleaning results. The default setting of the water jet is given 
for the calculation. Using the continuity equation, the jet 
velocity is calculated. The pressure of the water jet consists 
of dynamic pressure and static pressure. The static pressure 
is the pressure of the inner boiler. The dynamic pressure 
originates from the water jet velocity. The nozzle size, the 
outlet pressure and the residence time are fixed values by 
which the different cleaning effects are influenced. The 
actual impact pressure is the overall pressure of the water jet 
converted to the applied surface. The mathematical simula-
tion of the cleaning effects enables an analysis of the impor-
tance of each value. Following are different mathematical 
descriptions of the cleaning effects, which form the basis of 
the mathematical tool:

The cleaning procedure leads to a cooling of the surface 
causing thermomechanical stress. The thermomechanical 
stress �therm occurs inside the deposit as well as between the 
deposit and the water wall. This depends particularly on the 
deposit properties, more precisely on the Young’s modulus 
EM , the linear thermal expansion coefficient �c and the Pois-
son’s ratio �c . The present calculation considers the global 
thermomechanical stress through the temperature gradient 
between the averaged deposit temperature (mean between 
the surface and the water wall �D,m ) and the boiling water 
temperature �BW.

Locally, even higher thermomechanical stress is possible. 
Thermomechanical stress results in tensile stress and com-
pressive stress. The cleaning is successful as soon as one 
of the stresses exceeds the maximum load of the deposit. 
The calculation method is elementary knowledge of stresses. 
Nonetheless, the number of material parameters is anyway 
already high. Material parameters, which cannot be meas-
ured during operation of the boiler, must be estimated. 
Hence, the number of material parameters should be kept 
as low as possible. For that reason, the equations are kept 
that simple.

A detailed mathematical simulation of the momentum 
requires knowledge of the droplet spectrum. This is not 
known for every type of nozzle. Therefore, the overall 

(2)�therm =
EM ⋅ �c
(

1 − �c
) ⋅

(

�D,m − �BW
)

impact area of the jet ( dimp = impact diameter) can be used 
for the calculation and has to be estimated, if unknown. 
Here, general jet enlargement equations can be considered. 
Besides, the orifice of the nozzle ( dout=outlet diameter of 
nozzle) and the outlet pressure of the water jet have to be 
available. As described above, they serve for the calculation 
of the jet velocity vout , which in turn is necessary for the cal-
culation of the dynamic pressure. Additionally, there is need 
of the density of the water �W . Besides, the static pressure ps 
in the combustion chamber is necessary for the calculation 
of the momentum, which results in compressive stress in the 
impact area �mom,1 and shear stress at the edge �mom,2 . These 
values normally can be supplied by the control center.

The pore evaporation assumes, that the water is penetrat-
ing into open pores, where the water evaporates. Through 
the following cleaning water the pores are sealed, which 
leads to a pressure increase during the evaporation of the 
water. This may result in the deposit splitting off from the 
inside. Likewise, further possible cleaning effects described 
in literature besides spalling owed to penetration of water 
into pores, e.g. dissolution of salt are not further investigated 
within this paper. In focus are the surface effects.

Results and Discussion

Parameter Study

Main target of the study is the improvement of the cleaning. 
Therefore, a parameter study is conducted, that shall com-
pare deposit properties and their influence on the cleaning 
ability of the deposit. The equations presented in the previ-
ous chapter leading to a complete heat transfer model allow 
such a parameter study to determine the influence of the 
deposit constitution. This comprises not only properties, but 
also layer thickness, porosity or structure. The results of the 
parameter variation are presented in the following. Firstly, 
the effects of the parameters are described. Afterwards, the 
results are summarized and depicted. To ensure comparabil-
ity, the parameter study is realized with a precise parameter 
set as summarized in Table 5.

The values given correspond to typical experience for 
the combustion in several waste incinerators. Variation of 
these parameters only arises if the specific parameter is 

(3)�mom,1 =
�W

2
⋅

(

vout ⋅
dout

dimp

)2

+ ps

(4)�mom,2 =
�mom,1 ⋅ dimp

�D ⋅ 4
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undergoing the parameter study. The calculation was also 
deployed for coal-fired power plants.

Structure Analysis

The structure of the deposit affects the heat transfer through 
the deposit. Hence, possible structures are implemented in 
different heat transfer models as presented in the chapter 
“materials and methods” of this paper. The deposit can 
consist of several layers (series connection), be shaped like 
small spheres that are surrounded by flue gas (model of ran-
dom distribution) or be perforated with cylindrical pores 
from the surface to the water wall (parallel connection). The 
serial connection is a typical model in the super heater sec-
tion, where several layers form the deposits. Such a deposit 
type was described in the literature study in the introduction 
section by Hansen [11]. The model of random distribution 
is especially expectable in plants with hot flue gas or fly 
ash with a low melting temperature (high alkali content), 
where the fly ash was molten, formed spheres and then got 
stuck in spheres on the walls. The parallel connection is a 
homogeneous deposit with pores or embedded parts, like 
in sintered deposits. The knowledge of the deposit struc-
ture is not always present, but the heat transfer has a direct 
effect on the thermomechanical stress during the cleaning 
procedure. In case of inexperience, the heat transfer has to 
be estimated in range of the heat transfer structure mod-
els. Therefore, the heat transfer models were compared in 
a parameter study. The parallel connection and the series 
connection are the limiting cases, whereas all other models 
have to fit in between. The parallel connection supports the 
rise of thermomechanical stress directly at the water walls 
while series connection causes thermomechanical stresses 
inside the deposit. Especially deposits with a high thermal 
conductivity and parallel connection may be dangerous for 
the water tube walls. The temperature is evenly distributed in 
the deposit and leads to a cooling of the water tube wall. Fig-
ure 4 shows the temperature inside the deposit. Compared 
are all the models that were already visualized in Fig. 3.

In Fig. 4, the temperature curve over the deposit thickness 
is visible after a cooling of the surface for 1 s. The x-position 
of 0 mm represents the deposit surface inside the incinera-
tor, the maximum value of x is the contact position of the 
deposit and the water wall. In steady state, the temperature 

distribution can be approximated by a linear curve. Through 
the surface cooling, the temperature has a maximum inside 
the deposit. Series Connection shifts the maximum into the 
center, parallel connection to the surface. This knowledge is 
important for the estimation, where the thermomechanical 
stress may arise. The reason, as mentioned above, is a bet-
ter thermal conductivity of the deposit with a homogeneous 
composition compared to layered deposits.

Porosity Analysis

The porosity affects the heat transfer. Depending on the heat 
transfer model, the effect of the porosity differs. The param-
eter study focused on the porosity effect on the assumption 
of the Russell model. For rising porosity, the results show a 
growth of the peak temperature inside the deposit assuming 
all other deposit properties to be constant. Figure 5 shows 
the temperature distribution starting with a porosity of 0% 
up to a porosity of 80%. The structure of the figure is equal 
to the structure of Fig. 4. The left side is the deposit surface 
(x = 0 mm), the right side the water tube wall’s surface. The 
cooling started 1 s ago.

Table 5  Parameter selection for 
mathematical calculations Flue gas temperature: 780 °C Water flow rate: 0.0008 m3/s

Cleaning cycle: 17 s Deposit layer thickness: 0.005 m
Structure model: Russell model Porosity of deposit: 40%
Conductivity of deposit: 0.85 W/(m K) Density of deposit: 3800 kg/m3

Specific heat capacity of deposit: 1800 J/(kg K) Pore shape: cylindrical
Steam generator working fluid pressure: 40 bar

Fig. 4  Temperature course inside a deposit during the cooling process 
assuming different deposit structures
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On one hand, a higher porosity causes higher thermome-
chanical stress, because the effective thermal conductivity 
decreases, while on the other hand, porous deposits may 
have a higher elasticity and, thus, may withstand higher 
stresses [5]. To evaluate the influence, the results have to be 
compared with the material strength.

Layer Thickness Analysis

The deposits grow inside the boiler until they reach an equi-
librium by natural shedding, they plug the flue gas path or 
they are removed by cleaning systems. The operator faces 
the question of the ideal cleaning time. Normally, orienta-
tion for that is a too strong limitation of the heat output. 
Withal, the question arises whether the layer thickness 
affects the efficiency of the cleaning. Thicker layers show 
higher deposit temperatures assuming same deposit prop-
erties and on that account support the cleaning through 

thermomechanical stress. In Fig. 6 is a comparison of eight 
deposits with different thickness. The thinnest deposit has 
a thickness of 1 mm, while the thickest deposit reaches 
20 mm. All eight deposits have their surface at 0 mm. The 
temperature graphs presented in Fig. 6 show higher tempera-
tures of thicker deposits. Again, the structure of the figure is 
equal to Figs. 4 and 5, showing on the left side the deposit 
surface that is cooled through the cleaning water and on the 
right side the water tube wall’s surface.

Problematically, the deposit growth goes hand in hand 
with a change of the deposit structure, which cannot be 
detected by the present mathematical investigation. Studies 
made in [5] showed that thicker layers can often bear higher 
stresses due to their structure. Thus, a general recommenda-
tion based on the layer thickness of the deposit is impossible. 
Figure 7 shows the development of thermomechanical stress 
and shear stress for rising deposit thickness on the assump-
tion of similar deposit properties. The shear stress considers 
a material increase in the shear level (the area between the 
impinged and the non-impinged material) for thicker deposit 
layers and, therefore, a shear stress decrease. However, the 
thermomechanical stress rises through the increasing tem-
perature gradient.

Crucial is, that an adjustment of cleaning parameters does 
not improve all cleaning effects equally, but, as shown above, 
may rather have opposite effects. Consequently, the cleaning 
setup has to be adjusted in such a manner that the most effi-
cient cleaning effect is improved. In the example presented 
above the thermomechanical stress is much higher than the 
shear stress. Therefore, the increase of thermomechanical 
stresses would have a higher effect on the cleaning result 
than the increase of shear stress. The adjustment should be 
made under consideration of that knowledge.

Deposit Properties Analysis

In detail deposit properties mean density, specific heat 
capacity and heat conductivity. Since these properties are 
closely related to each other they cannot be examined inde-
pendently for actual deposits. Moreover, they apply to the 
solid material with their values changing dependently on the 
deposit’s porosity. The present study considered pure solids. 
Additionally, the compared materials are pure substances 
with known material properties. They serve as a plausibil-
ity check and do not represent real deposits. The connection 
of the three influencing values can be summarized in the 
thermal diffusivity a:

To evaluate the deposit properties for realistic combina-
tions, seven materials with different property combinations 

(5)a =
�

� ⋅ c

Fig. 5  Temperature course during a cleaning cycle for different 
porosities

Fig. 6  Temperature course inside deposit dependent on deposit thick-
ness
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were chosen. The deposit properties were obtained from 
literature [26–31]. The materials were ceramics, con-
crete, glass, gypsum, marble, sandstone and steel. The 
materials were selected in such a way, that the diffusivity 
depicts a wide range of possible materials starting from 

7.31E–08 m2∕s (for gypsum) up to 1.24E–05 m2∕s (for 
steel). Nonetheless, they are only an assumption for real 
deposit material properties.

Fig. 7  Comparison of thermo-
mechanical stress and shear 
stress for defined cleaning setup 
and different deposit thickness

Fig. 8  Comparison of material 
strength with thermomechanical 
stress during cleaning procedure
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Figure 8 visualizes the comparison of thermomechani-
cal stresses with compressive strength and tensile strength 
for the selected materials. The thermomechanical stress was 
calculated inside the deposits assuming a deposit thickness 
of 5 mm, a water volume flow rate of 0.8 l∕s and the use 
of the Russell model. Flue gas temperature and other nec-
essary values were calculated from the incinerator values. 
Obviously, some materials face comparably low thermome-
chanical stress, but nevertheless cannot stand it (Gypsum 
and concrete), while others can withstand much larger values 
(marble, Steel).

Essential gain of knowledge is that the deposit proper-
ties are a key point for the cleaning adjustment. In case of 
the present materials, gypsum, marble and concrete could 
be removed easily through thermomechanical stress. At the 
same time, the chosen cleaning adjustment could not remove 
the sandstone, but a slight increase of the thermomechanical 
stress inside the deposit could lead to a successful clean-
ing. An adjustment of the cleaning for steel is impossible. 
Therefore, the use of water for the removal would never be 
successful and could be saved. Figure 9 visualizes the tem-
perature distribution inside the deposit during the cleaning 
with the same parameter set and figure structure as in the 
aforementioned chapters.

The graphs show that the peak position is depending on 
all the presented aspects: the porosity, the heat transfer struc-
ture model, the deposit thickness and the deposit proper-
ties. Materials with a large thermal conductivity (e.g. steel) 
develop no clear peak, thus, they are very unsusceptible to 
thermomechanical stress. Here, other removal mechanisms 
must be found, e.g. a high momentum.

Application of the Model to Real Cleaning 
Procedures

For proceeding from pure substances to real deposits a data 
collection is necessary. Therefore, the deposit sensor is 
deployed, which was expounded further upwards. The sensor 
delivers deposit data during the operation of the incinera-
tor. The sensor was installed at the second path of the waste 
incinerator in Coburg, Germany. At that location Coburg 
holds a shower cleaning system. The cleaning time is cho-
sen manually by the operator. The sensor delivers deposit 
data during the operation of the incinerator in Coburg at the 
second path. Its setup is depicted in Fig. 10.

The deposit sensor was used to collect the thermal dif-
fusivity of a deposition before and after the cleaning and 
its porosity. The sensor estimates the thermal diffusivity in 
a certain range. The range is set by the heat transfer struc-
ture models that were illustrated in chapter 3 of the present 
article. Knowing the deposit’s thickness makes the whole 
system much more precise, because it is possible to deter-
mine an exact thermal conductivity and not only to esti-
mate it. Thus, a laser distance sensor was installed addition-
ally, that delivered the deposit’s thickness. The system was 
already mentioned in the current state of the art. Likewise, 
the sensor measured before and after the cleaning. An online 
monitoring system, called online balancing tool, transmit-
ted operational data such as volume flow rate, dust rate and 
flue gas temperature. Furthermore, the monitoring system 
gave an inside into the success of the cleaning procedure. 
This was possible through the evaluation of the tempera-
ture range over the boiler. The collected data were fed into 
the simulation program and could be compared regarding 
transferability. Table 6 contains the measured data of three 
cleaning cycles. The monitoring program delivered the flue 
gas temperature. The cleaning protocol contained the vol-
ume flow rate of the cleaning water as well as the residence 

Fig. 9  Comparison of temperature courses for different materials Fig. 10  Setup of the deposit sensor [16]
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time. The thermal conductivity of the deposit and the poros-
ity were measured with aid of the deposit sensor. The laser 
distance sensor delivered the deposit thickness. Additionally, 
the laser distance sensor is able to record deposit thickness 
plots, which do not only show the mean deposit thickness, 
but a spatial- dependent map of the deposit thickness. These 
maps enable a visual evaluation of the cleaning success. At 
last, the table contains temperature courses inside the depos-
its. Here, the different graphs are not compared like in the 
parameter studies. They show the temporal progress of the 
cooling. The lowest curve presents the temperature profile 
of the deposit at the end of the cleaning cycle, here 16.8 s 
for all three cleaning cycles.

The temperature curves are taken to evaluate the cleaning 
regarding thermomechanical stresses, while the deposit thick-
ness maps help evaluating the success of the three cleaning 
cycles. The left side of the temperature curves again shows 
the surface of the deposit, where the water impinges upon the 
deposit, the right side is the water tube wall. The highest curve 
in each diagram shows the temperature shortly after the start of 
the cleaning process (approximately 1 s), the lowest curve, as 
mentioned above, is the time, when the cleaning stopped, here 
16.8 s. All other time steps are distributed evenly in between. 
The progress of the curves is as expected, because the third 
deposit has a much lower conductivity, caused through the 
high porosity. This is why the temperature gradients are much 
larger and the temperature changes are much lower.

Table 6  Measured data of the 
incinerator in Coburg

During 1st cleaning During 2nd cleaning During 3rd cleaning

Flue gas temperature 780 °C 757 °C 739 °C

Volume flow rate of 
cleaning water

0.8 l/s 0.8 l/s 0.61 l/s

Thermal conductivity of 
deposit

0.61 (W/m K) 0.74 (W/m K) 0.34 (W/m K)

Porosity of deposit 45% 41% 59%

Thermal diffusivity of 
deposit

6.4 107 m²/s 7.8 107 m²/s 5.1 107 m²/s

Average deposit 
thickness

3.2 mm 6.6 mm 8.6 mm

Cleaning time 16.8 s 16.8 s 16.8 s

Temperature course 

during cleaning process

Deposit thickness plot 

before cleaning process

Deposit thickness plot 

after cleaning process



431Waste and Biomass Valorization (2021) 12:417–433 

1 3

The deposit removal was successful for all three clean-
ing procedures. The thickness plots at all locations before 
the cleaning process show an even deposit distribution, 
the plots subsequent to the cleaning contain less deposits, 
especially after the second and third cleaning cycle. None-
theless, the results of the analysis have several differences. 
Without knowledge of the Young’s modulus and the thermal 
expansion coefficient, the determination of the actual arising 
thermomechanical stress is impossible. Thus, a derivation 
from the theoretical calculation is not possible. However, a 
comparison of the three deposits is possible and shows that 
the 3rd cleaning procedure was most suitable to the deposit 
situation. During the first and second cleaning, the use of 
water was too excessive. This is obvious because the entire 
deposit cooled down so that the thermomechanical stress 
was transmitted to the water tube wall risking damage of 
the latter. A shorter residence time or a lower water flow rate 
would have led to a similar cleaning result without cooling 
down the whole deposit up to the water tube wall.

Due to the layer thickness and different deposit proper-
ties, the amount of water and the cleaning setup used for the 
3rd cleaning were much more suitable. The cooling reached 
to the middle of the deposit and high thermomechanical 
stresses combined with the compressive stress of the water 
onto the deposit led to a deposit removal and did most prob-
ably not endanger the water tube wall. The wall remained 
at its normal operation temperature, which increases the 
lifetime of the tubes. Confiningly, temperature curves do 
not contain the deposit removal during the cleaning cycle. 
From this perspective, a lowering of the water flow rate or 
the residence time is even more reasonable, because thinner 
deposits induce further cooling of the water tube wall.

Conclusion and Outlook

The removal of deposits through water cleaning systems is 
subject to fundamental physical effects on the deposit sur-
face or inside the deposit pores. There is a type of deposit 
that only faces surface effects. Others might allow a pen-
etration of water, but nonetheless, the surface effects are 
still valid. Existing deposit samples were investigated and 
classified to spot properties that especially have an influ-
ence on the cleaning effect of water cleaning systems. This 
was realized both with deposits collected online, using an 
in-situ measurement system, and samples collected during 
shut downs. Here, the porosity appeared as one of the main 
differences between the different deposit types. Therefore, 
the porosity was in focus for the follow-up investigation 
and other properties should be linked to porosity. After-
wards, based on the obtained results, the current paper 
investigated surface effects mathematically, namely the 
thermomechanical stress and the momentum of the water, 

and exposed their influencing variables. Part of the study 
was the description of the transient temperature changes 
inside deposits due to cleaning effects. This was realized 
with the error function and the semi- infinite wall model. 
The function had to be adjusted to the temperature profile 
during steady state, as deposits do not have a homoge-
neous temperature. Subsequently, parameter studies fol-
lowed, analyzing the influence of the deposit properties 
summarized as thermal diffusivity, the deposit’s porosity, 
layer thickness and structure on the cleaning result. The 
analysis indicated that the physical effects show very dif-
ferent results and knowledge of the properties may lead to 
an improved cleaning. Hence, the presented mathematical 
model and the displayed sensor systems can be combined, 
giving operators the possibility to diagnose the deposit and 
apply the knowledge for an improved cleaning.

In the future, collection of deposits will be extended and 
the systematic deposit analysis pursued. Aim is the acquisi-
tion of as many different deposit types as possible, always 
with focus on their properties and their cleaning ability. The 
used measurement setup will also be expanded to measure 
more properties directly at the boiler location, e.g. the sur-
face profile, the composition or the surface temperature. 
The reconstruction of the apparatus is already in progress.

The presented mathematical model was applied to the 
waste incinerator in Coburg. Under use of several sensor 
systems, namely the deposit sensor, the laser distance sen-
sor and a monitoring system, the deposits could be ana-
lyzed during operation of the waste incinerator. Firstly, the 
sensors could be used to measure the deposit’s thickness, 
porosity, thermal diffusivity and thermal conductivity. 
Then, the sensors were used to evaluate three cleaning 
cycles. Here, the process control was incorporated to con-
sider flue gas properties and the cleaning setups. Plots of 
the deposit thickness before and after the cleaning cycles 
showed, that all three cleanings could remove the deposits. 
The mathematical model analyzed the cleaning procedures 
regarding their effect on the water tube wall, especially 
regarding thermomechanical stress. Through the model, 
the amount of cleaning water could be reduced from 0.8 
to 0.6 l/s, using the same cleaning time, while the depos-
its were equally removed. Additionally, the reduction of 
cleaning water resulted in less thermomechanical stress in 
the water tube wall, because the wall remained at higher 
temperature. Additionally, erosion effects through drop-
lets are less probable with the adjusted cleaning. Hence, 
the model showed, how an adjusted cleaning cannot only 
improve the success of the cleaning result, but also may 
help to extend the lifetime of components. Concomitant 
the model and the precedent investigation are a stride to 
fully understand what happens within the deposit during 
the cleaning process.
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