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ABSTRACT 

The accumulation of fireside deposits on heat exchange surfaces in a kraft recovery boiler 

drastically reduces the boiler thermal performance, restricts the flue gas flow. and in severe 

cases plugs the flue gas passages leading to unscheduied boiler shutdowns for cleaning. 

High-pressure steam sootblower jets are used to remove these deposits. 

Deposits may be briale or "plastic", depending on their temperature, and may be removed by 

sootblowers by two main mechanisms: brittle Fracture and debonding. Brittle fiacture has 

been previously studied and applies only to brittle and low-strength deposits. Debonding is 

likely to be the main mechanism by which nrong deposits are removed by breaking the 

weak bond between the deposit and the tube surface. Deposit removal by a debonding 

mechanism is the main subject studied in this thesis. 



To study the effects of aerodynamic drag and lift forces and flow induced vibrations on 

deposit debonding, the instantaneous drag and lift forces generated by a supersonic jet 

i mp inging on artificial deposits were measured in laboratory experiments. B y numerical 

analysis, the fluctuation components of the drag and lift forces were decoupled fiom the 

flow-induced vibrations. 

Results showed that the lift force fluctuations and flow-induced vibrations acting on deposits 

increased and reached maxima at a distance of about 45-50 nozzle diameters downstream. 

The flow-induced vibrations were found to be much larger in the lateral direction than in the 

flow direction. These vibrations increase the lifl force fluctuations by a maximum factor of 

0.872$ O*, where P is the damping coefficient of the tube-deposit assembly. This is in good 

agreement with the results of the experiments, where the fluctuating lie forces were 

observed to be as effective as the mean drag force in removing artificial deposits. 

h analysis of the dirnensionless power spectra of lift forces exerted on cylindrical deposits 

showed a high degree of similarity under a broad range of operating conditions. The 

information can be used to estirnate the power spectra of lift forces exened on deposits in 

Full-scale boilers. The results would provide a basis for estimating the role of vibration in 

deposit removal in full-scale boilers. 
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1. INTRODUCTION 

Black liquor is burned in kraft recovery boilers to recover cooking chernicals and to produce 

power and s t em (Figure 1). Black liquor, on a dry buis contains about 40-50% inorganic 

material. Dunng the buming process, a portion of inorganic material is entrained in the flue 

gas and forms fireside deposits on heat transfer sudaces in the boiler [1-21. Deposit 

accumulation is one of the most important factors limiting the boiler thermal efficiency. The 

accumulation drastically reduces the heat transfer efficiency, resulting in high flue gas 

temperatures and accelerated plugging of flue gas passages [1-31. The production loss of a 

kraft miIl caused by an unscheduled boiler shutdown for deposit cleaning can be substantial 

depending on the boiler capacity. Due to this high cost, kraft pulp mills management 

continuously attempts to avoid a boiler shutdown due to flue gas passage plugging, 

particularly where there is oniy one recovery boiler. 

Deposits are removed fiom tube surfaces using sootblowers which blaa deposits with high- 

pressure turbulent steam jets from the pair of nozzles at the end of the sootblower lance 

(Figure 2). Sootblowers consume approximately 5-10 % of the boiler s t em production. 



Deposits in recovery boilers are either brittle or "plastic", depending on whether the flue gas 

temperature is below or above the e s t  melting temperature of the deposit [4], the 

temperature above which a liquid phase is present [l]. The two main deposit removal 

mechanisms are: brittle fiacture and debonding [SI. Deposit removal by brittle Fracture 

applies only to brittle, Iow-strength deposits, such as those in the region downstrearn of the 

generating bank. In the superheater region, deposits are usually dense, strong, may have a 

liquid surface due to the high Bue gas temperature; they cannot be fractured by a sootblower 

jet. 

High-strength andor plastic deposits may be removed by a sootblower if there is a low- 

strength adhesive bond at the depositltube interface. This removal rnechanism is called 

debonding. A low interfacial adhesive bond results when there is a powdery fume layer, or 

porous black liquor char between the hard deposit and the tube surface. Weak bonding may 

also be a result of thermal shock and/or tube vibration. 

Debonding can be an important deposit removal mechanism. A deposit is removed from a 

tube surface, not because of its overall mechanical strength but because of its weak bond at 

the interface. This adhesion strength of the deposithbe interface is generally much smaller 

than the overall mechanical strength in the regions where the flue gas temperature is above 

350 O C .  The ability of a sootblower jet to debond a deposit from a tube surface depends on 

many factors, including the jet characteristics, the bond strength at the deposithbe interface. 

the size and shape of the deposit, and the area of the tube covered by the deposit. 



To date, no study has been performed to examine the debonding mechanism. A better 

understanding of this removal rnechanism may help improve the sootblower efficiency with a 

reduction in sootblower steam consumption. 



2. THESIS OBJECTIVE 

The study of debonding mechanism can be divided in two different sub-studies: the 

aerodynarnic aspects of a sootblower jet and its interaction with deposits, and the bonding 

characteristics at the deposit-tube interface. This work is focused on the aerodynamic aspects 

of a sootblower jet and its interaction with deposits. To study the deposit removal by 

debonding, the following must be considered: 

(i) From an aerodynamic perspective, the effectiveness of a sootblower jet in the removal 

of deposits from tube platens or tube banks depends on the ability of the jet to exen 

sufficiently large forces on deposits accumulated at different locations inside the tube 

banks or platens (Figure 3). These forces generate stress at the deposithube interface. If 

the generated stress exceeds the adhesion strength between deposits and tubes. deposits 

will be debonded fiom tube surfaces. 

(ii) The penetration of a sootblower jet into a tube bank depends on tube arrangements and 

the deposit accumulation. The aerodynamic forces exerted by the jet on deposits with a 

tube bank wodd be different for other tube banks. 



As a sootblower moves into the boiler, it rotates and the jet hits deposits at different 

attack angles. 

The shape and dimensions of deposits rnay affect the jet profile. Therefore, the forces 

exerted on deposits by the jet rnay also be affected by the deposit shapes and 

dimensions. 

It is difficult to conduct an experimentai study on deposit debonding in actual boilers. 

# 

The objective of the present work is to conduct a laboratory study on deposit debonding 

from the tube surfaces and to investigate the effects of major aerodynarnic and geometric 

parameters on the debonding mechanism. Parameters to be studied include the jet peak 

impact pressure (PP), and the resulting drag and lateral forces produced by a jet on a 

deposit, deposit shape and dimensions; and deposit orientation with respect to the jet (jet 

attack angle). Since no study has been performed to examine the effects of these parameters, 

this work focuses on expenrnentai investigation of a mode1 sootblower jet interaction with a 

deposit accumuiated on a single tube. Attempts are made to use the expenmentai results to 

make quantitative predictions about the removal of fireside deposits by sootblower jets in 

boilers. 



3. LITERATURE SURVEY 

This section provides a bief background on fireside deposit formation, the pnnciples of 

sootblower operation, as well as theoretical considerations and detailed review of the 

literature related to aerodynamic forces exerted on a single tube covered by a deposit, the 

effect of flow confinement on these forces, the forces in tube bundles and the deposit break 

up mechanism. 

3.1 Deposition in Kraft Recovery Boilers 

Deposition at various locations in a boiler has been the subject of carefùl investigation. There 

are many publications on the deposit chemistry, deposit thermal properties and the formation 

mechanism [l-  121. Deposit accumulation may occur heavily at some locations, and may not 

occur at other locations in the boiler. Massive deposit accumulation on tube surfaces may 

plug the flue gas passages. Plugging is very complex and unpredictable. This has been 

attnbuted to almoa everything related to recovery boilers: hi@ flue gas temperature, high air 

flow rates, poor air distribution, poor boiler design, poor sootblowing efficiency, poor bed 

conditions and upset of liquor properties. The rate of fouling in the boiler bank is a function 



of boiler bank inlet gas temperature. If this temperature is above the sticlq temperature of the 

deposit, rapid fouling and plugging rnay occur. 

Deposits are derived from three distinct sources: carryover, intemediate sized particles (ISP) 

and fume [2]: 

(i) Carryover: Relatively large, partially bumed, black liquor andor smelt particles, which 

leave the fùmace cavity and are entrained in the flue gas. 

(ii) Intermediate Sued Particles (ISP): Also known as "ejecta", these particles are 

apparently formed by the ejection of material out of the black liquor droplet surface 

during the black liquor combustion process. 

(iii) Condensed Material: Dust or fume is f l u q  white sub-micron particles, resulting h m  

the condensation of compounds volatilized from the lower fumace. The condensation 

may occur directly on cooled surfaces or indirectly in the flue gas strearn. 

The most cntical locations in the boiler that plugging rnay occur are the upper superheater 

regions upstream of the boiler bank iniet, and the boiler bank inlet itself To prevent plugging 

and deposit accumulation in these regions, sufficient sootblowing must be provided. In these 

regions, deposits are mainly plastic and the dominant removd mechanism is deposit 

debonding. 



In the upper superheater and the region upstrearn fiom the boiler bank, the flue gas 

temperature may range fiom 700 O C  to 800 OC, and condensation takes place on cooled tube 

surfaces, where carryover deposition also takes place (Figure 4). This condensation forms a 

layer of f lue ,  white deposits. Condensation may also take place in the flue gas Stream, 

forrning dust, which can be transponed to tube surfaces. Meanwhile, the flue gas temperature 

range of 550 O C  to 800 O C  is considered to be the sticky temperature zone for typicai 

deposits. In this temperature zone, carryover particles are above their sticky temperature, 

above which the deposit contains enough liquid phase to be sticky. Thus, carryover particles 

entrained in the flue gas stick to tube surfaces and continue to grow because the deposit 

surface temperature is lower than the radical deformation temperature. In this region, 

plugging may not be prevented unless sootblowing is sufficient. The deposit accumulation 

usually occurs on the tube leading edge due to the impaction of partially or completely 

rnolten carryover particles. If sootblowing is insufficient, the deposit eventually bridges the 

spacing between adjacent platens [2]. 

At the boiler bank iniet, the flue gas temperature is close enough to the minimum deposit 

sticky temperature, in the range of 550 to 700 O C .  Depending on their composition and the 

presence of condensed particles, carryover particles may or may not stick to tubes. At these 

locations sootblowing is usually the least effective because the tube spacing in the boiler bank 

is much narrower than in the superheater region (Figure 5). Thus, if the carryover particles 

are sticky, severe plugging at the boiler bank region is highly likely. Furthermore, as the 

deposit thickness grows, its outer surface temperature nses and sintenng occurs. The outer 

layer would become hard after about an hour if its temperature exceeds 500 OC, whereas the 



cooler imer layer adjacent to the tube remains unsintered and sofi [l-21. Due to the weak 

bonding between the soft inner layer and the tube surface, these deposits might be debonded 

From tubes by sootblowers. 

3.2. Sootblowing 

Sootblowers are used to remove deposits from tube surfaces by multiple impacts of 

superheated s tem jets ejected through a pair of noules, located at the end of a long 

translating, rotating lance tube. For typical sootblowers used in recovery boilers, the path of 

each n o d e  is helical. Helices of 10.2, 15.2 or 20.3 cm (4", 6", or 8") may be used depending 

on the length of the sootblower and the intended service. When the sootblower reverses, the 

lance indexes enable the nozzles to return in a helical path that bisects the helical path of the 

forward travel. This provides a more unifom coverage of tube surfaces. 

In recent years, attempts have been made to improve the cleaning effectiveness of the 

sootblower by redesigning the lance tube noules [13-161. The cleaning efficiency of a 

sootblower is a function of n o d e  size, blowing pressure and lance rotational and transitional 

speeds. The jet peak impact pressure (PIP) of the stem flow through sootblower noules is 

one of the main parameten afEecting the ability of the jet to remove deposits [13- 171. This 

pressure is defined as the stagnation pressure P, measured dong the n o d e  centerline 

downstrearn of the n o d e  outlet: 



where p and U are the nuid (stem) density and the fluid mean velocity, respectively. 

The fiirther downstream From the nozzie outlet the more the PIP decreases due to the fluid 

deceleration associated with flow dispersion downstrearn of the nozzle exit. The stronger the 

deposit, the higher the PIP required to remove it. Thus, a minimum cleaning energy is 

required to remove a deposit of a given strength, and the higher the PIP of the jet, the more 

deposits can be removed. 

The lance tube rotates during both the insertion and retraction passes through the boiler. 

Conventional lance tubes have two, diarnetrically opposed nozzies installed, whereas in the 

advanced lance tubes, the axes of these noule couples have a small offset with each other 

[16]. The axes of nozzles are typically perpendicular to the axis of the lance tube, although in 

some designs angled noules are also used to allow the jet to reach and clean spaces behind 

the tubes. In the latter design, the tube bundle depth penetration is drastically reduced [17]. 

Jameel et al. [13] developed a mathematical model, based on theory and experirnental results 

to predict the axial decay of the PIP delivered by a sootblower. They showed that 

conventional sootblower nozzles produce an under expanded jet resulting in a dissipative 

shock wave at the nozzie exit, irreversibly converting a substantial portion of kinetic energy 

of the jet into intemal energy and heat. This reduces the available PP for deposit removal. 

They designed a new nozzle, which allows the jet to achieve full expansion before exiting the 

nozzle, resulting in the elimination of the shock wave and a 56% increase in the area that the 

jet is effectively able to remove the deposits. 



The new types of sootblower nodes  are fuily expanded noules. To allow the jet to achieve 

full expansion, the distance between the throat and the nozzle exit in fully expanded nodes  is 

much greater than that of a conventional nozzle. In addition, the contour of the divergent 

section of a fully expanded nozzle is precisely designed to prevent any flow separation or 

occurrence of shock waves within the noule. These features ailow the s tem pressure at the 

nonle exit to be adjusted to the ambient pressure, minimizing the occurrence of shock waves 

downstrearn of the nozzie. A comparison of PP of the improved nozzle and that of a 

conventional nozzie shows that the new novle increases PIP up to 103% at a radius of 76 

cm. Altematively, the new nozzle design can make up to a 40% increase in cleaning radius 

[13, 14,161. 

For a given nozzie design, an increase in the lance pressure results in a proportional increase 

in s tem flow rate and hence s tem consumption. Since for a given lance pressure, the fully 

expanded n o d e  produces a much higher PP than that produced by a conventional 

sootblower noule; the new noule is able to produce the required PP whiie using a 

substantially lower s tem flow rate. This can decrease the overall s tem consumption by 40% 

[ W .  

3.3. Theoretical Considerations 

In order to understand the jet-deposit interaction, knowledge of the forces exerted on 

deposits by the jet is required. When a fluid jet flows over a body, it exens two major 

aerodynarnic fluctuating forces on the body: the drag force, FD, and the lift force, FL, acting 



parallel and perpendicular to the fiow direction, respectiveiy (Figure 6) [18,19,22,25-291. 

Each of these forces consists of a mean component and a fluctuation component. 

3.3.1. The Mean Forces 

The rnean drag force, F ,  and the mean lift force, q, acting on an immersed body are 

generally expressed in terms of the mean drag and the mean lift coefficients and <, 
defined as: 

- - 
CD = 

FD / Ld 
pu' / 2 

- 
CL = 

FL / LH 
pu' / 2 

where U is the mean jet velocity approaching the body, L is the body length, d and H are 

characteristic body width, customarily defined as the body dimension normal to the flow 

direction. 

These coefficients are functions of many parameters and conditions including boundary 

geometry, the turbulence intensity, Tu, the height of surface roughness, k,, the Reynolds 

number, Re, and the Mach number, Ma [20]. The turbulence intensity Tu characterizes the 

degree of turbulence in the approaching flow and is defined as: 



where d' is the mean square value of the approaching flow velocity fluctuation component. 

For bodies immersed in turbulence-fiee flows, the dependence of the mean drag coefficient 

on the Reynolds number differs for bodies with different shapes [20]. While the mean drag 

coefficient profile for a flat plate immersed in turbulence-free flow is independent of the 

Reynolds number, the mean drag coefficient profile for a circular cylinder depends on the 

Reynolds number. The mean drag coefficient profile for a circular cylinder can be divided into 

different regions: it ranges from purely Mscous resistance at low Reynolds numbers region, 

extends through the region of larninar boundary layer separation at moderately high Reynolds 

numbers, to the region of turbulent boundary layer separation as the Reynolds number passes 

its critical value and reaches a very high value. An increasing deviation from each of these 

values occurs as the cylinder decreases in length. In other words, "end effecrs" tend to reduce 

the mean positive pressure and the mean negative pressure at the Front and at the rear. 

respectively [2 1 1. 

The typical conditions in a recovery boiler are &0.05rn, U=lOm/s, F 1 oJ m2/s and Re=5000 

at locations where the flue gas temperature is 500-600 O C .  Sootbiower jets may hit the 

deposit with velocities in the range of 100-500 d s ,  which corresponds to a Reynolds number 

of ~ e =  10'-2x 10'. The total drag coefficient of a long single circular tube reaches a constant 

value CD d . 2  for Re from 1000 to 2x10'. At ~e,+2xl0' the locus of boundary layer 



separation is shifted downstream for a cyünder with a smooth surface. as the boundary layer 

changes fiorn larninar to turbulent. This is accompanied by a reduction of CD to 

approximately 0.32. This phenomenon is called aerodynamic resistance crisis. It is associated 

with a reduction of wake behind the cylinder caused by the shift of boundary layer separation 

as the boundary layer changes fiom laminar to turbulent. 

With a further increase in the Reynolds number to supercntical values, the locus of the 

transition to a turbulent boundary layer shifts upstream. Therefore, the value of at 

supercntical Re is slightly higher than at critical Re , and it increases to an average value of 

0.42. However, this is true only for cylinders with very smooth surface and for turbulence- 

Free approaching flow. 

As previously mentioned, the occurrence of turbulence in the boundary layer on a cylinder 

causes a dramatic decrease in the drag coefficient. For a turbulence-free flow over a smooth 

cylinder, this decrease in the drag coefficient occurs at a critical Reynolds number 

ReC,-dxl0'. If the cylinder has a rough surface, the roughness disturbs the flow near the 

surface, the transition to turbulence occurs at smaller Reynolds numbers and the 

corresponding decrease in the drag coefficient shifts accordingly. The larger the equivalent 

roughness k,, the greater the shift. However, the decrease in the drag coefficient becomes 

smaller with an increase in the relative roughness k,d, and the phenomenon of aerodynamic 

resistance crisis is less pronounced: the drag coefficient drop is smaller, and the recovery of 

the drag coefficient is more cornpiete for a tube with a rough surface. Lf k, d>0.01, the drag 

coefficient varies within the lirnits 0.9-1.2 for al1 Re> 1000. 



The turbulence intensity, Tir, has an effect similar to surface roughness. An increase in Tti 

aiso causes the variations in drag to decrease in magnitude in the vicinity of the aerodynarnic 

crisis. Turbulence decreases in the subcritical Reynolds number range, but increases CD in 

the supercritical Reynolds nurnber range. At Tu=9.1%, the m m  drag coefficient CD is 

approximately 0.8 over a very wide range of Reynolds numben, and decreases by less than 15% at 

the critical Reynolds nurnber [20]. The turbulence intensity in turbulent jets is very hi& (about 

10%). Thus this factor also should be taken into account in a study ofjet-tube interaction. 

For compressible Bows, the drag force and pressure distribution also depend on Mach number 

[19].  Ferri [23] and Fage [24] have measured drag force and pressure distribution on cylinders 

over a wide range of Reynolds and Mach numbers. Their experirnental data show that even for 

moderate Maz0.4 there is no drop in the drag coefficient, which takes place at Re=20,000 for 

incompressible flows (hfu4l) .  For Ma>0.4, the drag coefficient reaches a constant value of 

CD 4 . 2  for d RG- 10". 

In recovery boilen, sootblower jet-tube aerodynamic interaction is characterised by very high 

turbulence intensities, large Mach numbers, large Reynolds numbers and very rough boundaq 

surfaces. Thus, for the operating conditions under these large Reynolds numbers the mean drag 

coefficient Ca is independent of Reynolds number variations. 



The amplihide of the mean lift coefficient depends strongly on deposit geometry and orientation. It 

would be zero for symmetricai deposits with respect to the jet axis. 

3.3.2. Force Fluctuation Cornponents 

Even under conditions of steady, larninar cross flow running over a cylindncai body, the flow 

pattem and, hence, the force, affecthg the body, expenences periodic or quasiperiodic 

variations. As the Reynolds number increases beyond 40, the wake behind a cylinder becomes 

unstable and eddies start separating From the tube surface and vortex shedding starts. At 

moderate Reynolds numbers the resulting eddy wake, or so-called von Karman Street, is 

larninar and stable at a sufficient distance fiom the tube. 

At a Reynolds number equal to 150, irregular periodic perturbations occur in the wake of the 

tube and these continue up to Re =300, at which point the wake becomes fully turbulent. This 

wake flow pattern prevails until the onset of the critical flow (~e=2xl0~) which is 

characterized by the steep drop in the drag coefficient followed by an increase as the 

Reynolds number increases. 

The dominant frequency of vortex shedding is generally descnbed in tems of the Strouhal 

number, which is the ratio of the product of vortex shedding Frequency and body reference 

dimension to flow velocity, Sfr=f&U where fo represents the peak fiequency of the lift 

spectrurn. In a wide subcritical region of Reynolds numbers, Str4.20 for an isolated single 



cylinder. This non-steady fiow pattern behind a cylinder is accompanied by drag force 

fluctuations. The coefficients of fluctuahg drag and lift are defined by the root mean square 

(r.m.s.) of the drag F h  and lifl F i  fluctuations: 

c; = 
((FL)~!" LH 

pu' / 2 

For 5 x 1 o3 < Re 5 106 drag fluctuation coefficients Vary with the Reynolds number similar to 

CTD (Re): They are approximately constant in the subaitical region, and decrease steeply at 

~ r = 2 x  l O' [ X I  : 

The drag and lift fluctuation coefficients are more sensitive to flow turbulence than are the 

mean drag and mean Mt coefficients. This can be easily seen from the scattered expenmental 

data on the lie fluctuation coefficient [24]. 



3.3.3. Effect of the Flow Confinement 

The mean and fluctuation lift and drag coefficients discussed in the previous sections are 

related to the case when the fluid flows over a single tube (body). In recovery boilers, heat 

exchanger tubes are arranged in the form of tube bundles (boiler banks) or platens 

(superheaters). Deposits accumulated on these tubes, especially tubes behind the first row, 

would be considered to be confined by other tubes. In this section the available literature 

discussing the effect of flow confinement on drag and lift coefficients are reviewed. 

Richter and Naudasher [27] experimentally studied mean and fluctuation lifi  and drag 

coefficients acting on a cylinder of diarneter d placed symmetrically in a narrow rectangular 

duct of width h. They plotted the mean drag coefficient profile as a function of the 

Reynolds number, and found that an increase in flow confinement Ieads to larger values of the 

mean drag coefficient. The maximum value of the coefficient at subcritical Reynolds numbers 

CD, varies from 1.23 for an unconfined flow to 1.9 for dh= 112. CD ,, may be expressed 

as a power function of the maximum confined velocity U, = I/,, U=h/fh-d) : 

where Il,, and U are the maximum codned velocity and the unconfined approaching 

velocity, respectively. 



Zukauskas et al. [25] and Richter and Naudascher [27] showed that the intensity of drag 

fluctuations becomes smailer with flow confinement and is always severai times smaller than 

that of the lift fluctuations. Based on their plot of the lift fluctuation coefficient profile versus 

the Reynolds number and confinement ratio, they concluded that flow confinement decreases 

the magnitude of the drag fluctuation coefficient, but increases the lift fluctuation coefficient. 

For a confinement ratio d.h= 112, the lie fluctuation coefficient reaches a value of up to eight 

tirnes that of unconfined flow. C'ha may be presented as a function of I l m  by the following 

relationship: 

CL, = 0.49Ui'" (8) 

An increase in flow confinement produces a distinct increase in the Strouhal number which 

reaches 0.33 in the subcritical region of the Reynolds number, for dh-  112. Thus, the lift 

fluctuation coefficient in confined flows may exceed the mean drag coefficients. This 

conclusion is important for the understanding of how deposits rnay be removed by a 

debonding mechanism. Since deposits normally grow in the direction of flue gas flow in the 

boiler, they are easier to remove by a force in the lateral direction than by a drag force, which 

pushes t hem against the tube surface. 

The data from the above literature refer to the case of rigidly fixed tubes, which were not 

allowed to oscillate. There are some expenmental indications that tube vibration may cause 

an additional increase in the lifi fluctuation coefficient. For example, a relative amplitude of 

tube oscillation y d  even as smail as 0.003 - 0.004 may increase CL 2 to 3 times [20]. Hence, 

increasing the deposit debonding probability . 



3.3.4. Tube Bundle Forces 

The hydraulic drag on a tube bundle is the sum of aii drag forces exened on individual tubes 

in the bundle. It is approximately proportional to the number of tube rows. An average drag 

force on tubes in a bundle can be described either by an average drag coefficient CD or by an 

average Euler number [25]. The Euler number is defined as the ratio of pressure forces to 

flow inertia forces: 

where dP is the pressure drop across a bundle exposed to a flow of fluid and : is the number 

of rows in the bundle. The total pressure drop is the sum of al1 drag forces acting on tubes: 

where FD is the mean drag force on a tube in a bundle, and s is the transverse spacing 

between tube axes. Equations (2), (3). (9) and (10) may be combined to obtain: 



where a=s/d is the dimensionless transverse spacing. 

3.3.5. Lift Forces in Tube Bundles 

Oengoeren and Ziada [28] carried out experiments to measure drag and lifl fluctuation 

coefficients for an aimow over square tube bundles with a pitch ratio of 1.95. They 

concluded that an increase in the number of rows in a tube bundle leads to an increase in the 

lifi fluctuation coefficient. They also suggested that when a gas flows through a tube bundle, 

it experiences strong transverse fluctuations, which may result in vortex shedding. Therefore, 

the lift fluctuation coefficient depends on the location of the tube in the bundle, and may 

differ from that of an isolated single tube [27,29,30]. 

The data reported in reference [27] (51.3.3) shows that tluctuating lie forces, acting in the 

transverse direction are comparable with steady drag, and for confined tlows, may even 

exceed it. Therefore, this is funher evidence that lift forces may play the dominant role in the 

removal of asymmetrical deposits on tube bundle surfaces. 

3.4. Deposit Removal Mechanism by Brittle Fracture 

As mentioned in the introduction, brittle and low-strength deposits are removed by 

sootblower jets through brittle fracture mechanism. These deposits are accumulated in the 



regions in which flue gas temperatures are low, such as regions downstream of the generating 

bank. When a jet hits a brittle deposit, it shatters the deposit into pieces. 

Kaliamine et al. [15] studied the brittle fracture mechanism and showed that the important 

parameter is the deposit mechanical strength, which varies fiom location to location within a 

boiler because of variations in deposit chemistry, formation mechanism and flue gas 

temperature [1,30]. They showed that for a wide range of deposit geometry a sootblower jet 

is able to break a deposit only if the jet PIP exceeds a cntical value: 

where sr is the deposit tensile strength, and 0 is the angle between the jet axis and the axis 

perpendicular to the tube axis. 

They also showed that the brinle deposit failure process is an instantaneous process; that is 

deposits would be broken up the instant that the jet hits them. 

3.5. Deposit Removal by Debonding Mechanism 

The deposit debonding mechanism is govemed by several factors, such as aerodynamic forces 

exerted on the deposit, jet attack angle, deposit-tube interface, deposit size and shape. The 

smailer the deposit-tube interface, the easier to debond the deposit from the tube surface. 



Furthermore, a jet pushing the deposit ont0 the tube surface primarily produces compressive 

stresses at the tube-deposit interface, which make deposit debonding more difficult rather 

than easier. However, a force with the sarne magnitude, but applied from the side, may 

generate substantial tensile stress at the interface and cause the deposit to debond from the 

tube. 

A deposit debonds fiom the tube surface if the stress generated by impact of the sootblower 

jet on the deposit exceeds the adhesion strength at some point at the tube-deposit interface. 

The stress distribution at the interface can be caiculated if the deposit's exact shape and the 

forces applied to the deposit are known. However, this direct approach is not practicai for 

several reasons: 

(i) The deposit shape is irregular and difficult to characterire. 

(ii) When a sootblower jet hits a deposit, the exact pressure distribution on the surface of 

the deposit of an arbitrary shape cannot be determined precisely. The velocity 

fluctuations and, hence, the impact pressure fluctuations of a high-speed turbulent jet 

Ming a deposit are large. Thus, it is likely that the extremes of turbulent fluctuations 

may be responsible for deposit debonding. 

(iii) The deposit mechanicd properties are not unifonn throughout the bulk of the deposit 

due to the variations in deposit porosity and temperature. Since the deposit outer layer 



is exposed to high flue gas temperatures, it is denser and at a higher temperature than 

the imer layer. 

Therefore, it was necessary to take into account the above considerations while designing the 

experiments to simulate the actual deposit debonding that occurs in boilers. 

3.5.1. Debonding Criteria 

A deposit would be removed by debonding if the stress generated by the impact of a 

sootblower jet on the deposit exceeds the adhesion strength at any point at the interface. The 

stress distribution at the interface can be calcuiated by means of the theory of elasticity if the 

deposit shape, the applied forces and the area of the interface are known [3 11. The detailed 

calculation of a,, is described in Appendix A. 

Consider a piece of deposit covering the front side of a tube in a sector 2 a* of the tube 

circumference (Figure 7). Moments and forces produced by a sootblower jet on the deposit, 

cause stresses at the tube-deposit interface. The outer layers of the deposit may be too strong 

to be fraaured by the sootblower jet. Therefore, if the deposit is removed by debonding, the 

adhesion layer should be weaker than the bulk of the deposit. As a reasonable approximation, 

the bulk of the deposit may be considered as absoluteiy rigid and the weaker layer at the 

tube-deposit interface. When the sootblower jet hits the deposit, the distributions of normal 

(radial) stress oand shear stress r dong the tube-deposit interface can be calculated: 



where -ad a < ao, v is the Poisson's ratio and R is the tube radius. 

Analysis of these equations shows that the maximum principal stress a,, at the tube-deposit 

interface depends on two dimensionless parameters a* and FRM: 

where yl,, is a dimensionless fiinction that describes the effect of deposit geometry. Note in 

Equation (15), we are interested in the maximum tende stress due to the brittle characteristic 



of the interfacial bonding layer. The parameter a0 defines which part of the tube is covered 

with deposit; parameter W R  characterizes the extemal forces applied to the deposit. The 

latter parameter is generaily about 1 for a relatively thin deposit layers because the bulk of a 

thin deposit is located at the distance R fiom the tube axis. This parameter becomes larger for 

thicker deposits. An example of the calculated stress distribution is shown in Figure 8 for the 

case 2ap 1 80' (haif of the tube circumference is covered with deposit) and FM R =2,  the 

maximum tende stress is generated at the edge of the deposit and is about c ~ 1  S F D ,  that is 

about 2 times smaller than maximum stress at a flat interface (shown for comparison in Figure 

8 by a dashed line) [3 11. 

The angle a0 is proportional to the tube area covered by the deposit. If the jet attack angle is 

0' degee, for a given laterai force F or moment M. the smaller ao. the greater the stresses 

generated at the tube-deposit interface. Thus. the deposit is removed more easily [3 11. 

Now consider the case when F is exerted on the deposit along the jet axis (in this case F is 

the drag force): the distributions of nomal (radial) stress (T and shear stress r dong the tube- 

deposit interface, Equations ( 1 3) and ( 14) become: 

O = -  \ I 

((3 + v)n, + (1 + v) sin 2a, 
2 



F sin a r=--  
((3 + v)., + (1 + v )  

sin 2a, 
2 

The maximum principal stress can be caiculated again fiom Equation (1 5). 

In case that both of these forces are exerted on the deposit, the maximum combined principal 

stress can be calculated: 

where the subscripts L and D represent the stresses generated by the lateral and axial @rag) 

forces. respectively. Note in Equation ( 1  5) .  we are interested in the maximum tensile stress 

due to the brittle characteristic of the interfacial bonding layer. 

For any distance from the node ,  the distribution of the principal stress at the tube-deposit 

interface over the cover sector + a0 can be calculated by Equation (15) or Equation (19). 

These equations are functions of the angle a, where -ao<a Cao . If this stress at any angle a 

exceeds the adhesion bond strength of the intermediate bonding material, the tube-deposit 

bond fails and the deposit will be debonded. Thus to investigate the debonding criteriq the 

principal stress distribution must be calculated by Equations (15) or (19) and the maximum 

stress of this distribution should be compared with the adhesion bond strength. 



When a sootblower jet impacts a piece of deposit, it generates a peak impact pressure P. For 

a specific nozzle geometry, P is a function of the gas inlet pressure of the sootblower n o d e  

and the distance between the sootblower noule and the deposit. For a constant gas inlet 

pressure, P cm be calculated as a function of the distance from the noule. For a deposit, 

extending laterally to the jet direction (90" jet angle of attack), it can be predicted that 

debonding mainly occurs by drag forces. Thus, based on the definition of the Peak Impact 

Pressure P (Equation (1)), the linear density of the drag force can be calculated as: 

Debonding occurs if: 

Considering the case of drag force F= FD , from (16). (20) and (2 1). ao.6, could be estimated 

as: 



where oDeb is the bond strength and P=P(x) is a function of distance frorn the nozzie outlet. 

In Equation (22) the effect of any lateral force, such as lift force, is considered to be 

negligible. 

Similarly, for a piece of deposit growing in the direction of the jet, deposit debonding from 

the tube surface occurs rnainly by the lateral (lifi) fluctuation components (O0 angle of attack), 

acting at right angles to the major axis of the deposit. In this case, deposit debonding occurs, 

if: 

In Equation (24), the effect of drag force is considered to be negligible. This assumption will 

be discussed in detail in 57.2.3. 



3.6. Main Conclusions from Literature Review 

In this section the main observations applicable to this study are summarized: 

(i) Ln recovery boilers, sootblower jet-tube aerodynamic interaction is characterised by very 

high turbulence intensities, large Mach numbers and very rough boundary surfaces. Thus, the 

value of drag coefficient may be Werent from the literature data. 

(ii) The drag and lifi fluctuation coefficients are more sensitive to flow turbulence than are 

the mean drag and rnean lift coefficients. 

(iii) The mean drag coefficient Ca for a single tube varies Frorn 0.5-2, whereas the lift 

fluctuation coefficient C l  varies from 0.12 to 4 [22,25-291. 

(iv) Flow confinement causes C\ to increase dramatically to values higher than those for 

(v) The lifi and drag forces on tubes inside tube bundles depend on the location of the tube. 

These forces for the front tube could be estimated from the data for a single tube. 

(vi) For inner tubes in a tube bundle, the drag and 13 forces behave differently. For the i ~ e r  

tubes in a tube bundle, while drag forces are smaller than for the first row, the lifi 



fluctuations increase as the row number in the bundle increases, reaching a maximum for 

the third or forth row [26,28]. 

(vii) There are no detailed data available on drag and lift forces produced by a jet flow. 

To understand the deposit debonding mechanism. debonding of mode1 deposits by a 

supersonic jet was investigated through Iaboratory experiments. These experiments and the 

obtained data are discussed in details in the next section. 



4. DEPOSIT BLOW-OFF EXPERIMENTS 

In order to conduct a laboratory study of the deposit debonding mechanism, as a first step, it 

was necessary to conduct experiments that simulate the actual deposit removal by debonding 

that happens in boilers. The main purpose of these experiments was to detemine a 

correlation between the adhesion strength of deposits and the minimum peak impact pressure 

(PiP) required to debond them. In this set of experiments, artificid model deposits, with 

known adhesion strength and attached to a single tube, were debonded by a hi ly  expanded 

laboratory noule jet. 

4.1. Experimental Apparatus and Procedure 

In order to study the debonding mechanism by an air jet in the laboratory, it is important to 

use a model deposit that will not be fiactured by the jet, and an interfacial bonding material 

which has a known, controllable adhesion strength. In this audy, wood was used as a model 

deposit, because wood is strong enough not to be eactured by the jet. Two different types of 

deposit made fiom wood were examuied: type A had a flat, elongated shape and type B had a 

short, rounded shape (Figures 9 and 10). 



Deposits, with a length of 5-cm (2") were attached to a stainless steel tube using gypsum 

(plaster of Paris) as the bonding material. Gypsum was chosen as a model interfacial bonding 

material, because its strength could be measured and could be altered easily by changing the 

water to plaster ratio. Al1 model deposits were air-dned in an aven at 55 O C .  The adhesion 

strength of gypsum was determined using a strength tester (Figure 11). The mode1 deposit- 

tube assembly acted as a cantilever, with the tube being fixed. The tester force Fr,, was 

increased slowly until the model deposit was debonded From the tube due to the failure of the 

gypsum bond. The force Fr,, at the start of the failure of gypsum bond reached its 

maximum and was automatically recorded by the tester. By knowing Fra,, the maximum 

normal stress at the tube-deposit stress was calculated using Equation (1 5). Since gypsum is a 

brinle material, the maximum-normal-stress theory was used to determine the failure criteria. 

To determine the failure criteria for brittle materials the following charactenstics of these 

materials should be considered [32] : 

(il 

(ii) 

Brittle materiais do not have yield strength. A graph of stress versus strain is a smooth 

continuous line to the failure point and failure occurs by fracture. 

The compressive strength is usuaily many times greater than the tensile strength for 

these materials. 

(iii) The ultimate torsional strength or the modulus of rupture is approximately the sarne 

as the tensile strength for brinle materials. 



The maximum-normal-stress theory has been used to predict the fiacture of brittle materials 

[32]. Hence, to determine the adhesion strength (bond strength) of model deposits this theory 

was used. 

The ability of an air jet to debond such model deposits was examined using a blow-off 

apparatus (Figure 12). Compressed air from four compressed air cylinders was supplied to a 

nozzle with a throat diarneter of 7.42 mm (0.125"). The nozzle provided a fûlly expanded jet 

with a working inlet air pressure of 6.8 MPa and outlet pressure of 10 1 kPa. 

The results obtained from the scded-down laboratory nozzle are applicable to a sootblower 

nozzle operating in a recovery boiler only if a set of geometrical and aerodynamical 

conditions for the model and the sootblower noule are met. The principle of dynarnical 

simi!yity dictates that not only must the model and the full-expansion sootblower nozzie be 

geometncdly sirnilar, but also their key dirnensionless numbers, the Mach and Reynolds 

numbers, must be identical. Table 1 shows the basic parameters of the model and those of a 

typical full-expansion sootblower nozzle operating under boiler conditions. The geometrical 

scaie is 1:4 and the Mach and Reynolds numbers differ by only 5% and 6%, respectively. 

Hence, the nozzle used in these expenments is dynamicaily and geometncdly sirnilar to a 

typical fully expanded sootblower nozzie operating in a recovery boiler. 

The pressure upstrearn of the nozzle was measured using an Omega PX603 O - 13.6 MPa (O- 

2000 psig) pressure transducer. The peak impact pressure (PIP) of the air jet was increased 

by moving the nozzle toward the model deposit surface until the model deposit was blown 



o K  The distance between the nozzle and the model deposit surface was used to calculate the 

minimum jet PIP required for debonding. 

Each type of deposit was blown off under mainly two different orientations relative to the jet 

a i s :  jet attack angles of O" (the jet axis is paralle1 to the characteristic thickness of the 

deposit) and 90" (the jet axis is perpendicular to the deposit characteristic thickness) (Figure 

13). The results of these two extreme cases would help determine the effect of the jet attack 

angle on the debonding. In a few experiments, type A deposits were blown off under 45" jet 

attack angle. In each experiment a laser pointer was used to control the orientation of the 

model deposits with respect to the jet axis. 

To ensure that the model deposit would be debonded from the tube at a bonding interface in 

the gypsum layer, a layer of carpenter white glue was placed between the tube and gypsum. 

and gypsum and wood. Since glue is a stronger bonding material than gypsum, debonding 

would occur in the gypsum layer. In order to obtain reproducible results the thickness of the 

eypsum layer was kept at 3 mm. 
C 

As the gypsum sluny hardens, its adhesion strength changes with time. To ensure that model 

deposits used in each set of experiments have identical adhesion bond strength, there was a 

time constraint in filling the dots in the wooden model deposits with gypsum. Thus, the 

number of mode1 deposits used in each set of expenments was restricted to six. 



For each experiment, six samples were prepared: three used for adhesion strength 

measurements and three for blow-off tests. The mean value of the experimentally determined 

adhesion strength and the average distance to the nozzle at which blow-off was observed, 

were plotted. To obtain each data point, six measurements were required. 

4.2. Results and Discussion 

The results obtained for the elongated type A deposit are shown in Figure 14. Each data 

point shown represents a set of 6 experiments. The actual number of experiments camed-out 

is four times the number of data points shown. At first, the data were scattered widely due to 

the various sources of error in the expenments, such as the poor control of gypsum layer 

thickness. As the study was in progress, several modifications were canied out to increase 

the reproducibility and to minirnize the scatter of data. 

The vertical axis of Figure 14 represents the mean value of the adhesion strength of the three 

samples used in each experiment. These values were obtained based on the maximum of the 

principal stress distribution at gypsum layer surface calculated by Equation (15). The 

horizontal axis represents the mean value of the distance from the nozzie, at which blow-off 

occurred for the other three samples used in each set of expenments. The results show that 

the higher the adhesion strength, the closer the nozzie needs to be to the target. For an 

increase in the adhesion strength from 0.05 MPa to 0.4 MPa, the distance between the n o d e  

and the deposit decreased from 120 cm to 25 cm. 



In the 0" attack angle experiments, 20 mode1 deposits with adhesion strength between O. 1 to 

0.4 MPa were placed at 35 cm from the n o d e  and moved to the 7.5 cm in the vicinity of the 

nozzie, while the jet was activated. Despite expectations, none of these deposits were 

debonded by the jet. The gray-shaded box represents the adhesion strength of these deposits 

and the region where deposits were not removed by the jet. Some of these deposits were 

placed later further downstream from the nozzie, ranging from 60 cm to 90 cm to the noule, 

and were blown-off by the jet eventually. However due to the possible generation of flaws 

and cracks in the adhesion bond (gypsum layer) in the closer distance experiments, these 

blow-off data are not shown in this figure. 

In the early stages of these expenments, when generally data were still scattered due to some 

sources of error, a few type A model deposits were blown off under 45" attack angle. These 

data are also shown in Figure 14 for companson. 

Similar results obtained for cylindncal type B deposits, as are shown in Figure 15: the higher 

the adhesion strength is, the closer the jet needs to be to the model deposit to remove it. In 

the 0" attack angle expenments, 12 model deposits with adhesion strength between 0.1 to 0.4 

MPa were placed at 35 cm from the nozzie and moved to the 7.5 cm vicinity of the n o d e  

while the jet was activated. Despite expectations, none of these deposits were debonded by 

the jet. The gray-shaded box represents the adhesion strength of these deposits and the region 

where deposits were not removed by the jet. Some of these deposits were placed later further 

downstream fiom the node,  ranging from 50 cm to 90 cm to the nozzle, and were blown-off 

by the jet eventually. However due to the possible generation of flaws and cracks in the 



adhesion bond (gypsum layer) in the closer distance experirnents, these blow-off data are not 

shown in this figure. 

The PIP of the jet and the effective jet diameter Dd can be calculated based on the noule 

characteristics and the distance from the deposit [13]. The detailed procedure of how to 

calculate the PIP and LIef at any location dong the jet axis is described in Appendix B. 

In Figure 16, the P P  required to debond type A deposits is plotted against the adhesion 

strength. Sirnilarly, the PIP required to debond type B deposits is plotted against the adhesion 

strength in Figure 17. These figures show that the higher the adhesion strength, the higher the 

PIP required to debond the deposit from the tube sunace. 

4.2.1. Effects of the Deposit Shape and the Jet Angle of Attack 

From Figures 14 and 15, no sigruficant difference was observed between the results for type 

A and those for type B deposits. This suggests that the deposit shape does not affect the PiP 

required to debond deposits with equd adhesion strengths. 

For both types of deposits, no significant daerence was observed between the data of the 0" 

attack angle expenments and those of the 90" attack angle experiments (Figures 14 and 15). 

In case of type A deposits, despite the lack of sufficient number of data for 45" attack angle, 

the existing data show insignificant difference between the data for O", 45" and 90" attack 

angles. This is surptising, since it suggests that the debonding of deposits by sootblower jets 



is independent of the jet angle of attack. This matter was further investigated through 

experiments described in $5 and 56, and further discussed in $7. 

The error bars show for each set of data in Figures 14 and 15 are equal to *a in each 

experiment : 

where n is the number of sarnples, which in this case is equal to three, and cris the standard 

deviation. These error bars are not the errors of the measurements. but rather they represent 

the natural scatter of the mode1 deposit adhesion strength. The experimental data obtained by 

Kaliazine et ai. [5] on the adhesion strength of deposits made from actuai precipitator dusts 

show a similar or greater degree of scattering. 

Figures 1 6 and 1 7 show the jet PIP as a ninction of adhesion strengt h. The data deviates fiom 

the theoretical curve representing a mean drag coefficient CD = 0.5 for jet PIP higher than 

0.02 MPa. This is due to the fact that these data were obtained at distances less than 40 cm 

fiom the nozzie. At these distances, the jet width is smaller than the width of the deposit, and 

the jet does not cover the whole deposit surface. 

In theory, when a jet hits a deposit, two fluctuating forces will be produced on the deposit 

surface: FD in the direction of Bow, and Fr in the laterai direction. These forces are expressed 

iii terms of the drag and lifi coefficients, CD and Ci according to Equations (2) and (6), 



respectively. The results obtained for both types of deposits suggest that the values of both 

- 
CD and C tL are close to 0.5 (Figures 14, 15, 16 and 17). This value is close to CD of a 

cylinder placed in a uniforrn flow with Reynolds numbers higher than 106. The theoretical 

- 
curve CD = 0.5 is shown for cornparison, using Equation (22). 



5. MEASURMENTS OF THE MEAN DRAG FORCE 

The scaled-down nozzle used in the blow-off experiments was designed in such a way that 

the experiment was practical under the laboratory conditions; thus the forces produced by the 

jet were lirnited. The depositkube ratio of model deposits used in the blow-off expenments 

was 3:  1. The jet used in this experiment was unable to debond model deposits with larger 

tube diameter to deposit thckness (d'H) ratios because the forces produced were not large 

enough. 

To overcome the limitations of the blow-off experiments, a new experimental assembly was 

designed to measure directly the drag and Iateral forces acting on model deposits. The drag 

forces produced by the jet on the model deposits were directly measured by using a torque 

meter attached to the blow-off test apparatus (Figure 18). In this case, the rnodel deposit was 

rnounted ngidly to the tube and covered the whole length of the tube, to ensure that the total 

energy of the drag force was measured. The torque produced by the drag force acting on the 

rnodel deposit dong the jet axis was measured. The drag force was then calculated by 

dividing the torque by the moment arm for each deposit, which is the distance between the 

center of the deposit to the center of the tube. 



As shown in Figure 19, four different types of deposit made from acrylic were used: type A 

has a flat, elongated shape with a characteristic thickness of 3.8 cm (1 .Y), type B has a short, 

rounded shape with a diameter of 3.8 cm (1.5"). type C is sirnilar to type A but with a 

characteristic thickness of 1.9 cm (0.75") and type D is sirnilar to type B but with a diarneter 

of 1.9 cm (0.75"). 

The torque meter was a socket extension torque sensor with a maximum capacity of 6 Nm 

and a Frequency response of 10000 Hz. Both pressure and torque signals were 10 kHz low 

pass filtered and sarnpled at 20 lcHz (Figure 20). The calibration curve for the torque meter 

is shown in Figure 2 1. 

5.1. Results and Discussion 

The mean drag force decay dong the jet centerline a i s ,  obtained for type A and type B. is 

show in Figure 22. With a decrease in the distance between the novle and the deposit From 

140 cm to 7 cm, the drag force for both types of deposits increases from 7 N to 59 N. 

Sirnilarly, the results for type C and type D deposits are shown in Figure 23. 



5.1.1. Effect of the Deposit Shape 

In Figures 22 and 23, no significant difference can be observed between results for 

cylindrical and elongated deposits. This is consistent with the results obtained f?om the blow- 

off expenments. The curve = O S  is shown for comparison. This value is close to of a 

cylinder placed in a uniforrn flow with Reynolds numbers higher than 106. 

These data can be used to calculate the maximum stress generated at the tube-deposit 

interface using Equation (1  5). if the maximum stress exceeds the deposit adhesion strength, 

the deposit will be debonded from the tube. The maximum stress at the interface calculated 

based on the measured drag forces exerted on type A and type B deposits are compared with 

the adhesion strength obtained From the blow-off expenments for the sarne types of deposits 

in Figure 24. 

5.1.2. Effect of the Deposit Size 

The results for deposits with different thickness, 3.8 cm and 1.9 cm ( 1.5" and 0.75") for both 

elongated and cylindrical are shown in Figures 25 and 26. 

In the regions close to the node ,  where the jet diameter is smaller than the deposit thickness, 

the drag force is identical and constant for al1 deposits. On the other hand, in the regions 

where the jet diameter is larger than the deposit characteristic thickness, the drag force is 



proportional to the deposit thickness; hence it is two times larger for the larger deposits. 

However, independent of the deposit dimensions in these regions, the drag force profiles 

foUow the sirnilar trend and the mean drag coefficient is close to 0.5 (where the jet diameter 

is larger than the deposit characteristic thickness, x>l5 cm and x>30 cm for the 1.9-cm thick 

deposit and 3.8-cm thick deposit, respectively). 

5.2. Measurements of the Mean Lift Force 

The torque meter apparatus was used to measure the lie forces exerted on the model 

deposits, while the jet axis had an offset with the axis of the model deposits (Figure 27). In 

these experiments, the jet axis was not inline with the deposit symmetry axis (jet-deposit 

offset). Therefore, the velocity distribution, and hence the pressure distribution. over the 

deposit was not uniforni. This generated a mean lift force on the deposit. The torque 

produced by the mean lie force acting on the model deposit along the jet axis was measured. 

The mean lifi force was then calculated by dividing the torque by the moment am.  

The mean lift force profile along the jet centerline axis obtained for the type A mode1 deposit, 

while the jet-deposit offset was 1-cm, is compared with the mean drag decay for the same 

deposit (Figure 28). As expected the mean lift forces are much smaller than the mean drag 

forces. 

In the blow-off experiments, no significant diEerence was observed between the data of the 

O" attack angle expenments and those of the 90" attack angle experiments (Figures 14 and 



15). This suggested that lateral forces are as effective to remove the deposits than the drag 

forces are. This surprising observation could have been due to the possible rnisalignrnent of 

the jet-deposit axis, resulting in a jet-deposit offset, thus exerting mean lie forces on the 

deposits in the 0" attack angle experiments. However, the comparison between mean drag 

force and the mean lift force (Figure 28) shows that even with an offset equal to 1 cm, the 

mean lifk force is much smaller than the mean drag force, therefore, a possible rnisalignment 

of the jet-deposit axis (jet-deposit offset) cannot be the reason for such a surprising 

observation. 



6. MEASUREMENTS OF LIFT AND DRAG 

FORCE FLUCTUATIONS 

One would expect that when a sootblower jet hits a deposit From the front, as shown in 

Figure 6, the lie force is much more effective in removing and debonding the deposit From 

the tube surface than the drag force, which pushes the deposit into the tube surface. In this 

case, while the contribution of the drag force to deposit debonding is limited to the produced 

shear stress at the tube-deposit interface; the contribution of lie or any lateral force, in 

addition to shear stress, extends to the normal stress generated by the torque produced by the 

lift force at the tube-deposit interface. There are several causes of the lift force: 

(i) Asymmetry of the deposit shape: deposits have irregular shapes, and are mostly 

asymmetric. 

(ii) Jet-deposit offset: If the jet axis is not idine with the deposit syrnmetry a i s ,  the velocity 

distribution, and hence the pressure distribution, over the deposit would not be uniform. 

This generates a Mt force on the deposit. 



(iii) Eddy vortex shedding: the flow separation from the deposit-tube assembly generates 

flow circulation and a wake behind the assembly, which produces a lift force acting on 

the deposit. 

(iv) Turbulent pulsations: the turbulent pulsations in the jet generate flow circulation, and 

hence, a lie force. 

In this section, the attempts to measure the lift force fluctuations exerted on deposits attached 

to single tubes are discussed. A simple case is considered: the jet hits the deposit From the 

centerline while there is no offset between the jet axis and the centerline of the deposit. 

Finally, for theoretical discussions, the drag force fluctuations were rneasured and compared 

to the lift fluctuations 

6.1. Measurements of Lift Force Fluctuations using a Torque 

Meter 

In these experiments, the torque meter apparatus was used to measure the lie force 

Fluctuations acting on mode1 deposits (Figure 24). The jet hit the deposit from the centerline 

wbile there was no offset between the jet axis and the centerline of the deposit. The results 

showed that the measured signal amplitude increases as the distance £Yom the nozzie 

increases (Figures 29 and 30). The recorded signais were chaotic vibrational responses to the 

lie fluctuations produced by the jet. However, when examined more carefully, the responses 



consisted of both random and regular oscillations. The regular oscillations occurred at 

dominant fiequencies, which were very close to the natural fiequencies of the assembly 

(Figure 3 1). This suggested that the random oscillations were the lift fluctuations, while the 

regular oscillations were inertial effects due to the induced vibration in the assembly. This is 

due to the vibration of the mechanical structure that connects the model deposit (including 

the deposit itself) to the torque meter. As the distance fiom the noule increases, the width of 

the jet increases. Thus, the model deposit would be immersed more into the jet and the 

amplitude of the vibration would be increased as long as the energy of the jet has not 

dissipated completely. 

The flow-induced vibrations increase with the distance mainiy because of the intensification 

of vortex shedding. Vortex shedding is the separation of vortices from the opposite sides of 

an obstacle in a crossflow. It is effective oniy when the jet width is comparable to or larger 

than the obstacle dimensions. Hence, as the jet spreads with distance, vibration excitation by 

vortex shedding intensifies. These vibrations produce fiuctuating forces on the deposit. which 

are in the same order as the mean drag force at distances far from the noule (Figure 30). 

This increase in vibration continues until the ef5ect of the decrease in the jet velocity 

counteracts the effect of the jet spreading. Thus, vibration intensity starts to decrease fùnher 

downstream. 

At distances far away fiom the noule, the results obtained in the blow-off expenments 

showed no difference for difFerent angles of attack (Figures 11 and 12). This is because the 

model deposits used in that experiment acted as cantilevers. At far distances, where the 



deposits are totally immersed in the jet, the flow-induced vibrations are of the same order as 

the mean drag force. Therefore, the dominant force, which debonds the deposit from the 

tube, must be produced by these vibrations. This suggests that in kraft recovery boilen, large 

deposits far fiom the sootblower noule may be removed by the flow-induced vibrations as 

weH. 

These inertial forces produced by induced vibration are coupled with the lift force 

fluctuations. Both, the spectral charactenstics of the force fluctuations and analysis of the 

vibration properties of the assembly are required to separate the vibration forces fiom the lift 

force fluctuations. 

6.2. Flow-induced Vibration Forces Exerted on Deposits 

Flow-induced vibrations may contribute to deposit debonding in the following ways: 

(i) Flemral and torsional vibrations of tubes may cause a break up of deposit-tube adhesion 

bond and debond deposits. 

(ii) Large deposits may act as a cantilever and vibrate under the fluctuating forces exerted 

on deposits by sootblower jets. 

This study investigated the latter case. A simple case was considered where a large piece of 

deposit is attached to a fixed tube. 



6.2.1 Analysis of the Response of a Vibrational System to a 

Randomly Fluctuating Force 

A deposit-tube system can be considered as a one-dimensional systern, if a single parameter, 

such as the instantaneous deflection y(r) can describe the deformation of the whole systern. 

For a system with the rigidity of K, y is proportional to the constant force F: 

However, if the applied force is a fluctuating force F(t), the deposit starts to vibrate and the 

goveming equation would become [33]: 

where rn is the mass of the deposit, D is the damping coefficient. 

The vibrationai motion of any complex tube-deposit configuration under different tube 

arrangements can be simplified into a superposition of its difFerent vibrationai modes 

(periodic motions with natural kequencies). Each of these modes is governed by an equation 

of oscillating motion similar to Equation (27). For instance, the assembly shown in Figure 27, 



is subjected to torsional vibrations and the appropriate oscillating variable is the angle tp of 

sample deflection around the tube axis. The equation of motion has the form: 

where I is the polar moment of inertia of the tube with the sample, K is the torsional rigidity 

of the system (tube and torque meter), B is assembly damping and M(t) is the moment of the 

force, produced by a fluctuating jet force. 

Equation (27) can be funher simplified by dividing both sides of this equation by rn [33]: 

d'y dv 
- + p u , - + a ; y =  f(r) 
dt - dt 

where f(t) = F(Z)/rn, Po, =Dm and o,= K m  are the random force per mass, the damping 

coefficient per mass and the first natural frequency of the system, respectively. This is the 

governing equation for an oscillating system under the excitation force fw. The damping 

coefficient p corresponds to the fraction of the vibrational energy dissipated by the assembly 

dunng one cycle of vibration. 

Let us consider forcef(t) be a stationary random process, and let f(r) be so truncated that it 

becomes zero outside the time interval (-T , T ). The Fourier integrai of the truncated force 

fdl) exists provided that the absolute value offdqis integrable and f f l  cm be represented: 



where AT(w) is the Fourier transform of the function f#): 

1 
A, (a) = -sr f, (r)e-ladt G -  

The power spectrumpda) is generally used to characterize the force f(rl: 

The power spectrum p&~) is the distribution of energy of the random force over the 

frequency range. In other words, the area under the power spectrum represents the mean 

variance of the random force fo): 

The response of the system is: 



where Z(io) is the system impedance: 

Impedance is a characteristic of the vibrating system, which describes its response to a 

penodic force. However, since the force of the jet that generates the vibrations is random, it 

is not possible to estimate the response of a tube or assembly explicitly, as a function of time. 

Fortunately, there is an effective method to analyze random fluctuating signals. 

The mean value of the square of the response signal, y 2 ( t ) ,  can be calculated based on the 

power spectmm of the fluctuating force pF(o): 

The variance of the response of a non-vibrational system can be calculated using Equations 

(29) and (33): 



where y, is the system response to a constant force. 

The vibrationai amplification coefficient A ,  is defined as: 

Since the impedance Z is a characteristic of the assembly, and is independent of the excitation 

force, it can be obtained by simple anaiysis of the fiee vibrational response of the assembly. 

Thus, and a, of the assernbly cm be found. 

Ifp(o) is flat near o ,  Equation (37) is reduced to: 

This is usually the case because the function 1.2' typicdly has sharp maximums near natural 

fiequencies. Thus, the power spectnim is a much smoother curve compared to the impedance 

curve. In this case: 



If the power spectrum of the jet is known as a function of vortex shedding fiequency, the 

vibrational amplification coefficient can be caiculated. This coefficient is a good measure of 

how effective flow-induced vibration forces are compared to non-vibrational forces to 

remove deposits. 

In the following sections, this procedure was used to determine the lifi force fluctuations and 

the effect of flow-induced vibration. 

6.3. Lift Force Fluctuation Measurement Experirnental 

Assem bly 

The vibrationai response interferes with the lie force rneasurements as long as the first natural 

Frequency of the experimental assembly is less than the characteristic fkequency of the vortex 

shedding or the frequency of eddies in the jet. In addition, if the natural frequencies of the 

experimental assembly are low, the power spectmrn of the measured signal will contain 

severai peaks due to these frequencies. Thus, it would be extremely difficult to separate the 

power spectra of the lift forces from those of the induced vibration forces. The decoupiing of 

lift forces and induced vibration forces is important because flow-induced vibration forces are 



a tùnction of deposit material and damping characteristics of the experimentai assembly. 

Thus, the measured signal cannot be used to estimate directly the forces acting on deposits. 

The torque meter assembly used in the previous experiments had a first naturai frequency of 

about 200 Hz, whereas the characteristic frequency of the vonex shedding cm be as high as 

5000 Hz, depending on the deposit characteristic dimension and the jet velocity. When the jet 

hit the deposit attached to the torque rneter assembly, the assembly vibrated with its resonant 

frequencies. Thus, the measured sipals were couplings of the flow-induced vibration forces 

and the lift forces rather than purely the lift forces acting on the model deposit. 

By modifjmg the experimental assembly and so that the first natural fiequency of the 

assembly is shifted to a frequency higher than the maximum vortex shedding Gequency, the 

power spectnirn of the measured signal would be very close to the actuai power spectrurn of 

the lifi forces. Also, the measured signal would be very close to the fluctuating lift force. 

To overcome the problem of the flow-induced vibrations, a new assernbly was designed 

(Figure 32). Since the naturai frequency of axial vibrations is much higher than that of the 

rotationai vibrations, a load ceil was used to measure the fluctuating laterd forces. The load 

ce11 was a mini high accuracy universal load ce11 with a maximum load capacity of 450 N (100 

Ibf) and a fiequency response of 10 kHz. A lead brick was used to anchor the apparatus. The 

caiibration curve for the load ce11 is shown in Figure 33.  



Preliminary experiments were carried out to measure the Lift force produced by the jet on a 5-  

cm long type A deposit. The load ce11 signals were low pass fltemd at 10 kHz and sampled at 

20 Id-lz (Figure 20). The power spectra of the lifi forces acting on the deposit located at 20 

cm and 57 cm frorn the noule, respectively, are shown in Figure 34. Both spectra show two 

peaks at 1800 Hz and 6500 Hz. These correspond to the first and second natural frequencies 

of the axial vibration of the structure that comected the deposit to the load cell. The first 

natural fiequency of this experiment assembly was still much higher than of the torque meter 

set-up (Figure 35). Meanwhile in Figure 35 the spectrum has multiple peaks that represent 

the natural frequencies of the torque meter assembly, whereas Figure 34 shows a much 

simpler relationship. Figure 34 demonstrates that the number of natural frequencies of axial 

vibrations of the structure was only two: 1800 Hz and 6500 Hz. 

Compare the recorded power spectra at 20-cm and 50-cm from the noule, respectively, in 

Figure 34. If the area under the power spectra represents the energy of the eddies, a shift of 

this energy towards the lower frequencies can be observed from the power spectrum 

recorded at 20 cm from the noule to the power spectmm recorded at 50 cm frorn the noule. 

At 20 cm from the noule, the shedding fiequency of the dominant eddies is much higher than 

at 57 cm from the noule. As the distance from the nozzle increases, this frequency decreases 

and the eddies with highest energy are produced with a lower fi-equency. A sirnilar trend was 

observed for CL [34, 351. The occurrence of just two peaks in the power spectrum made it 

possible to decouple the effeas of the vibrational forces and lift forces by fitting proper 

irnpedance curves and deducting them from the spectrum and resolving the 1 3  force spectra. 



6.4. Separation of the Lift Force Fluctuations from the 

Flow-Induced Vibrations 

Similar expenments were conducted to measure the lifl forces exerted on 5-cm long 

cylindncai deposits of types B and D. A typical example of the power spectrum of the 

registered signai by the load ceIl for type B deposit is show in Figure 36. The two distinct 

peaks at frequencies 1250 Hz and 5800 Hz persisted when the deposit was placed at different 

distances from the nozzie. Therefore, the peaks were concluded to be vibrational 

characteristics of the experimental assembly, and correspond to the first two natural 

frequencies of this assembly. The procedure described in ($5.2.1) was used to calculate the 

lifi force fluctuations. The spectrum shown in Figure 36 is the ratio of p,+qdWo)12 

(Equation (37)) where pdu) is the power spectrum of the fluctuating random aerodynamic 

force exerted by the jet on the assernbly and Z(iw) is the total impedance of the assembly. The 

impedance of the assembly is a charactenstic of the assembly aione: it is independent of jet 

flow properties and may be estimated independently. Therefore pdm) may be restored from 

the experimental resdts. Due to the logarithmic scale, to obtain the power spectrum of the 

lifi force pdu), the impedance was subtracted from the spectmm of the raw signai 

pdtu). /z(Iu)/~ in Figure 36. 

For each deposit, this power spectrum was measured while deposits were placed at different 

distances Eom the nozzie (6 to 110 cm). Then, by triai and error the best total damping 

coefficient &, the impedance of the assembly, was obtained as the value that best fit the 



data. By deducting the impedance from the registered power spectrum, the filtered spectrum 

represented pdo), the power spectrum of the lifk force acting on the deposit. The area under 

the power spectmm of the lift force yields the mean square of the lift force. Thus the root 

mean square (r.m.s.) of the 1 3  fluctuation for this deposit at 30-cm frorn the nozzle cm be 

calculated by using Equation (33). The same procedure was repeated for every measured 

spectrum of forces acting on each type of deposit while deposits were placed at different 

distances from the node .  The root mean square (r.m.s.) of the lift forces were caiculated 

from the filtered power spectrum (Figures 37, 38 and 39). 

6.5. Results and Discussion 

As shown in Figures 37 and 38, the restored lift forces are typicaily several times less than the 

amplitude of the registered signals. This amplification is due to coupling between fluctuating 

lift force and the vibrational propenies of the assembly. The lift force has a wide spectrum, 

which is flat in the frequency range from zero to Strouhal fiequency t~,r=O..ln U d in radsec 

(f,,=O.ZUd in Ht). If an assembly has a natural frequency within this range. the 

corresponding frequency is amplified due to resonance, and the total vibrational response 

grows bigger in comparison with the applied force. The degree of amplification depends on 

the darnping coefficient and natural frequencies of the assembly. 

In the vicinity of the nozzie, despite the decrease in the peak impact pressure, the flow- 

induced vibration forces grow with increasing distance fiom the nozzie (Figures 37 and 38). 



This phenornenon was previously observed (Figures 29 and 30). Vibrations increase with 

distance because of the intensification of vortex shedding as the jet spreads with distance. 

Maximum vibrations were observed at a distance of about 45-50 nozzle diameters 

downstrearn of the nozzie (about 40 cm from the nozzle) for both deposits. At this distance. 

the jet diameter was approximately equal to the thickness of larger deposit. Funher 

downstream, the reduction of the jet PIP and velocity counteract the effect of increased jet 

width, and the vibration intensity drops. In Figures 37 and 38, curves representing a lift 

coefficient Cid). l were s h o w  for comparison. The value of C 'L=0.5, reported in the 

previous section (84.2.1 .), inciuded the effect of tlow-induced vibration forces [36]. For large 

distances, where the samples were completely irnrnersed in the jet, the data are very close to 

these curves. The fluctuation lifi force profiles for both deposits show the sarne trend: a peak 

at a distance about 45-50 noule diameters downstream (Figure 39). 

Since deposits in boilers are built usually on the leading edge of tubes and platens and grow 

in the jet flow direction, the lateral forces are usually the more effective forces, which debond 

and remove deposits. This is due to the contribution of moments exerted on deposits by these 

forces to the maximum principal stress generated at the tube-deposit interface. 

6.6. Measurements of Drag Force Fluctuations 

To investigate the effects of drag fluctuations and resultant flow-induced vibration forces on 

debonding, similar experiments were conducted on types B and D deposits using the same 

load cell assembly (Figure 32). Deposit orientations with regard to the jet axis were changed 



in a way that the load ceil measured the fluctuating drag forces (Figure 40). The results for 

type B deposits are shown in Figures 37 and 38. Similar to the lie force measurements, the 

registered forces are much larger than the restored drag forces (calculated using Equation 

(33)) (Figure 4 1). In Figure 38, the r.m.s. of the drag force fluctuations are compared with 

the r.m.s. of the lie fluctuations. The drag force fluctuation profile is much flatter, and 

although the maxima of both profiles are located at a distance about 45-50 noule diameters 

downstrearn (about 40 cm from the nozzle), the maximum of the lift force fluctuation profile 

is 2.5 times larger than that of the drag force fluctuation profile. This means that the Bow- 

induced vibration forces due to the lifi fluctuations must be much larger than those produced 

by the drag fluctuations. 



7. IMPLICATIONS 

The experirnental data discussed in previous sections were obtained from laboratory 

experiments that measured the forces exerted on deposits attached to a single tube. The 4: 1 

scaled-down novle used in these expenrnents is dynamically similar to a fully expanded 1 '/N- 

inch exit diarneter s tem sootblower nozzle, which operates at 350 psig. Therefore, the PP 

of this nozzle at a distance x, fiom the n o d e  represents the PLP of a full-scale sootblower 

nozzie at a distance 4 x, from the sootblower nozzle exit. The dimensiodess lie fluctuation 

coefficient CTL and rnean drag coefficient should be identicai for laboratory conditions 

and full-scaie boiler conditions. Hence, drag and lie fluctuations and mean drag forces 

measured in the laboratory may be used to estimate the corresponding forces exened on 

fireside deposits by sootblower jets under aaual boiler conditions. Using these forces, the 

maximum stress generated at the tube-deposit interface by vibrational effects cm be 

estimated. 

In the following sections, the experimental results are used to estirnate typicai forces exened 

on deposits accumulated on tubes of generating banks and platens. Attempts are made to use 



these estimates to make quantitative predictions about the removal of fireside deposits by 

sootblower jets in boilers. 

7.1. Implication of Mean Drag Force Measurement Results 

Due to geometric and dynarnic similarities, the drag force exerted by sootblower jet on a 

deposit in a recovery boiler cm be evaluated based on the results obtained in mean drag force 

measurements in the laboratory ($5). This can be done using Equation (2) and the 

geornetrical scale factor 1 4 ,  since the dimensionless drag coefficient CD is identical for both 

laboratory conditions and kraft recovery boiler conditions. 

Figures 43 and 44 show the drag force decay of a sootblower jet hitting deposits with 

characteristic thickness of 15.2 cm and 7.6 cm (6*' and 3 3 ,  respectively, in a recovery boiler. 

These results are evaluated based on the laboratory experimental results for model deposits. 

The distance between a sootblower nozzle and the first and last tubes in a superheater platen 

is approximately 20 cm and 180 cm, respectively. In the above figures, a 32-tube superheater 

platen is shown for comparison (the sootblower nozzle is located on the vertical axis). These 

results suggest that drag forces of 800 to 1000 N would act on deposits with characteristic 

thickness of 15.2 cm and 7.6 cm (6" and 3'7, respectively, if these deposits are built up at the 

inlet of the superheater piaten. 



In general, the drag force exerted on deposits with arbitrary thickness and the stresses 

generated at the intenace can be evaluated based on the results obtained from dynarnicaiiy 

similar laboratory experiments described in this study The effectiveness of the sootblower to 

debond the deposit from the tube cari then be predicted if the adhesion strength is known. 

The stress generated at the tube-deposit interface by drag forces is discussed and compared 

with those generated by lifi fluctuation forces in the following sections. 

7.2. Implication of Force Fluctuation Measurernent Results 

In the following sections the implication of results of the force fluctuation measurements is 

discussed. 

7.2.1. Similarity of Force Spectra 

To apply the laboratory experirnentai data of fluctuating forces to the conditions relevant to a 

recovery boiler, the extracted power spectra of the fluctuating forces should be properly 

scaled. This force spectrurn can then be combined with the vibrational characteristics of the 

boiler tubes to calculate the resulting stresses on the deposits. The scales should be a funaion 

only of flow velocity, jet fluid properties and deposit-tube geometry. Equations (6) and (33)  

suggest that the proper sdng factor for the lift force power spectrum is the kinetic energy 

of the flow. Hence, 



wherefd(t) is the dimensionless IiR force that should be invariant and L is the length of the 

expenmental deposit. The most appropriate dimensionless time scale arises fiom the Strouhal 

frequency,w,, =O. 4x Wd. where d is the diameter of the tube-deposit. Hence, the frequency 

variable in the power spectnim,w, should be nondimensionalised as s= w a,,. Thus, the power 

spectrum for the sootblower jet and the Iaboratory jet should have exactly the same power 

spectmm when represented in terms of S. Thus, to extrapolate the experimental data to the 

conditions of boilers, the spectra were plotted in the dimensionless form. The dimensionless 

power spectmm p(s) was calculated fkom the following equations: 

the area under the power spectnirnp(s) is equal to (CI)*. If the dimensiodess frequency s is 

properly scaled, usingp(s), one should be able caiculate the resultant power spectnirn for any 

size of deposit hit by a jet at any velocity. 



Similady, if the random force ffl in Equation (33) is a fluctuating drag force acting on a 

cylinder: 

The extracted (cornputed) lift force power spectra are relatively smooth functions of 

frequency (Figure 36). The normalized extraaed lift force power spectra p(s) for types B and 

D deposits are plotted for distances greater than 40 cm fiom the noule in Figures 45 and 46, 

respectively. At these distances, both of the deposits were fully covered by the jet, and the 

power spectra were similar. In accordance with theory, the extracted spectra are self-similar 

functions. This means the dimensionless power spectmm p(s) is a unique function for 

deposits with different thickness and different jet velocity. This confims that the 

dimensioniess frequency s is the proper scale. These data show a high degree of similarity. 

They cover jet velocities from 85 to 245 m/s and Strouhal frequencies from 450 to 1280 Hz. 

The differences between spectra that can be observed at higher frequencies are instrumental 

effects caused by the reiatively different levels of noise occumng in large and small signals. 

On the other hand, at very small distances from the noule, power spectra are only slightly 

different and deviate fiom simila&y because the jet diameter was smaller than the thickness 

of deposits. 



The best fitted cuwes for the dimensionless power spectra for types B and D are 

p($ = 177828 *exp(-&. Z2) and p(sJ =3 1 6228*erp(-&'0.8P'), respectively, while s< 3. The 

differences between best fitted-cuwes and these spectra for s>3 do not play an important role 

in the flow-induced vibration calculations because the energy of lifl force fluctuations at these 

fiequencies is negligible. 

The maximum energy of the lifi force, occurs in the region s<l. As show in Figures 45 and 

46, the power spectra are almost flat for the Frequencies below FI (w=ost=O.-ln U 4, and 

drop drastically at frequencies higher than ~ l .  These spectra could be fitted into 

p(s)=poexp(-02/u,,2), where &=O .494n CId is a characteristic Frequency close to the 

Strouhal frequency, and po is a constant. Equation (41) shows how to calculate a vibrationai 

response to a random force having known power spectrum. If the system has a natural 

frequency o, and damping coefficient then its vibrational response increases in proportion 

to amplification Ar: 

The maximum amplification Ar,, occurs when oo = 2'" ov and is equal to: 



This means that flow-induced vibration increases the effect of the lift force by a factor of 

0.8 7î/4j2. 

This is an interesting conclusion: the maximum vibration amplification is just a fùnction of the 

darnping coefficient ,8 as long as any of the natural frequencies of the deposits are close to the 

Strouhal fiequency a,. In this case, the deposit vibration will be arnplified in inverse 

proportion to the darnping coefficient of the deposit-tube composite. Since deposit strains are 

directly proportionai to vibration amplitude, an increase in deposit vibration amplitude 

increases strain. This increase in deposit strain, increases the stress at the tube-deposit 

interface. Thus, the vibration of a deposit can significantly ampli@ the stress generated at the 

deposit-tube interface, as long as one of the deposit-tube assembly natural frequencies is 

close to the Strouhal fiequency of the impinging jet. 

Since the power spectrum is flat for frequency less or equal of the Strouhal fiequency ( . 6 1 ) ,  

if one of the natural frequencies of the system occurs in this region, it causes a vibration 

amplification equai to Ar,. This requirement is not very restrictive. Deposits built on a tube 

surface, depending how the tube is fixed at its ends, establish different vibrationai systems 

with different degrees of fieedom and many natural fiequencies. Thus, it is very likely that 

one of the natural frequencies is Iower than the Strouhal fiequency ( 5 - 4 ) :  if one can assume 

that this condition exists, the maximum stress generated at the tube-deposit interface depends 

on /3, the tube-deposit interface area, the deposit thickness and an estimate of the magnitude 

of the r.m.s. of lift force fluctuations. 



( In faa, as long as one of the nahiral fiequencies of the deposit-tube composite structure is 

lower than 1.5 times of the Strouhai fiequency (AS), vibrations would have a significant 

effect on the lift fluctuations; because for frequencies less than s=1.5, the area under power 

spectra contains aimost 80% of the lift fluctuation energy, and vibration amplification still 

could be estimated base on Av-. 

7.2.2. Comparison with Blow-Off Results 

The r.m.s of lift force fluctuations for types B and D deposits are plotted in Figures 37 and 

38. Based on these data and by using the dynamic similarity principle, the lift force profiles of 

a sootblower jet hitting deposits with characteristic thickness of 15.2-cm and 7.6-cm, 

respectively, can be estimated (similar to Figures 43 and 44). Based on these estimates and by 

using Equation (19), the profiles of stress generated at the tube-deposit interface can be 

calculated. Now, if the damping coefficient f l  is known, the profiles of the maximum stress 

generated at the tube-deposit interface due to the flow-induced vibrations can be cornputed 

by multiplying these profiles by the maximum vibrational amplification factor 

A rmr=0. 8 72, (P)' '. The criterion for deposit debonding indicates that if these stresses exceed 

the deposit adhesion strength the deposit will be removed. 

The damping coefficient P is the energy loss coefficient of the vibrational system, and it is the 

ratio of the energy dissipated in the system dunng one cycle of vibration to the total 

vibrationai energy [37, 381. Darnping is sensitive to the structure. Slight differences in 



compositions, mechanical features such as mechanical joints in the system, thermal treatrnent 

and mechanical processing can lead to significantly different results for damping coefficients 

of the similar systems made of the same material. A large arnount of data on damping 

properties for test specimens fi-om different materials can be found in reference [37].The 

value of p for test specimens made of different matenais ranges fiom 105 to 0.9. 

The damping coefficient P data are very limited and correspond to specific expenmental 

conditions. The exact damping coefficient of the tube-deposit system used in the blow-off 

experiments is not known. However, an attempt was made to measure the natural frequency 

and the damping coefficient of the deposit-torque meter assembly (Figure 27). For this 

purpose, free assembly vibrations were recorded. In the absence of extemal forces, vibrations 

graduaily died out. Figure 47 shows the registered decay of a free torsional vibration of the 

assembly. The natural frequency of the assembly was close to 189 Hz. The rate of vibration 

decay yields a darnping coefficient P of approximately 0.0 1 8. 

Aithough the tube-deposit system in the blow-off experirnents is different from the torque- 

meter assembly, both systems have similar configuration and go through torsionai vibrations 

under sirnilar fluctuating forces. Thus, for comparison purposes ody, the measured damping 

coefficient p of the deposit-torque meter assembly can be used to compare the generated 

stress by the lateral flow-induced vibrations at the tube-deposit interface with data obtained 

hom the blow-off experiment. 



By using the above values of P, Equations (19) and (481, and following the procedure 

described in 53 S. 1, the maximum stress at the tube-deposit interface calculated based on the 

measured drag force and computed r.m.s. of lift force exerted on type B deposit are 

compared with the adhesion strength obtained From the blow-off experiments for the same 

type of deposit (Figure 48). Despite the relatively large scatter of the blow-off experiment 

data, a common trend can be observed. At distances less than 35 cm From the nozzle no 

deposits were blown off. it is speculated that this is because the jet diarneter in this region is 

smaller than the deposit thickness. Hence, the main cause of fluctuating forces, which is 

vortex shedding, is suppressed, and vibration eRects are minirnized and vibrational forces are 

too small to generate enough stress to exceed the adhesion strength of the deposit. In this 

region, the drag force is mainly pushing the deposit onto the tube. The profiles of stress based 

on different values of P indicate that the values of generated stress at distances less than 35 

cm are on the same order as those at distances greater than 80 cm From the noule. In the 

blow-off experiments, the noule was moved fiom distances far fiom deposits towards t hem 

until they were blown off. At distances between 40 to 60 cm from the nozzie, the lift forces 

and vibrational forces reach their maximum, and this is where the deposits with higher 

adhesion strength were removed. As shown in Figure 14 and Figure 15, a few mode1 deposits 

with adhesion bond strength approximately equal to those blown-ofF in distances 40 to 60cm, 

were initially placed at distances less than 35 cm £iom the nozzle, but were not removed by 

the jet. Had these samples initially been placed 40-60 cm from the nozzle, they could have 

been removed by the jet. 



Further downstream, at distances larger than 60 cm, as the effect of vibration decreases and 

the effect of PIP and velocity dominate, the stress decreases. The profile of the stress 

generated just by the r.m.s. of lift forces are shown for comparison. As shown, this profile 

cannot in any way explain the deposit removai data. It may be interesting to note that the 

reported values of p for systems which partiaily are made of wood and go through torsion or 

bending stresses due to flow-induced vibrations, are very different and cover a wide range 

from 6 . 7 ~  10" to 1 . 6 ~  1 r2. As mentioned before, the blow-off data are scattered mainiy due to 

the natural scatter of the deposit adhesion strength (94.). 

Similar to Figure 48, the r.m.s. of drag fluctuations dong with the registered mean drag 

forces, and the estimated /? of the deposit-torque meter system were used to calculate the 

maximum stress generated at the tube-deposit interface due to the drag forces and resultant 

flow-induced vibration forces exerted on type deposits. The results are compared to the 

blow-off experirnents in Figure 49. The calculated stresses are in good agreement with the 

blow-off experiments. The drag fluctuations and the resultant vibration forces add 20% to the 

stress generated by the mean drag force (mean drag effea). 

As mentioned before, the available data for the damping coefficient ,û of different vibrational 

systems reported in the literature cover a wide range from 0.001 to 0.9. Thus, the 

amplifications of stresses due to vibration for different systems under identical force 

fluctuations may be very different. Generally if the damping coefficient P is in the range of the 

range of 0.1 to 0.0 1, the amplification of stress due to vibration might be expected to be in 



the range of 3 to 10. It should be noted that the darnping coefficient P is a characteristic of 

the whole vibrational system, and it is not just a fiindion of matefial. 

7.2.3. Stress Generated at Tube-Deposit Interface in 

Recovery Boilers 

In the laboratory experiments, the forces exerted on deposits attached to a single tube were 

studied. However, in a boiler the jets remove deposits from different arrangements of tubes, 

e.g. generating bank or platens. Depending on the tube arrangement, the sootblower jet flow 

is disturbed by other tubes in many situations. Hence, to estimate the flow-induced vibration 

under boiler conditions these effects must be taken into account. 

There are no data regarding the effect of the Elow confinement on the lift fluctuation 

generated by a supersonic jet. The few available data for uniform flow suggest that the Iift 

fluctuations may increase with distance into a generating bank. 

There are also no data reported for tubes covered with fireside deposits in boilers. The 

damping coefficients of tubes of the generating banks or platens in boilers depend on tube 

length, type of the suspension and supports, intermediate supports and vibration bars, mass 

and plasticity of the accumulated deposit on the tube. For 10 to 20-meter long, hanging tubes 

with no intermediate support, this coefficient can be as small as 0.00 1 [36]. Although, boiler 

manufacturers try to minimize the use of intermediate tube supports to avoid the 



accumulation of deposits, the addition of intermediate supports and vibrational bars may 

increase this value to about 0.01. The darnping coefficient of tubes covered by deposits might 

be comparable to the darnping coefficient of clean tubes with intermediate suppons. 

Figure 50 shows the profiles of the maximum stress generated at the tube-deposit interface, 

when the sootblower jet hits a 15.2-cm (6-inch) thick deposit accumulated on tube in a boiler. 

These data are estimated based on the measured laboratory data of lifi and drag forces for 

3.8 1-cm (1 S-inch) cylindrical mode1 deposits (type B), assurning that the deposits cover haif 

of the tube and using a geometricd scale factor equal to 4. The effect of lateral flow-induced 

vibrations on the maximum stress generated by lift fluctuations at the tube-deposit interface 

are plotted for three different values of damping coefficient ( f l=  0.00 1, 0.0 1 and 0.03). Two 

jet attack angles are considered: 90" (Mean Drag Force Effect) and 0" (Lifi Force Effect). For 

each jet attack angle, the maximum stress generated at the tube-deposit interface is calculated 

using both Equation (19) and Equation (16). In the stress calculations using Equation (19) 

the effects of drag force, lift force fluctuations and their amplification due to flow-induced 

vibration were taken into account (combined stresses), whereas in the stress caiculation using 

Equation (16) the effects of vibrational forces and the mean drag force are neglected for the 

90" and 0" attack angles, respectively. 

In each of these calculations the procedure described in 53.5.1 was followed: for each 

distance f?om the nozzle, the principal stress distribution at the tube-deposit interface was 

caiculated from either Equation (19) or (16) as a fiinction of a where a0 Ca Ca, then the 

maximum value of this stress was chosen as the maximum principal stress. The Poisson's 



ratiov for the fireside deposits is not known. However, for materials sirnilar to fireside 

deposits, vis about 0.22 [37]. Hence, this value was used in these calculations. 

There is no significant difference between the maximum principal stresses calculated by 

Equations (19) and (16). At the 90" angle of attack, the effect of taking into account the 

stress due to lie fluctuations is negligible. At the 0" angle of attack orientation, the stresses 

generated by the drag force decreases the combined maximum principal stress slightly. This 

cm be explained the following: at the 0" angle of attack, the mean drag force generates 

compressive normal stress and shear stress (due to the curved surface of the tube) at the 

tube-deposit interface. The compressive normal stress pushes the deposit ont0 the tube and 

resists the debonding, whereas the shear stress helps the deposit to debond fiom the tube 

surface. Thus, these two stresses counteract each other. Depending on the size of the covered 

sector of the tube by the deposit, these shear and compressive stresses may counteract each 

other effects in the debonding process. 

At the 90" attack angle, the dominant force which causes debonding is the mean drag force, 

whereas at the 0" attack angle, the dominant forces are the lateral forces caused by the flow- 

induced vibrations. The profile of stress generated by the mean drag force at the tube-deposit 

interface at the 90" attack angle is sirnilar to the jet peak impact pressure profile; it decays and 

decreases with distance from the noale. However, the force fluctuations increase and reach a 

maximum value at a location about 160 cm from the nozzle, where the jet becornes subsonic. 

Further downstream, the fluctuations dissipate and the effect of the mean drag force prevails. 

As shown in Figure 50, the amplification of the stress generated by the lift force due to flow- 



induced vibration can be dramatic, depending on the damping coefficient of the deposit-tube 

assembly (Vibrational EEect O?. For a damping coefficient p= 0.00 1, the eRect of vibration 

can increase the maximum stress generated by the lift force at the 0" attack angle, to values 

well above those generated by the mean drag force in the 90". In other words, under these 

conditions the fluctuating lift force can remove much stronger deposits than the jet mean drag 

force. However, as discussed, a damping coefficient of about P = 0.01 for the deposit-tube 

assembly seems to be more redistic. In this case, vibrations cm be seen to have an effect 

comparable to the mean drag effect at large distances. This is consistent with the results 

obtained from blow-off experiments (Figures 14 and 15): in that no signifiant difference was 

observed between the data for the 90" and 0" attack angle orientations at distances further 

than 40 cm £iom the nozzle. 

Similarly, Figure 5 1 shows the profiles of the maximum stress generated at the tube-deposit 

interface, when the sootblower jet hits a 5-cm (2-inch) thick deposit accumulated on a tube in 

a boiler. These data are estimated based on the measured laboratory data of lie and drag 

forces for 3.8 1 -cm (1.5-inch) cylindncal mode1 deposits (type B), assurning that the deposits 

cover half of the tube. The effect of lateral flow-induced vibrations on the maximum stress 

generated by la fluctuations at the tube-deposit interface is shown for three different values 

of darnping coefficient (J = 0.00 1, 0.01 and 0.03). Two jet attack angles are considered: 90" 

(Mean Drag Force Effect) and 0" (Lift Force Effect). For each jet attack angle, the maximum 

stress generated at the tube-deposit interface is calcuiated ushg Equation (1 9). 



As show in Figure 51 and sirnilar to the case of the 15.2-cm (6-inch) thick deposit, for a 

damping coefficient P = 0.00 1, the effect of vibration increases the maximum stress generated 

by the lifl force in the 0" attack angle to values well above those generated by the mean drag 

force in the 90" attack angle. For a darnping coefficient P = 0.01, vibrations can be seen to 

have an effect comparable to the mean drag effect at large distances. 

7.3. Transition Time 

The assumption of steady state conditions was used in al1 the experiments and corresponding 

previous analysis of vibrational response of a system to a fluctuating force. It was assumed 

that the fluctuating force affects the systern long enough that any influence of the initial 

conditions disappears and the system responds to the force with random but stationary 

vibrations. In practice, when a sootblower jet hits deposits accumulated on a tube, it takes 

some time for vibrations to be developed and reach their stationary amplitudes. The 

characteristic time required to develop a stationary response is called a transition time. The 

theory of random vibrations shows that transition time T of a system with characteristic 

fiequency a10 and damping coefficient P is [36]: 

When a sootblower jet hits a deposit and generates vibrations, the maximum vibrational 

response is generated at a frequency close to the Strouhd fkequency of the jet flow: 



o m p U / d  where LI is the velocity of the jet and d is the deposit thicktiess. Hence, transition 

time for a deposit blown by a sootblower is: 

A typical sootblower has a travel speed of 0.04 d s ,  a rotation speed of 25 rpm. A 

sootblower sweeps deposits fiom the tube surface. therefore, the jet-deposit interaction time 

is in the order of seconds. For the typical values of U=300mls, d - 5  cm and P-0.01. the 

transition time is T=0.016 S. This time is much less than a typical tirne of the interaction of a 

sootblower jet with the deposit in al1 locations of the boiler, which is on order of seconds. 

Therefore, the steady state approach is valid for estimating vibrational responses of tubes to a 

sootblower jet, and the estimated stresses based on the laboratory data are valid. 



8. CONCLUSIONS 

Laboratory experiments were carrîed out to measure fluctuating drag and lifi forces exened 

on mode1 deposits. The effect of flow-induced vibration and deposit shape were studied also. 

The major findings of this can be summarized as follows: 

MEAN DRAG FORCE EXPERIMENTS: 

o If the jet diameter is larger than the deposit thickness. the mean drag force generated by 

the sootblower is proportional to the deposit thickness: the larger the deposit the larger 

the force. 

O For elongated and cylindricd deposits with equai thickness. the jet produced the same 

drag and lateral forces. 



FORCE FLUCTUATION EXPERIMENTS: 

Flow-induced vibration forces caused by lifl fluctuations may be the dominant lateral forces 

which debond deposits: 

o While the jet peak impact pressure and mean drag force decrease as the distance from the 

nozzle increases, the lift force fluctuations and flow-induced vibrations behave differently: 

as the distance from the nozzie increases, first lift force fluctuations and tlow-induced 

vibrations increase to reach their maxima at a distance about 45-50 nozzle diameters 

downstream. This is due to the intensification of vortex shedding as the jet spreads with 

the distance. Further downstream, the reduction of the jet peak impact pressure and 

velocity counteract the effect of increased jet width and vibration intensity drops. Thus, 

lift fluctuation and flow-induced vibrations start to decrease with hrther increase in the 

distance From the nozzle. 

o To conduct laboratory deposit blow-off experiments, one should take into account the 

effect of flow-induced vibrations produced by the jet. The damping coefficient /? and 

natural frequencies of the whole depositftube system should be known, before any precise 

cornparison between the results of blow-off'experiments under different jet attack angles 

can be made. 



o The maximum lifi fluctuations are about 2.5 times larger than the maximum drag 

fluctuations. Therefore, flow-induced vibrations are much larger in the lateral direction 

than in the flow direction. 

o The dimensionless power spectra of the lie forces exerted on cylindrical deposits were 

ploned. These spectra have a high degree of sirnilarity, and could be fitted into 

p(s)=po-exp (-d/a,*), where ~=0.494n U d  is a characteristic frequency close to the 

Strouhal Frequency, and po is a constant. Furthemore, to predict deposit removal by 

debonding, these spectra can be scaled to determine the power spectra of lift forces 

exerted on deposits built on tube surfaces in a boiler. 

o The possibility of removal of deposits by debonding is enhanced significantly by flow- 

induced vibrations: the flow-induced vibration increases the effect of the lifi force 

fluctuations by a maximum factor of 0.872,P "'. Thus, the vibration of a deposit can 

significantly arnplify the stress generated at the deposit-tube interface, as long as one of 

the natural fiequencies of the deposit-tube assembly is close to the Strouhal frequency of 

the turbulent jet. 

Q A procedure has been developed to determine the fluctuating drag and lie forces exerted on 

deposits by a turbulent jet based on the present Iaboratocy results. Additional data which defuie 

the vibrational characteristics of the deposit-tube system in the boiler. are required to more 

precisely quant@ the effect of vibrations on deposit removal. 



9. RECOMMENDATIONS FOR FUTURE WORK 

This section provides a list of research activities recornmended to improve the understanding 

of' the deposit debonding mechanism. 

In the laboratory experiments, the forces exerted on deposits attached to a single tube were 

studied. Meanwhile, the jet axis was aligned with the centerline of deposits with no offset 

between the jet a i s  and deposit centerlines. In addition, just two attack angles were studied: 

90" and 0". However, in a boiler, sootblower jets hit deposits accumulated on generating bank 

tubes or platen tubes under various attack angles and with an offset from deposit centerlines 

or axis due to the sootblowers' linear and rotational rnovements. To have a better 

understanding of the deposit debonding mechanism and what would be the effects of different 

conditions of sootblower jets interaction with deposits in boilers the following expenments 

are recommended: 

o Measurement of mean lift force exerted on the mode1 deposit attached to a single tube, 

while there is an offset between jet axis and deposit centerline. This way the optimum 

offset between the sootblower nonle and the deposit can be investigated. 



a Measurement of the mean lift and mean drag forces exerted on the model deposit 

attached to a single tube under different attack angles to calculate the maximum stresses 

at the tube-deposit interface. 

o Measurements of the lie and drag forces on model deposits attached to tubes in 

generating bank arrangements and platen arrangements, using the torque meter: to 

determine the effect of flow confinement on drag and lift forces. In this expenment, the 

effect of jet axis offset with deposit centerline may also be investigated. 

o Measurements of the damping coefficient and vibrational charactenstics of tube-deposit 

assemblies under boiler operating conditions. 
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TABLES 



Table 1. Cornparison between the fully expanded sootblower noule and the laboratory 

nozzle. 

1 Boiler / Model 

Tube diarneter, cm 

N o d e  exit diameter, cm 1 2.85 (I ' /(~) 1 0.735 

I Noule gas 1 Stem 1 Air 

Mass flow, kg/s 

1 Novle pressure, psi 1 340 1 800 

N o d e  exit velocity, mis 

1 Exit Mach number, Ma l 2-59 1 2.75 

Exit gas density, kglm3 

1095 

*: These data are based on the tubes used in superheater platens. 

627 

O. 66 

Exit Reynolds number, Re 

3.79 

1.81.10~ 1 -65.10~ 



FIGURES 



Figure 1. The schematic diagram of kraft recovery boiler. 



Figure 2. A sootblower in a machine shop. 
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Figure 3. A sootblower in action at the inlet of a boiler bank. 



Figure 4. Condensed material deposited on screen tubes. Dark deposits are carryover 

deposits [2]. 



Figure 5. Plugging at the entrance of the boiler ban' .  



Figure 6. Characteristic dimensions of a deposit and aerodynamic forces. 
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Figure 7. Deformation of a deposit in debonding. [3 11. 
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Figure 8. Distribution of tensile stresses at the flat and cylindrical interface [3 11. For the 
cylindrical interface the unit-Iength interface area is equal to 2 a R. For every a, 
an identical unit-length interface area for the flat interface is chosen for 
cornpanson. 
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Figure 9. Type A mode1 deposit. 
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Figure 10. Type B mode1 deposit. 



Mode1 Deposit F \ Tester 

Figure I l .  The schematic diagram of how the adhesion strength of gypsum was measured 

using the strength tester. 
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Figure 12. Deposit removal (blow-off) experiment apparatus. 
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Figure 13. Definition of the jet attack angle. 
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Figure 14. Blow-off experimental data for type A deposit. The gray-shaded box represents 

the region that 20 samples with adhesion strength between O. 1 to 0.4 MPa were 

placed Frorn 35 cm From the nozzle and moved to 7.5 cm from the nozzle. but 

were not debonded from the tube by the jet (OOattack angle experiments). 
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Figure 15. Blow-off experimental data for type B deposit. The gray-shaded box represents 

the reeion where 12 samples with adhesion strength between O. 1 to 0.4 ma were 

placed from 35 cm from the nozzle and moved to 7.5 cm from the noule. but 

were not debonded from the tube by the jet (0" attack angle experiments). 
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Figure 16. P P  required to debond Type A deposit as a function of the adhesion strength. 
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Figure 17. PIP required to debond Type B deposit as a function of the adhesion 'nrength. 
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Figure 18. Torque Meter Experimental Apparatus for the measurements of the mean drag 

force. 



Figure 19. Mode1 deposits. 
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Figure 20. Signal conditioning and data collection procedure. 
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Figure 21. The calibraiion curve for the torque meter: (CW: dock wise. CCW: counter 

dock wise, Torque = (Output voltage/ Exitation voltage)*Kavg.) 
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Figure 22. Drag force profiles for 1.5" deposits. 
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Figure 23. Drag force profile for 0.75" deposits. 
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Figure 24. Cornparison between the calculated maximum stress generated at the deposit- 

tube interface based on the drag force experiment, with the previously obtained 

results from blow-O ff experiment. 
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Figure 25. Cornparison between drag forces for elongated deposits with 1 .Y and 0.75" 

diamet ers. 
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Figure 26. Cornparison between drag forces for cylindrical deposits with 1.5" and 0.75" 

diarneters. 
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Figure 27. Torque meter experimentai apparatus for the measurements of the lift force. 
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Figure 28. Cornparison of mean drag force decay and mean lift force (1-cm offset) for type 

A deposit. 
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Figure 29. The torque meter signals for 0" attack angle measured at 6-cm and 60-cm from 

the nozzle, respectively. 
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Figure 30. Cornparison between the mean drag force and flow-induced vibrations (O" attack 

angle), measured by the torque meter. 



Figure 31. Torque meter signal for O* attack angle measured at 60-cm Born the noule. 



Figure 32. Load ce11 experimental apparatus: lift force measurement deposit orientation. 
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Figure 33. Load ce11 calibration curve. 
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Figure 34. The power spectra of the load ce11 signals at 20-cm and 57-cm respectively. 
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Figure 35. Typical power spearum of the lifi force rneasured by the torque meter 
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Figure 36. Power spectra of the raw signal and the !if3 force. 
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Figure 37. Cornparison between the lift  force fluctuations and the raw signal exerted on 3.5- 

cm cylindncal deposits (the effect of vibration is included). 
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Figure 38. Cornparison between the lift force fluctuations and the raw signal exened on 1.9- 

cm cylindrical deposits (the effect of vibration is included). 
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Figure 39. The profiles of the root mean square (r.m.s) of l i A  fluctuations forces exerted on 

1.9-cm (0.75-inch) and 3.8-cm (1.5-inch) cylindrical deposits. 



Figure 40. Load cell experirnental apparatus: drag force measurement deposit orientation. 
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Figure 31. Cornparison between the drag force fluctuations and the raw signal exened on 

3.8-cm cylindncal deposits (the effect of vibration is included). 
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Figure 42. Cornparison between the drag force fluctuations and the l i f t  force fluctuations 

exerted on 3.8-cm (1.5-inch) cylindrical deposits. 
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Figure 43. The estimated drag force decay exerted on 1 S.Zcm (6") deposits in a boiler. 
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Figure 44. The estimated drag force decay exerted on 7.6-cm (3") deposits in a boiler. 
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Figure 45. The dimensionless power spectra of the lift force exerted on 3.8-cm cylindrical 

deposit at different distances (best fit: p(s) = f 77828*exp(-s' (1.26')). 
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Figure 46. The dimensionless power spectra of the lift force exened on 1.9-cm cylindrical 

deposit at different distances (best fit: p(s) = J i  6228*exp(-s2 (0.895). 
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Figure 47. Free vibrations of the torque meter experimentai appantus with type A mode1 

deposit ( first natunl frequency f,= 1 89 Hz and /? = 0.0 1 8). 
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Figure 48. Cornparison between the estimated effect of maximum vibration amplification 

on the stress generated by the l iA  force and the blow-off data. 
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Figure 49. Cornparison between the estimated effect of the maximum vibration 

amplification on the stress generated by the drag Force and the blow-off data: 

Mean Drag Effect: stress generated due to the Mean Drag Force. 

Vibrational Effect: stress generated by the drag force by taking into account the 

maximum amplification of drag fluctuations due to the flow-induced vibrations 

(force: mean drag +arnplified drag force fluctuations due to vibrations). 

R.1M.S. Drag Force Effect: Stress generated by R.1M.S. of drag fluctuations. 

In the Vibrational Effect and Mean Drag Effect stress calculations, the r.m.s of 

l if t  fluctuations as lateral forces are taken into account (Equation (l9). combined 

stress). 
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Figure 50. The companson between the maximum stress generated at the 90" and 0" attack 

angle orientations at the tube-deposit interface of a 15.2-cm (6-inch) thick 

deposit in a recovery boiler. The effect of lateral flow-induced-vibrations for the 

O" attack angle orientation and darnping coefficients, p0.03,  0.01 and 0.001 is 

shown by dashed curves. Curves represent the data calculated by using Equation 

(1  5). The data shown by "O" and 'Y", represent the maximum stress calculated 

by Equation ( l9)(combined stress). 
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Figure 51. The cornpanson between the mavimurn stress genented at the 90' and OU attack 

angle orientations at the tube-deposit interface of a 5-cm (2-inch) thick deposit 

in a recovery boiler. The eMect of lateral flow-induced-vibrations for the 0" 

attack angle orientation and darnping coefficients, p0.03. 0.01 and 0.001 is 

s h o w  by dashed curves. Curves represent the data calculated by using Equation 

( 19) (combined stress). 



APPENDICES 



APPENDIX A': 

ELASTIC ANALYSIS OF THE DEPOSIT 

in order to estimate conditions for deposit removal by a debonding mechanism, consider a 

piece of solid deposit, covering front side of a tube in a sector kao of the tube circumference 

(Figure 7). Moments and forces, produced by a sootblower on the deposit, cause stresses at 

the tube-deposit interface. The outer layers of a deposit may be very hard and strong in 

cornparison with the inner layer. Therefore, if a deposit is removed by debonding, the 

adhesion layer should be weaker than the bulk of deposit. As a reasonable approximation, the 

bulk of solid deposit may be considered as absolutely rigid and the weaker layer at the 

interface as a defonnable material. In this case, the forces afffecting the deposit cannot deform 

the bulk of the deposit, but cm cause its small displacement with respect to the tube. This 

displacement may be presented as a combination of a rotation with respect to the tube axis by 

some small angle 4 aqd a translation by smdl distance A. 

' This analysis was done by Dr. Andrei Kaliazine. and was published in Appendix A in reference 
[311. 



If the thickness of the elastic adhesion layer is 6, then, from purely geometncai 

considerations, the strain deformation components in the layer which are caused by rotation 

are: 

where Q, and E,,, are the strain deformation components. 

Similady, the strain deformation components, caused by the translational displacement in the 

transverse direction are: 

The stress and the strain are related by the general stress-strain relationships: 

where gw, and E- - are the strain defornation cornponents, a = 0, and r = a, are the stress 

components, G is cailed the shear modulus of elasticity and A. is called Lame's constant. 



These constants are related to the Young's modulus E and Poisson's ratio vas follows: 

According to (A3). strain deformation components (A2) and (Al) cause the following 

stresses in the adhesion layer: 

a = a, = -G(2 + v ) ~ ,  sin a 

r = O,, = G(E, + E, COS a )  

If a sootblower jet, when it hits the deposit, produces a transverse force F and moment M, (F 

and M stand for linear density of force and moment) then from the conditions of equilibriurn: 

Substituting equations (AS) into (M) we get: 

M 
=  GE,^, + GE, sin a, 

2R- 

F sin(2a, ) 
- = G ~ ~ s i n a ,  +GE, 
2R 4 



From these equations the coefficients of deformation and E, cm be determined. The 

distributions of radiai and shear stresses dong the tube-deposit interface can then be 

caiculated using (A5): 

F FR 
-sin a, 

r=- 4 
R - 2 sin' a, 

4 

Anaiysis of these equations shows that stress distribution at the interface is a function of the 

angle a, which depends on two dimensionless pararneters CQ and FRA4 

The parameter Q defines which part of the tube is covered with deposit; parameter FM R 

characterizes the extemal forces applied to the deposit. The latter parameter is generally 



about 1 for relatively thin deposit layers because the bulk of a thin deposit is located at the 

distance R from the tube mis. This parameter becomes larger for thicker deposits. An 

exarnple of the calculated stress distribution is shown in the Figure A2 for the case 2a&80° 

(half of the tube circumference is covered with deposit) and FM/R=2. The maximum tensile 

stress is generated at the edge of the deposit and is about ~ 1 . 5 F 4 l ,  that is about 2 times 

smaller than maximum stress at a flat interface (shown for comparison in Figure 8 by a 

dashed line) . 

Now consider the case when F is exerted on the deposit dong the jet axis (in this case F is 

the drag force): The displacement may be presented as simply a translation by small distance 

q. In this case equation A2 becomes: 

E~~ = -E* sin a 

Similarly equations (AS) and (A.6) become: 



Substituting equations ( A  12) into (A. 13): 

(3+v)a0+(1+v) 
sin 2a, 

2 

The stresses become: 

O = -  I 

((3 + v)a, + (1 + v) sin 2a, 
2 

sin a r = -  

((3 + vk,, + (1 + v) sin 2a, 
2 1 

The principal stress can be calculated again fiom equation (Ag). 

In case that both of these forces are exerted on the deposit, the combined principal stress can 

be calculated: 

where the subscrîpts L and D represent the stresses generated by the lateral and axial @rag) 

forces, respectively. 



APPENDIX B: 

CALCULATION OF JET PEAK IMPACT 

PRESSURE BASED ON NOZZLE 

CHARACTERISTICS 

The peak impact pressure (PIP) of the jet c m  be caiculated based on the noule 

characteristics and the distance from the deposit [13]. The axial profiles of velocity I.; and 

enthalpy H, for a fully expanded axisymmetric jet have been calculated and conf'irmed 

experimentally [3 91 : 



where k, and kh are the coefficients for turbulent transfer of momentum and energy, p is the 

gas density, r, is the radius of noule exit, x is the axial distance dong the jet centerline, H is 

the total enthaipy equal to h+ V?2 , and the subscripts e and represent the exist and 

arnbient conditions, respectively. 

The parameters kv and kh account for the entrainment of the surrounding fluid. For a 

supersonic jet with an exit Mach number greater than one (Me > I ) ,  kh is equal to 0.102 and 

k, can be calculated fiom [3 91 : 

The nozzie geometry and the ratio of the area at the nozzie exit A, to the throat area Ar are 

the controlling parameters of the exit Mach nurnber: 

where j.-C, C, is the ratio of the gas specific heat at constant pressure, C, , to gas specific 

heat at constant volume Cv. 

Equation (B2) can be written in tems of the local temperature, T ,  at the jet centerline by 

using the relation between the enthalpy and temperature (dl?= C, dl'): 



where V, is the local axial velocity from equation (B 1) .  

The local Mach nurnber, hi,, can be calculated From: 

where R is the gas constant. 

For a fully expanded jet p, = p,, therefore, for M&I, the PIP at any axial location, Pm, can 

be calculated based on the ambient pressure Pa: 

For M,N, a normal shock wave appears in front of the nozzie, and reduces the optimum PP 

to a value equd to P ',: 



Therefore, for a hlly expanded jet, the PIP at any location dong the jet axis can be calculated 

by solving equation (BI) and equation (BS) in conjunction with either equation (B7) or @8), 

depending on the local Mach number. 

To estimate the effective jet diarneter D./ at any location dong the jet mis, the jet integral 

momentum equation cm be used: 

where Mo, p, and r, are the fiee jet momentum flux, the gas density and the radial distance at 

the axial location x £tom the noule, respectively. 

The free jet momentum flux Mo in the axial direction is preserved. That means if hle is the 

momentum flux at the n o d e  exit, then it is equal at al1 other sections: 

where p, and De are the gas density at the n o d e  exit and the nozzle exit diameter. 

Therefore, the effective jet diameter Dq at the axial location x fiom the noule can be 

estimated as: 




