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ABSTRACT 

Heat exchangers are the workhorse of most chemical, petrochemical, food processing 

and power generating processes. Of the many types of heat exchangers, approximately 

60% of the market is still dominated by shell and tube heat exchangers.  One major 

problem of heat exchangers and particularly the shell and tube type is directly related to the 

deposition of unwanted materials on the heat transfer surfaces. Fouling may cause one or 

more of several major operating problems: i) reduction of heat transfer, ii) under-deposit 

corrosion, iii) increased pressure loss and iv) flow mal-distribution.  

There are many different mitigation techniques available in the market to maintain the 

surface of heat exchangers clean to some extent. Among them are projectiles of various 

shapes, materials and hardnesses which circulate via a separate loop through the 

exchanger. The advantages of this method include effective fouling mitigation and stable 

operating conditions. Having said that, there are nevertheless numerous unanswered 

questions such as optimum injection interval, minimum required shear force to remove 

fouling layers, applicability of projectiles at elevated temperatures, minimum required 

velocity of projectile propulsion, and the criterion for the selection of projectiles for any 

specific fouling process. The present study, as part of a European Project entitled Clean-

Ex, endeavors to address some of these questions.  

A test rig was designed and constructed to simulate conditions under which fouling 

occurs in water service processes. The rig includes an online cleaning device which 

enables introduction of projectiles for various operating scenarios including i) continuous 

or ii) at different time intervals. A comprehensive set of experimental runs was carried out 

for crystallization fouling of CaSO4 solutions with and without projectiles. Due to 

laboratory restrictions, fouling runs were performed at accelerated conditions to rigorously 

characterize the impact of projectile cleaning in terms of injection intervals and various 

types of projectiles.  

The experimental results showed that the projectiles are capable of removing parts of 

the fouling layer at the early stage of the fouling process. The cleaning efficiency decreases 

as the fouling layer builds up such that the projectile is not effective when the asymptotic 

fouling is approached. In addition, shorter injection intervals of the projectiles decrease the 

asymptotic fouling resistance. Sintering of the fouling layer which hinders the cleaning 

action of projectiles should be accounted for this phenomenon. Furthermore, all projectiles 

decreased the induction time of the fouling process. The asymptotic fouling resistance was 

also approached much quicker compared to the case of no injection. 

The performance of any projectile lies in a trade-off between its size, texture and 

stiffness. Stiffness produces a shear force required to dislodge the deposit and size is 

required to maintain the contact area between projectile and the surface.  Accordingly, a 

criterion was developed to determine the optimum projectile size and stiffness for best 
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cleaning performance. The criterion shows that bigger and softer projectiles cannot last for 

a long time injection processes. Given the importance of size and stiffness, the projectiles 

were subsequently divided into two groups of hard and soft due to the required stiffness 

and velocity to move the projectile within the tube. To discriminate between these two 

groups, a new term called contact stability factor or Z factor is proposed which is a 

function of stiffness and size.  

A mechanistic model has also been developed to predict the asymptotic fouling 

resistance when projectiles are in operation, based on injection rate, fouling rate and 

removal rates. The model predicts the asymptotic fouling resistance with an accuracy of 

69% based on CaSO4 concentration, saturation concentration, injection interval, shear 

force and contact stability of the tube with the projectile.  
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KURZFASSUNG 

Wärmeübertrager sind das Arbeitspferd der meisten chemischen, petrochemischen, 

Lebensmittel- und Energieerzeugungsprozesse. Es gibt viele verschiedene Typen von 

Wärmeübertragern, allerdings werden etwa 60% des Marktes durch den 

Rohrbündelwärmeübertrager dominiert. Ein Hauptproblem von Wärmeübertragern und 

insbesondere dem Rohrbündeltyp wird direkt auf die Ablagerung von unerwünschten 

Materialien auf den Wärmeübertragungsflächen zurückgeführt. Fouling kann ein oder 

mehrere große Betriebsprobleme verursachen: i) Reduzierung der Wärmeübertragung, ii) 

Korrosion unter der Ablagerung, iii) erhöhter Druckverlust und iv) 

Strömungsfehlverteilung. 

Es gibt viele verschiedene Minderungstechniken auf dem Markt, um  die Oberfläche 

der Wärmeübertrager zu einem gewissen Grad sauber zu halten. Unter ihnen sind 

Projektile verschiedener Formen, Materialien und Härte, die seit Jahrzehnten verwendet 

werden, um Ablagerung im Rohrbündelwärmeübertragern zu reduzieren, indem sie in 

einem separaten Kreislauf zirkulieren und bei Gebrauch zugeschaltet werden. Die Vorteile 

dieser Methode sind die wirksame Minderung des Foulings und stabile 

Betriebsbedingungen. Es gibt jedoch zahlreiche unbeantwortete Fragen, wie optimale 

Injektionsintervalle, die mindestens erforderliche Scherkraft, um die Foulingschicht zu 

beseitigen, die Anwendbarkeit der Projektile bei erhöhten Temperaturen, die erforderliche 

Mindestgeschwindigkeit des Projektils, und das Kriterium für die Auswahl der Projektile 

für eine bestimmte Foulingprozess. Die vorliegende Studie ist bestrebt, einige dieser 

Fragen im Rahmen eines europäischen Projekts, das den Titel Clean-Ex trägt, zu 

beantworten. 

Dazu wurde eine Versuchsanlage entwickelt und aufgebaut, um Bedingungen, unter 

denen Fouling in Brauchwasserprozessen auftritt, zu simulieren. Die Anlage umfasst eine 

Online-Reinigungsvorrichtung für die Einbringung von Projektilen für verschiedene 

Betriebsszenarien, d.h. i) kontinuierlich oder ii) in unterschiedlichen Zeitintervallen. Eine 

umfassende Reihe von Versuchen wurde für das Kristallisationsfouling von CaSO4-

Lösungen mit und ohne Projektile durchgeführt. Aufgrund der Beschränkungen auf 

Laborbedingungen wurde die Ablagerungsbildung bei beschleunigten Bedingungen 

durchgeführt, um die Wirkung der Reinigung durch Projektile hinsichtlich der 

Injektionsfrequenzen und der verschiedenen Arten von Projektilen deutlich zu 

charakterisieren. 

Die experimentellen Ergebnisse zeigten, dass die Projektile Teile der Foulingschicht 

im frühen Stadium des Foulingprozesses entfernen können. Die Reinigungseffizienz 

nimmt ab, wenn sich die Foulingschicht aufbaut, so dass das Projektil wirkungslos ist, 

wenn sich das Fouling dem asymptotischen Endwert annähert. Außerdem verringert eine 

hohe Injektionsgeschwindigkeit der Projektile den asymptotischen Foulingwiderstand. Die 
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Sinterung der Foulingschicht, die die Reinigungswirkung von Projektilen behindert, ist für 

dieses Phänomen verantwortlich. Alle Projektile verringern die Induktionszeit; diejenigen, 

die ausreichend Kontakt haben, um eine größere Scherkraft auf die Oberfläche auszuüben, 

verringern den asymptotischen Foulingwiderstand. Das asymptotische Fouling wird 

dadurch viel schneller erreicht als ohne Injektion. 

Die Leistung eines jeden Projektils liegt in einem Kompromiss zwischen Größe, 

Textur und Steifigkeit. Steifigkeit produziert die erforderliche Scherkraft, um die 

Ablagerungen zu entfernen, und die Größe bestimmt den Kontakt zwischen Projektil und 

der Oberfläche. Dementsprechend wurde ein Kriterium entwickelt, um die optimale Größe 

und Steifigkeit des Projektils für die beste Reinigungsleistung zu erhalten. Das Kriterium 

zeigt auch, dass größere und weichere Projektile längere Injektionszeiten nicht aushalten 

können. Angesichts der Wichtigkeit von Größe und Steifigkeit wurden die Projektile 

anschließend in zwei Gruppen von harten und weichen Projektilen eingeteilt. Dies geschah 

aufgrund der Steifigkeit und der erforderlichen Geschwindigkeit, um das Projektil im Rohr 

zu bewegen. Um zwischen diesen beiden Gruppen zu unterscheiden, wurde ein neuer 

Begriff, Kontaktstabilitätsfaktor oder Z-Faktor, vorgeschlagen, der eine Funktion der 

Steifigkeit und Größe ist.  

Weiterhin wurde ein mechanistisches Modell entwickelt, um den asymptotischen 

Foulingwiderstand im Falle injizierter Projektile, basierend auf Injektions-, Fouling- und 

Minderungsraten, vorherzusagen. Das Modell sagt den asymptotischen Foulingwiderstand 

mit einer Genauigkeit von 69% voraus, abhängig von der CaSO4 Konzentration, der 

Sättigungskonzentration, dem Injektionsintervall und der Kontaktstabilität des Rohres mit 

Projektil. 
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NOMENCLATURE   

A1  Area under the curve of fouling resistance vs. time with projectile, m
2
 

A2  Area under the curve of fouling resistance vs. time without projectile, m
2
 

Ac Cross-sectional of tube, m
2
 

Adyn  Contact area between tube and projectile at dynamic condition, Eq. 4.8, m
2
 

Ahyd  Contact area between tube and projectile at hydrodynamic condition Eq. 4.9, m
2
 

Ai  Inner surface area of the heated tube, m
2 

B Bias error 

C Uncertainty 

C Constant value in Eq. C.4,- 

Cs Saturation concentration, g/L  

Cs,wo Saturation concentration at surface of deposit without projectile, g/L  

Cs,w Saturation concentration at surface of deposit with projectile, g/L  

Cb Bulk concentration, g/L  

C
*
 Representative saturation concentration without projectile, g/L  

C
**

 Representative saturation concentration with projectile, g/L  

c Geometrical parameter indicating dimensions of projectile to tube, Adyn/Ac 

cp  Specific heat capacity, J/kgÖK 

Dtube Inner diameter of tube, mm 

Dproj. Diameter of projectile, mm 

E Activation energy, J/mol 

f Friction factor, - 

fk  Ball injection frequency in Eq. 2.1, balls/h 

fu  Average ball circulation time in Eq. 2.1, s 

Fdyn Dynamic force Eq. 4.8, N 

Fhyd Hydrodynamic force Eq. 4.9, N 

i Number of recorded data during experiment, - 

k Constant in Eq. 5.6, m
2
/s 

k0  Pre-exponential factor (pre-factor) in Arrhenius equation, m
4
/kgÖs 

kA  Arrhenius constant rate of reaction, m
4
/kgÖs 

k2 Constant in Eq. 5.9, variable dimension 

L Overall length of tube in heated section, m 

m#  Mass flux, kg/m
2
Ös 

n  Total number of logged experimental data, - 

n  Number of observations Eq. 3.10, - 

n Injection rate,  #/min 

n Ratio of ball charge to number of parallel tubes in Eq. 2.1, - 

OE Overall efficiency, - 

P Precision error 

http://en.wikipedia.org/wiki/Activation_energy
http://en.wikipedia.org/wiki/Pre-exponential_factor


NOMENCLATURES 
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p Pressure (absolute), Pa 

pg Gage pressure, Pa 

p Injection interval factor, - 

ὗ  Rate of heat transfer across the heated tube, W 

ή Heat flux, W/m
2 

r  Inner diameter of tube, Eq. 4.3, m  

Rf Fouling resistance, m
2
ÖK/W 

Ὑ Average thermal resistance, m
2
ÖK/W,  

R The universal gas constant in Eq. 5.14, J/molÖK 

R Thermal resistance in Eq. 3.8, m
2
ÖK/W 

Ὑ Average thermal resistance in Eq. 3.10, m
2
ÖK/W 

Ὑᶻ Asymptotic fouling resistance, m
2
ÖK/W 

Ὑȟ
ᶻ

 Asymptotic fouling resistance with projectile, m
2
ÖK/W 

Ὑȟ
ᶻ

 Asymptotic fouling resistance without projectile, m
2
ÖK/W 

Ὑȟ Function of fouling resistance with projectile, m
2
ÖK/W 

Ὑȟ  Function of fouling resistance without projectile, m
2
ÖK/W 

S Distance between thermocouple and inner surface of tube, m 

s Standard deviation in stiffness test, N 

T Temperature, K 

Tf Temperature of furnace, K 

Tb Bulk temperature (the temperature of the circulating flow in the test rig), K 

Tbb Bulk temperature in heated section (Eq. 3.2), K 

Ti Inlet temperatures to the heated section, K 

To Outlet temperature from the heated section, K 

Ts Surface temperature, K 

Ts,c  Surface temperature at clean condition, K 

Ts,f,w  Surface temperature at fouling condition with projectile, K 

Ts,f,wo  Surface temperature at fouling condition without projectile, K 

Tw Wall temperature, reported values by left and right thermocouples, K 

t time, s 

U Overall heat transfer coefficient, W/m
2
.K 

Uf Overall heat transfer coefficient at fouling conditions, W/m
2
ÖK 

Uc Overall heat transfer coefficient at clean conditions, W/m
2
ÖK   

v Velocity, m/s 

v Variation coefficient in stiffness test, N 

Wc Weight of designed heat exchanger for clean condition, kg 

Wf Weight of heat exchanger designed with fouling resistance, kg 

x  Average exerted force on the projectile, Eq. 4.13, N 

xd Thickness of the deposit layer, m 

http://en.wikipedia.org/wiki/Universal_gas_constant
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Z Contact stability factor 

 

 

Greek Symbols 

Ŭ  Convective heat transfer coefficient, W/m
2
ÖK 

Ŭ Factor of force and deformation, N 

ŭ  Thickness of fouling, m 

Ů  Deformation [%] 

ɗ Relaxation time, min
-1 

ɚ Thermal conductivity of tube, W/mÖK 

ɚd Thermal conductivity of deposit, W/mÖK 

Űs Shear stress at the fluid-deposit interface, Pa 

Űdyn Dynamic shear (momentary), Pa 

Űhyd Hydrodynamic shear (momentary), Pa 

Űc,hyd Continuous hydrodynamic shear, Pa 

dʟ Mass deposition rate of fouling per unit area, kg/m
2
Ös 

rʟ Mass removal rate of fouling per unit area, kg/m
2
Ös 

 ʟ Strength of deposit, N/m
2
 

 

 

Subscripts/Superscripts 

b bulk 

c clean 

c continuous 

d deposit 

r removal 

dyn dynamic condition, projectile under mechanical pushing 

f fouling, furnace 

hyd hydrodynamic condition, projectile under propulsion force of flow 

i inlet, inner 

o outlet 

s surface 

w with  

wo without 

 

 

Abbreviations 

EDTA   Ethylene-Diamine-Tetra-Acetic Acid 

FL   Fouling Layer 

HE   Heat Exchanger 
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IT   Induction Time 

IKT   Institut für Kunststofftechnik (Institute of Polymer Technology) 

inj   Injection 

MST   Minimum Sintering Temperature  

Proj   Projectile 

2WV   Two Way Valve 

3WV   Three Way Valve 

CaSO4    Calcium Sulfate anhydrite 

Ca(NO3)2.4H2O Calcium Nitrate Tetrahydrate 

Na2SO4  Sodium Sulphate 

w/o   Without  
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1 INTRODUCTION  

1.1 Tubular Heat Exchangers in Industry  

Heat exchangers are devices for proper heat exchange between two media which are 

separated by a well-conductive wall, i.e. metal, to prevent mixing. Their utilization is 

widespread which includes space heating, refrigeration, air conditioning, power plants, 

chemical plants, petrochemical complexes, refineries, natural gas processing, and 

automobiles. Heat exchangers can be divided into structurally different types such as plate 

and frame, finned tube, double pipe, spiral tube, as well as shell and tube. Of many types 

of heat exchangers, approximately 60% of the market is still dominated by the shell and 

tube heat exchanger.  It is largely favored due to its long performance history, relative 

simplicity, and its wide temperature and pressure design ranges (Chemical Engineering 

Resources, www.cheresources.com).  

Shell and tube heat exchangers usually contain a number of tubes through which a 

fluid flows which must be either heated or cooled. The second fluid runs over the tubes 

within a larger container which is called shell. The set of tubes is called bundle and can be 

made up of several types and sizes of tubes: plain, longitudinally finned, spiral, and so 

forth. Shell and tube heat exchangers are typically used for high pressure/temperature 

applications. The American Society of Mechanical Engineers (ASME) has developed 

technical guides on how to optimally design and construct various components of shell and 

tube heat exchangers. Furthermore, there are many recommended types of shell and tube 

heat exchangers by the Tubular Exchanger Manufacturers Association (TEMA) for 

different operating conditions, properties of flow and costs for different applications.  

1.2 Fouling of Heat Exchangers 

The accumulation of unwanted deposits on the surface of heat exchangers is usually 

referred as fouling, though for crystallization type of fouling it is often called scaling. It is 

a highly undesirable occurrence and can consist of many different materials that stick onto 

the surface. In heat exchangers, fouling reduces the thermal efficiency since there is an 

additional resistance to heat transfer. The hydraulic performance of heat exchangers may 

also be affected as the local fluid velocity will rise because of a reduced diameter of the 

tube caused by the deposit layer. This results in a higher pressure drop so that the pumping 

power has to be increased. In the worst case, fouling can even totally clog the tubes. 

Fouling may also cause one or more of several major operating problems such as under-

deposit corrosion and flow mal-distribution.  

For all different types of heat exchangers, correlations exist for the design and 

operation of a new/clean heat exchanger. However, there remains one large element of 

http://en.wikipedia.org/wiki/Space_heating
http://en.wikipedia.org/wiki/Refrigeration
http://en.wikipedia.org/wiki/Air_conditioning
http://en.wikipedia.org/wiki/Power_plant
http://en.wikipedia.org/wiki/Chemical_plant
http://en.wikipedia.org/wiki/Petrochemical
http://en.wikipedia.org/wiki/Natural_gas_processing
http://www.cheresources.com/


Chapter 1 ï Introduction 

 

2 
 

uncertainty due to the deposits that impede the optimal design and operation of such 

devices. One approach to combat this problem is to overdesign the exchanger. At the 

design stage a commonly used remedy is to increase the heat transfer surface area. Garret-

Price et al. (1985) reported that in practice heat exchangers are designed with an average 

oversize of about 35%. While this strategy is widely accepted, it comes with enormous 

additional capital cost penalties. Heat exchangers which are designed with excess surface 

area are larger and heavier. This evidently results in extra costs to cover additional 

material, transportation and installation. During the operation of a heat exchanger, 

operators should commit periodic cleaning as a way of managing fouling. Periodic 

cleaning results in additional costs arising from loss of production and additional 

maintenance activities. Overdesign of the exchanger also applies to pumps which are again 

oversized to compensate the increased pressure drop.  

It is estimated that fouling costs are about 0.25% of a countryôs Gross National 

Product (Müller-Steinhagen et al. 2005). Steinhagen et al. (1993) have also shown that 

fouling related costs constitute a significant portion of the industry's operating costs. Due 

to the increased energy prices over the last few years, as a solution, higher efficiency of 

heat exchangers is needed to minimize the use of energy and therefore the operating costs. 

Fouling that is tenacious and difficult to remove is generally referred as ñhardò or 

otherwise a softer deposit is sometimes called ñsludgeò (Bott, 1995).  In both cases the 

result is a loss of efficiency. Unless suitable preventative measures are taken the problem 

can give rise to serious operating consequences. Over heating of scaled tubes or coils can 

also result in high metal temperature, which can decrease the allowable shear stress of 

metals dramatically.  The reported allowable design temperature for pressurized parts of 

exchangers must not exceed 600°C (ASME, Sec. II). Thus fouling of the flow-side of 

furnaces and fire-tube boilers which are in direct contact to fire may result in metal failure 

due to a very high operating temperature between 900-1100°C of fire chambers. 

Consequently tube rupture may occur when the deposit causes a rapid rise in tube wall 

temperature (Betz, 1976). It is no surprise that the prices of materials that can withstand 

high temperatures are expensive. If fouling in such devices is under control, then 

considering a safe but lower ñdesign temperatureò reduces the construction cost.  

Fouling occurs according to different mechanisms due to the type of working fluids, 

operating conditions and impurities. Common mechanisms include crystallization, bio-

fouling, particulate, chemical reaction and corrosion. These mechanisms have been 

investigated to find approaches to mitigate deposit formation.  

1.3 Challenges in Mitigating Deposit Formation in Tubular Heat Exchangers 

The Global Strategic Business Report reports that the global heat exchanger market is 

estimated to top a total of $12.7 billion in 2012 with an increase of 3-5% per annum 

(Müller-Steinhagen et al.  2011). Despite this very positive market trend, manufacturers are 
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under increasing pressure to produce heat exchangers which are more efficient in terms of 

heat recovery and use of material, while at the same time being faced with fluids which are 

increasingly difficult to process. One major problem directly related to these requirements 

is the deposition of unwanted materials on the heat transfer surfaces, which occurs in the 

majority of heat exchangers.  

Thermal performance of exchangers is profoundly affected by the fouling resistance, 

especially for water services. Figure  1-1 exemplifies how the fouling resistance may 

impact on the design of a typical shell and tube heat exchanger in water services as 

calculated by software Aspen B-JAC (see Appendix A). Wf/Wc denotes the weight ratio of 

the designed exchanger considering fouling and clean operation for the tube side. The 

figure indicates, for instance with a fouling resistance of 0.0007 m
2
K/W, that the weight of 

the constructed heat exchanger would be increased by more than 100%. The weight of 

exchangers directly relates to the capital costs, as quite often the manufacturers sell tubular 

exchangers by weight. Fouling resistances for different fluids have been given in many 

heat exchanger handbooks. Values for water services based on the type of water whether 

from sea, river or demineralized range from 0.00009 to 0.0007 m
2
K/W. These values for 

different types of water are listed in Table  1-1 (Thome, 2010). Figure  1-1 and Table  1-1 

illustrate extra weight and costs by assuming different water for the construction of heat 

exchangers. 

 
Figure  1-1 Extra weight from using different fouling resistances in the design of a typical heat exchanger 

(Calculated by Aspen B-JAC Software, see Appendix A) 
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Table  1-1 Fouling resistance for different water services in exchanger design standards 
 (Thome, 2010) 

Conditions cooling water < 50 ɕC 
cooled fluid < 120 ɕC 

cooling water > 50 ɕC 
cooled fluid > 120 ɕC 

Cooling Water Velocity v < 1 m/s v > 1 m/s v < 1 m/s v > 1 m/s 

Type of Water m2K/W 

Sea 0.00009 0.00009 0.00018 0.00018 

Brackish 0.00035 0.00018 0.00053 0.00035 

Cooling tower with inhibitor 0.00018 0.00018 0.00035 0.00035 

Cooling tower without inhibitor 0.00053 0.00053 0.00088 0.0007 

City grid 0.00018 0.00018 0.00035 0.00035 

River minimum 0.00018 0.00018 0.00035 0.00035 

River average 0.00053 0.00035 0.0007 0.00035 

Engine jacket 0.00018 0.00018 0.00018 0.00018 

Demineralized or distilled 0.00009 0.00009 0.00009 0.00009 

Treated boiler feedwater 0.00018 0.00009 0.00018 0.00018 

Boiler blowdown 0.00035 0.00035 0.00035 0.00035 

 

There are many different mitigation techniques available in the market to keep the 

surfaces of heat exchangers clean to some extent. Nevertheless, the successful application 

of any such technique requires in-depth understanding of the respective fouling 

mechanisms otherwise they may even lead to a counter-productive result of increased 

deposition. Apart from mechanisms, intensity of fouling, the type of heat exchanger, 

required cleanliness, cleaning costs and operating time intervals could be criteria for the 

selection of the mitigation techniques (Müller-Steinhagen et al. 2011). 

Among different mechanical mitigation techniques, projectiles of different shapes e.g. 

sponge balls and wire brushes can be propelled through the heat exchanger tubes to 

mitigate deposition. Projectile cleaning is ideal as it can be applied at short intervals and 

can mitigate fouling on a continuous basis. Thus the degradation of heat exchanger 

efficiency can be controlled. The frequency and duration of the application depends on the 

severity of fouling and the strength of interaction between cleaning projectile and deposit. 

Nonetheless experimental data about the performance of various projectiles is scarce and 

non-conclusive (Al -Bakeri et al. 1993 and Hamed et al. 2007).  

Projectiles have been used to mitigate deposit in tubular exchangers for decades. They 

circulate via a separate loop through the tubular heat exchanger. The advantages of this 

method are that it is very effective in fouling mitigation and provides stable operating 

conditions (Taprogge). It can also be used in food processes as it does not affect the 

consumables (Technos). The drawbacks of this method are that the projectiles can only 

clean the inner side and not the outer side of the tubes and that a special device for 

circulating the projectiles has to be installed. They must also be replaced regularly as they 
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wear out after a certain run time. As a result, the use of the projectile cleaning method is 

limited due to the following: 

¶ structural integrity and chemical stability of projectiles at elevated 

temperatures  

¶ insufficient force for propelling the projectiles in processes with low velocity  

¶ random distribution of fouling pattern depending on the geometrical location 

of tubes  

There are many unanswered questions such as optimum injection interval, size, 

stiffness, as well as minimum required shear force to remove fouling layers, applicability 

of projectiles at elevated temperatures and minimum required propulsion velocity of the 

projectiles that need addressing. 

1.4 Research Objectives 

The present study, as part of a European project entitled ñClean-Exò, aims at 

investigating the performance of various projectiles in harsh fouling environments.  The 

main objectives of this work are: 

¶ Design and construction of a test facility to investigate deposit formation with 

and without using projectiles.   

¶ Online monitoring of the impact of injection on cleaning  

¶ Investigation of optimum injection intervals for different projectiles  

¶ Investigation of the influence of projectiles on the induction time during 

crystallization fouling 

¶ Study of the influence of deposit hardening when projectiles are injected at 

different injection intervals  

¶ Development of a criterion to select optimum projectiles for specified 

operating conditions  

¶ Characterization of projectile performance in terms of operating conditions, 

projectile physical properties and structural specifications, i.e. shape, hardness 

and surface texture. This will include measurement of exerted shear forces by 

projectiles under propulsion of flow 

¶ A theoretical study to predict asymptotic fouling resistances in case of 

projectile injection 

1.5 Scope of Present Study  

The present thesis comprises of six chapters. Chapter 2 provides a literature review on 

the present state-of-the-art of fouling mitigation techniques, specially cleaning projectiles 

and their technical limitations. Chapter 3 describes the experimental set-up and procedure 

for the attempted experiments. Experimental results and parameters that may influence 

fouling are presented and discussed in Chapter 4. Performance of various projectiles, 

compaction phenomenon, influence of sintering, shear stress analysis, injection effects on 
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induction time and the cleaning effect of metal projectiles are also discussed in this 

chapter. In addition, a criterion to compare the results and also one for the selection of 

efficient projectiles are introduced in this chapter. Chapter 5 presents a model for the 

prediction of asymptotic fouling resistances with and without projectiles. Conclusions and 

recommendations for future work are provided in Chapter 6.  Figure  1-2 presents a 

flowchart highlighting various aspects of the experimental and theoretical studies carried 

out in this work. 

 

 
Figure  1-2 Flow chart of the scope of work in this study 
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2 LITERATURE REVIEW  

2.1 Fouling Mitigation Techniques 

If fouling cannot be prevented from forming, it is then necessary to remove it in 

periodic intervals or on a continuous basis. Figure  2-1 depicts the development of the heat 

transfer coefficient with and without cleaning. After the cleaning processes, the overall 

heat transfer coefficient U in an ideal case reaches again the clean state.  

 
Figure  2-1 Change of heat transfer coefficient with and w/o  cleaning (Bott, 1995) 

There are several methods to mitigate or remove fouling in heat exchangers that can 

be divided into off-line and on-line methods. Each type, in turn, also divides into different 

sub-groups. They could be physical, mechanical, chemical or change of operating 

conditions. For off-line methods, the heat exchanger not only has to be stopped from 

operating, but may also need dismantling. There are also other methods that include design 

modification to reduce deposit formation. For instance, compact and fin-tube exchangers 

are prone to less fouling due to increased level of turbulence, lower surface temperature 

and homogeneous distribution of flow (Müller-Steinhagen et al. 2000).  

2.2 Off -line Mititgation  Techniques 

Heat exchangers may be cleaned by different off-line methods as categorized in 

Figure  2-2. 

 
Figure  2-2 Various off-line cleaning methods (Müller-Steinhagen et al. 2011) 
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Disassembling and hand wash is the simplest method to clean a heat exchanger. This 

can involve wiping, brushing or scraping the deposits away. As it is labor intensive, the 

cost of manual cleaning may be high. Cleaning with high-pressure water is the most 

effective off-line cleaning method. It can operate with a pressure up to 3000 bar. Steam- 

and hydroblasting are probably the most common mechanical cleaning methods. They 

exist with a wide range of cleaning nozzles to suit many types of heat exchangers and 

deposits. If the deposits are very hard, sand can be added to the fluid to increase the 

efficiency.  

Ice pigging is the pump-around of an ice-water slurry with different solid fractions, 

which is a combination of high velocity water jetting and pigging (forcing a solid through 

the pipe) to push the deposit away.  It is reported as a successful technique to remove 

moderately adhering deposits, since the shear forces are increased by a factor of 4-5 due to 

the presence of the ice (Ainslie et al. 2009). Such a system can be applied for complex 

geometries and is reported to have a reduced cleaning downtime (Müller-Steinhagen et al. 

2011). 

Ultrasound is the only available alternative for the shell side of tube bundles but it is 

also used for the inner side of the tubes.  

Techniques for the mechanical cleaning of tubes have a long history, the earliest 

mechanical cleaners being designed for cleaning boiler tubes (Müller-Steinhagen, 2000). 

Cecil M. Griffin and Vivian Griffin invented the first cleaner for condensers and shell and 

tube heat exchangers. The patent was granted in 1931 and then it was improved several 

times in 1939, 1947 and 1956. Brushes also are suitable to remove light organic deposits. 

They are suitable for spiral or finned tubes. The length and stiffness of brushes can be 

fitted for more effective removal and less damage to tubes. 

The mechanical tube cleaners are made from metals, rubber or plastics. One of the 

concerns in the use of these mechanical cleaners is likely wear on the inside of heat 

exchanger tubes (Bott, 1995). Hovland et al. (1988) have demonstrated that the erosion 

effect of using these cleaner is negligible. 

Due to aging phenomena deposits sometimes become harder. In such cases it is still 

sometimes necessary to apply acid cleaning, followed by cleaning with mechanical 

cleaners or high pressure water to remove any remaining debris (Müller-Steinhagen, 2000). 

To remove hard deposits drills or scrapers may also be used. Drills and scrapers may 

be accomplished by water pressure which helps to lubricate and flush away the deposit as 

it is removed. Drilling and scraping is generally only applicable for the inner surface of the 

tubes (see Figure  2-3). 
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Figure  2-3 Drill and scraper cleaning system (Bott, 1995) 

 

Chemical cleaning is another option. It is quick and does not cause mechanical 

damage to the surface, reaches inaccessible areas and does not need disassembling so it 

needs less labor, but problems may arise due to the danger of improper handling of the 

chemical agents (Müller-Steinhagen et al. 2011).  

The biggest disadvantage of all off-line techniques is that the exchanger has to be 

stopped from operating and/or to be dismantled for cleaning. During this time the process 

is either stopped or a spare exchanger is used to enable a continuous process. Not only tend 

these methods to be time-consuming and expensive, the exchanger can possibly be 

damaged by untrained personnel. 

2.3 On-line Mitigation Techniques 

Periodical cleaning is necessary, even if the heat exchanger is properly designed. This 

gives impetus to develop on-line cleaning methods. Some of these are shown in Figure  2-4. 

Additives are effective if they do not lead to process contaminations or environmental 

hazards. They are usually anti-oxidants, metal de-activators, pH controller or scale 

inhibitors such as polyphosphate or aminophosphonic acid polyacrlyate. The advantages 

and disadvantages of using chemicals were already listed for off-line methods. They may 

apply to on-line methods as well. The most widespread mitigation strategy during on-line 

operation of heat exchangers is the use of chemical agents or inhibitors, which is 

particularly useful for heat exchangers with complex geometries where no other cleaning 

methods are possible (Müller-Steinhagen et al. 2011). Short time overheating (thermal 

shock) and flow pulsation deviates the process from steady-state operation, but they may 

have unfavorable impact on the exchanger and the quality of the products. Short time 
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overheating relies on the difference of thermal expansion between surface and deposit and 

whole deposit layers may spall off the surface instantaneously (Evangelidou, 2010).  

 

 

Figure  2-4 On-line cleaning methods (Müller-Steinhagen et al. 2011) 

 

Surface coating can decrease the surface free energy and thus reduce the adhesion 

force between deposit and surface. A disadvantage is that the coating can be destroyed by 

particles in the fluid. Scraped surface heat exchangers have moving parts to remove 

continuously deposit from heat transfer surfaces (Solano et al. 2009).  

Filters are recommended for particulate fouling (Bansal et al. 1997). It is a simple 

method to reduce deposits by installing a filter system before the fluid enters the heat 

exchanger. Sonic technology is another method. The principle of this method is to generate 

vibrations by sound. This disturbs and dislodges deposits from the surface. Cavitation 

produced by the propagation of sonic waves in a continuous manner near the deposit can 

also help the removal. This method, nevertheless, is not widespread and mainly limited to 

small exchangers. The drawbacks are structural damages to the heat exchanger by 

vibrations. There may also be some problems caused by the noise pollution. 

2.3.1 Cleaning projectiles 

The brush and cage system, as shown in Figure  2-5, is similar to the concept of sponge 

balls that will be addressed in this study. Brushes can dislodge the deposit from the 

surface. The brush system has capture cages at both ends of each tube and it needs a 

reversal flow to be returned. One advantage against rubber balls is that it requires less 

maintenance. The biggest drawback is when the process is stopped for flow reversal. This 
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interruption of steady conditions in the operation may be difficult to accommodate and 

may have implications on product quality. 

 

Figure  2-5 Brush and cage system (KALVO VOGLER GmbH) 

Another option for projectile injection involves slightly oversized balls or other shaped 

objects made from sponge, rubber or metal which pass through the heat exchangers tubes. 

As the projectiles move, they remove the deposit depending on the exerted shear force. 

They circulate via a separate loop through the heat exchanger. Due to the fluid pressure, 

the projectiles are pushed through and will be re-injected after collection. During their 

contact with the tubes, they will actively rub the tubes inner surface, thus keeping it clean. 

The technique was first introduced in 1957 (Aschoff et al. 1987). In the mid-1970s the 

Taprogge patent expired opening the way for other suppliers to enter the market. The 

dominant supplier however remains Taprogge, due to wide experience in the application of 

the technology (Bott, 1995). This innovative technique came into force from the need to 

clean heat exchangers without disrupting operation. The previous mechanical cleaning 

systems did not permit the cleaning of equipment without interrupting the process. The 

projectiles are used for processes with a high demand for maintaining a significant degree 

of cleanliness. The main characteristics of the projectiles are their size, texture and 

stiffness.  

The advantages of this method are that the projectiles are very effective in mitigating 

fouling with reasonably stable operating conditions. This, in turn, reduces the primary 

energy cost and is also environmentally-friendly by saving energy which otherwise would 

have been needed to off-set the impact of fouling. Thus a longer lifetime of thermal 

equipment is expected. Other advantages include lower corrosion of heat transfer surfaces 

and avoidance of unscheduled shutdowns. This technique is extremely successful 

(Aschoff, 1987 and Bott, 1990) for cooling water applications.  

On-line tube cleaning by circulating sponge balls along with the use of antiscalant is 

proved to be the most effective and economical means to avoid fouling of internal surfaces 

of tubes in Multi Stage Flash distillation and leads to reduced cost of additives as lower 

dose rates could be sufficient (Ghulam M. et al. 2001). Sludge can also be easily removed 

by employing on-line cleaning of the tubes. If not removed early after formation, these soft 

deposits could convert into solid scale (Ghulam M. et al. 2001). With optimum sponge ball 
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cleaning in additive dosed MSF plant, the tube fouling can be maintained as low as 0.04 

m
2
K/kW resulting in over 40% mean energy saving (Bohmer, 1993). 

The drawbacks of this method are that the projectiles can only clean the inner side and 

not the outer side of the tubes and a special device for circulating projectiles has to be 

installed. Depending on material, e.g. rubber, the utilization of projectiles is limited to a 

maximum temperature of 120°C (Müller-Steinhagen et al. 2011). They also have to be 

replaced regularly since the projectiles have only a certain lifetime because of abrasion. 

Sponge balls are mainly used to remove soft deposits. For hard deposits, carborundum 

coated balls can be used (Bott, 1995). The selection of projectile material depends on 

whether or not it damages or wears the surface of the heat exchanger, which can result in 

even more fouling. Figure  2-6 presents a schematic diagram of the circulation of cleaning 

balls in industrial application.   

A large amount of material may also stick to the sponge ball due to the removal of 

particles from the fouling layer. This, in turn, requires opening the systems and washing 

the balls to remove sediment from time to time. Moshe (1995) overcame the problem of 

cleaning the projectiles without opening the system by adding a collector, in which the 

balls are washed and the effluent water is released to the drain. 

 

 

Figure  2-6 Cleaning ball system (CQM) 

 

There are many types of projectiles available and any selection requires many 

considerations. The projectiles differ in size, density, hardness and texture. Here are some 

guidelines for the selection of suitable projectiles (Taprogge): 
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¶ Density of sponge balls can vary from 160 kg/m
3
 (soft) to 300 kg/m

3
 (hard). Any 

chosen density depends on tube material, tube contaminants, ball diameter and 

pressure drop across the exchanger and fluid properties. 

¶ As for projectilesô hardness or coating, the type of deposit and the tube material 

need to be taken into consideration. Hard balls should be used only in stainless 

steel or titanium tubes, while soft balls are better used in brass tubes with delicate 

operating procedures. Abrasive balls are designed to be used only in extremely 

difficult cases of fouling and must not be used continuously. Abrasive sponge balls 

are coated fully or partially with carborundum for combating hard deposits.  

¶ The long term use of projectiles may lead to an excessive tube wear.  

¶ After some passages, sponge balls get smaller. Once they are smaller than the 

inner tube diameter, they should be replaced which is an additional cost factor. 

Tube conditions like roughness, corrosion and scaling will reduce the longevity of 

the balls. This fact determines the lifetime of sponge balls. 

Eimer (1985) demonstrates how the ball frequency fk (balls/h) may be determined. If n 

is the ratio of the number of balls to parallel tubes in the exchanger, then: 

u

k
t

n
f

3600³
=  (2.1) 

where tu is the average ball circulation time in seconds. For example if tu=30s then 

fk=12 balls/h. i.e each tube sees a ball 12 times per hour. According to Eimer (1985) this is 

a typical frequency (Bott, 1995).  

This cleaning system must be operated continuously but based on intermittent 

application. The cleaning period, i.e. the time the balls are in circulation and the interval 

from the beginning of a cleaning cycle till the beginning of the next cycle must be taken 

into account (Bott, 1995).  As an example by Eimer (1985) it can be used once per day 

during 1 hour with a ball injection interval of 12 balls/h (this could be considered as typical 

interval) or during 2 hours with an interval of 6 ball/h (Bott, 1995). 

Sometimes to protect the inner side of heat exchanger tubes against corrosion, they are 

covered by a film or layer (Bott, 1995 and Eimer, 1985). It is imperative, therefore, that 

this coating is not destroyed by any on-line cleaning method i.e. sponge balls. This coating 

is also an extra thermal resistance. Therefore the thickness of this coating must be the 

optimum that guarantees a sufficient corrosion resistance with the minimum thermal 

resistance and is capable to resist the effects of sponge balls circulation.  In this case the 

sponge rubber ball removes the bulk of the soft deposit, but leaves on the surface lacquer-

like iron-rich coating. The result can be a protection against corrosion with minimal 

reduction in heat transfer efficiency, but the choice of operating conditions needs careful 

consideration (Bott, 1995).  
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Technos has developed a technique to blend the balls with the special materials that 

were previously used as coating on abrasive balls. The technique is claimed to provide a 

major advantage over ball coating technique since the desired abrasive effectiveness 

remains unchanged while the balls are being used (Al -Sofi,1989). 

2.3.2 Technical limitations 

Despite significant technological advancement, there are still several technical 

limitations that should be considered with respect to cleaning projectiles. Perhaps the first 

drawback is the behavior of cleaning projectiles at elevated temperatures. Due to the 

stability of the projectile material, they can presently not withstand temperatures above 

120°C (Müller-Steinhagen et al. 2011). Thus the present projectiles are limited to low 

temperature systems. 

The second limitation is the minimal flow velocity that is needed for the propulsion of 

projectiles through the heat exchanger tubes. Better mitigation is expected if the diameter 

of sponge balls is larger than the exchanger inner tube diameter but this in turn requires 

higher tube-side flow velocities for propulsion. These high flow velocities can become an 

operational barrier in some processes. Another limitation is the random distribution of the 

projectiles through the exchanger tube sheet. Due to this maldistribution, some tubes may 

be blocked due to excessive fouling if they are not cleaned as often as they should be, so a 

good pre-distribution is required. Problems may sometimes occur due to sticking of a ball 

in the tube.  
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3 EXPERIMENTAL SETUP AND PROCEDURE  

A test facility was designed and constructed to investigate the online cleaning 

performance of projectiles in tubular conduits during crystallization fouling of calcium 

sulfate solution. Calcium sulfate dihydrate has an inverse solubility for temperatures above 

40°C. Solution is heated up in a heated section so the deposit forms on the hot surface. 

More details will be explained in section 3.2.2. The test rig allowed the injection of 

projectiles at different intervals and velocities during fouling runs. 

3.1 Description of Test Facility  

3.1.1 Process Flow Diagram (PFD) 

The test rig was designed to simulate conditions for fouling and mitigating in 

industrial scale with respect to tube and projectile sizes. The flow diagram of the test rig is 

presented in Figure  3-1. The projectile can be inserted from a position that is specified in 

this figure and would be directed into the heated test section by turning the flow from line 

1 to line 2. This is done by a 3-Way-Valve (3WV). After passing through the heated zone, 

the projectile is returned to a transparent section to make sure that it does not get stuck 

somewhere in the rig.  

A centrifugal pump was used to discharge the flow from the supply tank to the test rig. 

The flow rate was controlled by a flow meter and 3WV plus actuator. The flow meter 

sends signals to the actuator to allow that a certain flow passes through the valve. 

Excessive flow returns back to the tank through a bypass line. The tank was equipped with 

a cooling coil and 3 jacket heaters with a power of 3×500 W, a thermocouple and a 

temperature controller to adjust the bulk temperature to a certain value. The temperature 

controller receives the signals from a thermocouple located in the supply tank to adjust the 

required power for the jacket heaters or the flow in the cooling coil. 

Some parts of the test rig were made from transparent material (normal glass) for 

tracing the projectile to make sure that the flow and projectiles were running smoothly. 

After passing the heated section the projectile could be returned to the transparent part. 

This part is a set of piping, including a glass valve and two T-junctions (see section 3.1.7 

and Figure  3-17) to ensure that it was not stuck anywhere in the rig. Thereafter by opening 

a 2-Way-Valve, 2WV, a small flow would bring the projectile to its initial position for the 

next injection. Two check valves have been installed which avoid the reversal of the flow. 

The red crosses shown in Figure  3-1 are mechanical hindrances to prevent projectiles to 

enter the bypass lines.  
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The outer diameter of the heated tube where fouling occurs was 25.4 mm with a wall 

thickness of 2.5 mm, hence the inner diameter was 20 mm. The inner diameter of the tube 

had a minor variance of ±0.1 mm.  

 
Figure  3-1 Flow diagram of the fouling test facility 

The projectile injection system is highlighted in Figure  3-1 by an elliptic. The 

projectile was first inserted in the test rig via an inclined pipe shown in the upper left 

corner and identified as ñinserting projectileò. It was then shot into the heated tube by 

changing the flow through the 3WV such that the flow passes from outlet (2) of the 3WV 

to the heat exchanger tube. Figure  3-2 provides a picture of the experimental setup. The 

main components of the rig are; (1 ) 2200 W centrifugal pump, (2) transparent part, (3) a 

3WV that is fully actuated by a motor and a flow controller, (4) a 10 kW electrical furnace, 

(5) projectile collector, (6) piping,  (7) control panel for the furnace and (8) flow meter. 

The 60 L supply tank and filter are two other main parts that are not shown in the figure. A 

70 µm in-line filter is used to remove suspended particles or broken deposits from the 

flow. 
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Figure  3-2 Photo of the experimental setup  

(1 ) 3 hp centrifugal pump, (2) transparent part, (3) 3WV that is fully actuated by a motor and a flow controller, (4) 10 
kW electric furnace, (5) projectile collector, (6) piping,  (7) control panel of the furnace and (8) flow meter. 

 

Figure  3-3 elaborates how the projectile could be injected into a closed loop in 5 steps. 

At first step the projectile is inserted from the inclined pipe shown in this figure. Then the 

3 way valve was turned to L position (see Figure  3-3, step 2), so that the projectile is 

injected into the heated section by the flow before returning to the transparent part.  

In step 3, the 3 way valve will be turned to R position (Figure  3-3, step 3). Both ball 

valves shown in step 4 should be opened and the projectile is returned back to its first 

position by a small flow. In step 5 both ball valves have to be closed again and the system 

is ready for the next injection. 
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Figure  3-3-Procedure for the projectile injection and return in a closed loop 
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3.1.2 Furnace design and specifications 

A 10.5 kW electrical heater was used as the heated section. The length of the heated 

test section was 280 mm (due to the length of the available electric elements). The heated 

section was positioned after 20 cm of straight line to achieve a fully developed turbulent 

flow. The heated section consisted of a circular tube heated from outside by the electric 

furnace. By considering the maximum surface temperature (60°C) at 3.5 m/s (the 

maximum velocity of the working fluid) plus 1 kW estimated heat loss, it was determined 

that an electric furnace with a power of around 10.5 kW was required.  Heat was 

transferred from the electric furnace to the CaSO4 solution passing through the heated tube 

which was made from stainless steel 316L. In Table  3-1 the desired parameters used for 

designing the furnace are listed. 

Table  3-1- Desired parameters for designing the furnace 

Parameter Values 

Max. surface temperature  (at 3.5 m/s) 60 °C 

Bulk temperature (Max. at 3.5 m/s) 40 °C 

Maximum velocity 3.5 m/s 

Inside diameter of heated tube 20 mm 

Maximum heat flux (from the inner surface) 596 kW/m
2
 

Length of tube 28 cm 

Power of furnace 10.5 kW 

 

The dimensions of the furnace were 706 mm in length with 650 mm of width and 550 

mm of height with a total weight of 80 kg. To avoid heat losses 125mm-thick insulation 

was used. The maximum temperature of the inner space of the furnace is 1600°C. The 

furnace has a control board which is equipped with temperature controllers, pointers and 

emergency instruments. A powerful transformator was used to provide the suitable power 

for the furnace. Figure  3-4 depicts the electric furnace where the locations of heating 

elements, insulation, and heated tube are identified.  
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Figure  3-4- Photos of 1) furnace, 2) tube, 3) insulation and 4) heating elements 

3.1.3 Wall temperature of heated tube in the furnace 

A reliable means of determining the extent of fouling inside the tube is to measure the 

tube wall temperature. Because the fouling layer is a resistance against heat transfer, the 

tube wall temperature increases (see Figure  3-5). To measure the tube wall temperature it 

was firstly tried to pass two S-type thermocouples through the furnace chamber, but no 

thin thermocouples were available on the market that could withstand the high temperature 

of 1600°C. Therefore, it was decided to extend two holes into the tube wall, which was 

only 2.5 mm thick, from the insulation packing till  the middle of the tube in the heated 

section as indicated in Figure  3-6. The 165 mm long holes (the longest possible) with a 

diameter of 0.8 mm were made to insert two K-type thermocouples with a diameter of 0.5 

mm inside the tube wall. The gap was filled with high conductive paste (T12+Arctic Silver 

5ò with thermal conductivity of 9.8 W/mÖK). The two thermocouples with 300 mm length 

and 0.5 mm diameter were positioned inside the two holes. Due to the high heat flux in a 

high temperature atmosphere, a finite element analysis was performed by ANSYS to be 

sure that the thermal stress in the tube will be less than the allowable stress for stainless 

steel 316L. Based on the calculation, a maximum wall temperature Max. Tw of 300°C was 

applied. 

 



Chapter 3 ï Experimental Setup and Procedure 

 

21 
 

 
Figure  3-5 Tentative location of thermocouples 

 
Figure  3-6 Method of inserting the thermocouples in the tube wall  

In this study, the wall temperature (Tw) is measured by the two thermocouples on the 

left and right sides in the direction of flow (Figure  3-7). Ideally, because of the symmetric 

structure of the heating zone, the wall temperatures at the left and right sides should be 

identical. In reality though, during the experiments, sometimes there is a difference 

between the measured wall temperatures even at clean condition, thus the thermocouples 

are not located exactly at the same distance to the inner surface of the tube.  This distance 

could be calculated by the Wilson plot method (see Appendix C). This method (Briggs, 

1969) was used to find the exact positions of the thermocouples in radial direction and 

hence the distance between the thermocouples and the tube inner surface can be 

determined. Accordingly, several experiments were carried out at different surface 

temperatures.  
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Figure  3-7 Position of the thermocouples inside the tube wall in flow direction 

3.1.4 Projectile collector 

The projectile collector was designed as a cyclone for collecting and removing the 

projectiles from the test rig whenever it was needed (Figure  3-8 and Figure  3-9). The 

cyclone was used in a bypass line and the projectile is directed by two 3WV into this 

cyclone. There is a hindrance (section A-A in Figure  3-8 and Figure  3-10) at the outlet that 

does not allow the projectiles to escape from the cyclone. When the projectile is located in 

the collector then both input and output lines will be closed (by the two 3WV) and the flow 

is passed through the main line again. By opening the 3ò valve just beneath the collector, 

the projectiles were drained. The projectile collector was large enough to be used for many 

injections before it became full. Two glass windows were installed to track down the 

projectiles. The collector is positioned in a direct line toward the heated section to ensure 

the capture of spherical and non-spherical projectiles. 
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Figure  3-8 Drawings of the projectile collector 

 
Figure  3-9 A picture of the projectile collector 
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Figure  3-10 Mechanical hindrance at the outlet of projectile collector 

3.1.5 Injection of projectiles 

A simple devise was constructed for inserting the projectiles into the pipe. It is a 

plugged inclined pipe connected to the horizontal pipe through which the flow passes. The 

plug could be removed and the projectile could be inserted when the flow was passing 

through another line. By closing the plug, the projectile was ready for injection.  

Figure  3-11 and Figure  3-12 show the inclined connection which was equipped with a plug 

and a handle to be closed and opened easier if it was hot during operation. The connected 

rod with a spherical head was used to avoid that the projectile re-entered the inclined pipe 

(Figure  3-12). After inserting the projectile into the pipe, it was ready for injection. Then it 

was propelled by switching the flow from right to left by the 3 way valve as shown in 

Figure  3-13. 

 

 

 
Figure  3-11 Projectile insertion assembly 
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Figure  3-12 A rod with ball to push the projectile inside the pipe 

 
Figure  3-13 The 3 way valve used for switching flow direction for injection 

3.1.6 Flow control system 

To maintain the flow in the pipe at a desired value, several control instruments such as 

a flow meter, a 3 way valve plus actuator and a data acquisition system were used. Signals 

from the flow meter were sent to the data acquisition system. As shown in Figure  3-14, the 

signals were fi rst analyzed by a program, which then again sent a signal to the actuator to 

set the flow to the required value by actuating the 3 way valve.  
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Figure  3-14-Flow control system 

3.1.6.1 Flow meter 

The magnetic flow meter (KFL-DC SERIALS a product of KAFLON M&C 

instruments Company) contained a display to show the flow directly and also a facility to 

send signals to the data acquisition system. It sends signals between 0-20 mA for a flow 

between 0-16 m
3
/h, linearly (see Figure  3-15). 

 

 
Figure  3-15 Flow meter 

For actuating the desired flow rate, an electric actuator and a 3 way valve were used 

(see Figure  3-16). The actuator had a mechanical part with gears for connection to the 3 

way valve. 
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Figure  3-16 The electric actuator and 3 way valve used for the flow control 

3.1.7 Filter  

An in-line 70 ɛm filter was also used to remove suspended particles or broken 

deposits in the flow. The filter was installed after the pump and before the heated section. 

It was made from polyethylene and polypropylene and it is 0.5 m long. 

3.1.8 Visualization of projectile movement 

Some parts of the test rig were completely constructed from glass, for observing the 

projectiles, as some may get stuck in the rig due to e.g. deposit formation. The main 

transparent parts are shown in Figure  3-17. The construction was not straightforward since 

the other parts were made from metal and metal-glass connections are prone to leakage. 

Another difficulty with these parts was the construction of a hindrance at the first T-

junction. Figure  3-18 shows how a hindrance is connected to a glass T-junction.  


































































































































































































































