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ABSTRACT . 

A review is presented for research performed on the influence of fluid mechanics on erosion 

by solid particle impact. The main findings are presented in summary form, with the necessary 

supporting technical details relegated to substantial sclf-contained appendices. The investigation 

has shown that fluid motion, especially turbulent fluid motion, can have a significant effect on 

particle speeds and trajectories, thus altering particlc erosion potential. The investigation also 

shows that all major particle transport and wear phenomena can be rendered predictable for 

engineering purposes using appropriate physico-mathematical models. However, uncertainties 

in the empirical inputs to the models result in corresponding uncertainties in the predictions that 

are difficult to quantify. The calculation procedures developed in the course of this work pro- 

vide a carefully tested basis for advancing the mathematical modeling and numerical. prediction 

of erosive particle-laden gas flows. 





EXECUTIVE SUMMARY 

The erosion of material surfaces by solid Carticle impact is a problem of considerable 

importance to industry. It is highly desirable for ecgineering purposes to render predictable fluid 

and particle motions, and the attendant erosion of material surfaces. The existing methodologies 

that currently do this neglect the influence of tmbulence and are limited to rather simple 

geometrical configurations. During the period of research for this project, the PI and his students 

have developed a body-fitted coordinate numerical procedure for calculating isothermal and 

non-isothermal particle-laden turbulent gas flows past tubes. In addition, measurements of parti- 

cle deposition on one and two in-line tubes, performed for this work, provided experimental data 

for comparison with the calculations, and the agreement is good between the two. These and 

other careful checks of the numerical procedures give confidence in relation to their use for 

predictive purposes. During the course of the investigation, a substantial amount of useful infor- 

mation was uncovered which bas been documented in the form of a major review on the subject. 

The review is included in this report. 





1. INTRODUCTION 

. The problem of erosion by solid particle impact is of considerable importance to industry. 

Safety, material resources and energy cost considerations contribute to the forces spurring 

research on the subject. 

Material scientists have long been involved in erosion research. However, the interpreta- 

tions of their findings have been srrongly conditioned by the "materials" viewpoint, which draws 

heavily upon what is known about material properzies and the mechanisms by means of which 

materials interact under applied forces. Although all useful material wear models recognize the 

importance of relative speed and incidence angle between interacting pieces of matter, they pay 

virtually no attention to the displacement: history of these pieces of matter relative to their 

respective origins. For example, it is common in aidsand jet-blast experiments to correlate wear 

with the jet air speed at the nozzle origin (this is t,?e step that recognizes that particle kinetic 

energy matters to erosion and is somehow connected to the air jet speed). However, detailed 

analysis will. show that the flow conditions near the impacted surface, and the particle speeds and 

trajectories at the instant of impact, differ considerable from the air flow conditions at the nozzle 

origin. To be generally applicable, models of erosion must distinguish among such basic differ- 

ences and bring EO the forefront the major effects of fluid mechanics in erosion. 

The purpose of this study has been to redress the above state of affairs by first establishing 

what is the "state-of -the-art'' of Auid mechanics effects in erosion, and then working on a few 

specific issues of engineering importance amenable to theoretical analysis and experimentation. 

The results of the first step are provided in Appendix A-1: "Fundamentals of Fluid Motion 

in Erosion by Solid Particle Impact." This substantial ieview will appear as the feature article in 

the September 1990 issue of the International Journal of Heat and Fluid Flow. It represents an 

important component of the present report through which it will be disseminated quickly and 

effectively among the readers most likely to benefit irnmediately from its contents. The main 

conclusions of the review are given on pages 68 to 7 1 of Appendix A-1 and are summarized 

here: 
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1. 

2. 

3. 

4. 

5 .  

6. 

Numerous important erosion findings have been attributed to materials-related causes that, 

in fact, adnit purely fluid mechanics interpretations. 

Most experimental work in erosion fails to adequately control, let alone quantify to within 

bounded uncertainties, the fluid mechanics variables that affect solid particle motion and 

surface impaction. 

In spite of the fact that appropriate measurement techniques exist, no fundamental experi- 

mental study of erosion by solid particle impact has yet been performed where the charac- 

teristics of the turbulence are varied in a controlled and systematic manner over a meaning- 

ful range of relevant parameters. 

Direct numerical simulations of particle-laden turbulent fluid flows are unlikely to benefit 

the industry in the immediate future. Phenomenological modeling approaches will con- 

tinue to be the workhorse for the complex configurations of interest. In this regard, lagran- 

gian formulations of particle motion are more useful than eulerian for predicting erosion. 

There are many important aspects of the erosion process that are, at present, too complex to 

model and too difficult to measure. These relate to particle-particle collisions, and 

particle-surface interactions such as rebounding, fragmentation and spin. Here, innovative 

experimental and theoretical approaches are sorely needed. 

Significant research advances have been made in the materials area that explain wear 

phenomena and show promise for the development of more generally applicable theory. 

However, it is important to note that such advances cannot be successfully concluded 

without a consideration of the relevant fluid mechanics aspects of the erosion problem. In 

this regard, the effective communication between material scientists and fluid mechanicians 

is indispensable, should be encouraged and must be appropriately supported. 

The review in Appendix A-1 identifies the need to measure and model the effects of tur- 

bulence on particle motion in order to render erosion by particle impact more accurately and 

generally predictable. The bulk of the present investigation has been directed to the physico- 

mathematical modeling aspects of the problem, with limited measurements performed to provide 
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fundamental guidance and verify some of the computed results. Section 2 of this report summar- 

izes the theoretical approach for calculating particle- laden gas flows past tubes. Appendices A-2 

and A-3 provide the details relating to the fluid mechanics, particle tracking and heat transfer 

(for non-isothermal flows). Section 3 summarizes the results of an experiment specifically con- 

ducted to measure particle deposition on tube surfaces. Section 4 presents the major conclusions 

and recommendations for future work resulting from this study. 

2. THEORETICAL ANALYSIS AND COMPUTATION 

The numerical modeling of dilute particle-laden gases flowing past solid tube surfaces and 

producing erosion was identified as the main objective of this work. This has required the 

accomplishment of two major tasks: calculating the isothermal and non-isothermal fluid flow 

fields arwnd tubes; calculating the associated particle velocities and the attendant wear. 

2.1 Fluid Mechanics 

Throughout the course of this investigation, attention has centered on dilute particle-laden 

gases wherein particle-particle collisions are infrequent and the particle density to gas density 

ratio corresponds roughly to that of sand in air. Non-interacting particle systems are referred to 

as being "one-way coupled," meaning that particle motion is dictated solely by surface forces 

due to the fluid and body forces such as that induced by gravity. The diluteness and high density 

ratio restrictions considerably simplify the computation of particle velocities and hence erosion. 

However, the matter of determining the flow that drives the particles past a tube in a bank of 

tubes is very complex and has presented the single most difficult undertaking in this study. 

The first problem to address was the calculation of turbulent flow conditions. The equa- 

tions of motion for turbulent flow past tubes are well known but, because of the large range of 

scales of motion involved, cannot be solved directly for the flow field. They must be Reynolds- 

decomposed and time averaged, which leads to the appearance of new turbulent stresses. The 

ensuing closure problem is overcome by employing an appropriate mathematical model for the 

extra stresses. Because the isotropic eddy viscosity model represents the simplest level of clo- 
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sure that accounts for field variations of turbulent viscosity, it has been explored in this 

work. Thus, the two-equation model developed by Dosanjh and Humphrey to calculate 

particle-laden jets was adapted to the tube flow problem (see Appendix A-2). 

With a model available to compute turbulent flows past tubes, the next level of difficulty to 

overcome was the formulation of a coordinate system and equation transformation appropriate 

for the calculations. The approach described in Appendix A-2 is based on the use of non- 

orthogonal body-fitted coordinate systems wherein coordinate line spacings and shapes can be 

controlled. 

Boundary conditions must be specified for the calculations. In the case of a tube in a tube 

bank, it was assumed that the flow is developed and periodic in the streamwise direction. The 

no-slip condition for velocity was applied at the tube wall through a law-of-the-wall relation. 

For non-isothermal flows it was necessary to reformulate the heat transfer problem in terms of 

appropriate variables so that it also could be considered "developed." 

The numerical algorithm employed is well-documented in the literature and works along 

the lines of the SIMPLE procedure described in Appendix A-2. Details concerning the calcula- 

tion sequence and algorithm performance are also provided in that appendix together with a dis- 

cussion of the test results for both laminar and turbulent flows. The results of these tests were 

quite favorable and lend confidence to the additional exploratory calculations performed for dif- 

ferent tube configurations and flow conditions. 

2.2 Particle Tracking and Erosion 

The velocity (speed and trajectory) of each particle was computed using a fourth-order 

adaptive step size Runge-Kutta scheme, using a lagrangian equation of motion for that particle. 

The particle momentum equation results from a force balance involving fluid drag and gravita- 

tional forces. For simplicity, the particles were assumed to be spherical in shape, for which the 

drag relations are well known. A detailed discussion of the particle momentum equation and of 

the drag relations used is given in Appendix A-2, together with an explanation of the interpola- 
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tion procedure developed to evaluate fluid velocity at each particle location on the calculation 

grid. 

The deterministic trajectories of particles released at different arbitrary initial locations 

were computed to predict their incidence speeds and angles with respect to a tube surface. Ero- 

sion was calculated from these values using a cutting wear model. In the case of the stochastic 

calculations, a random perturbation was added to the mean velocity field in order to simulate 

more accurately the direct effects of the turbulent fluctuations on particle velocities, and hence 

erosion. As shown and discussed in Appendix A-2, the two approaches yielded quite distinct 

results depending on the characteristic response time of the particles. 

2.3 Heat Transfer 

The first stage of the theoretical component of the project (summarized above) addressed 

isothermal conditions in flows past tubes; see Appe.n&x A-2. The numerical calculation pro- 

cedure was subsequently extended to predict the behdvior of non-isothermal flows. Specifically, 

we were interested in the flows of hot particle-laden gases past tube surfaces at lower tempera- 

ture. 

Because of the high Reynolds numbers of interest, the fluid momentum and energy equa- 

tions are decoupled, constant fluid properties are assumed and the fluid flow field can be 

evaluated independently from its temperature field. A subsequent solution of the energy equa- 

tion yields the field distribution of temperature from which the field variation of viscosity can be 

determined. While the variation of viscosity is of no consequence to the fluid mechanics prob- 

lem (because of the constant properties assumption) it is significant for the calculation of particle 

trajectories. Thus, in non-isothermal flows, the field variation of viscosity is accounted for in the 

calculation of the drag term in the force balance upon a particle, to obtain its correct speed and 

trajectory. 

The extension and testing of the calculation procedure described in Appendix A-2 to calcu- 

late non-isothermal flows past tubes is described in detail in Appendix A-3. Briefly, the fluid 
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phase energy equation and pertinent boundary conditions were programmed into the code and ail 

calculations of temperature were performed using the same body-fitted coordinate technique 

described in Appendix A-2. However, the non-isothermal calculation procedure described in 

Appendix A-3 differs in two significant ways from the isothermal procedure described in Appen- 

dix A-2: 

1. 

2. 

3. 

It dispenses with the law-of-the-wall assumption, by postulating a Prandtl mixing length 

model to calculate the turbulent components of momentum and heat transfer near solid 

walls. 

It incorporates a generalization of the idea of fully developed flow and heat transfer to cal- 

culate non-isothermal flow past in-line tubes in periodic arrays. 

It interpolates an equation of state for values of viscosity (in addition to velocity) at the 

various particle locations from values of temperature stored at the four nearest grid points 

on the calculation mesh. 

3. EXPERIMENTS 

The original study called for an experimental investigation of the flow of particle-laden 

gases past tubes. However, many of the issues that were originally considered important for the 

model, requiring experimental or theoretical support, were subsequently resolved by reference to 

the measurements and theory of others. As a result, a more modest experimental effort was 

focused on a point of special interest to this work, for which no data were available: the effect of 

a tube on the deposition of particles upon a second tube lying in the wake of the first. 

For this, a high speed, isothermal air flow apparatus was assembled to measure the deposi- 

tion of 40 and 97 micron glass beads at mass loading ratios less than 0.007. A technique was 

developed to determine the circumferential distribution of particle deposition around a tube. 

This consisted in placing Crisco shortening in small triangular grooves machined along the 

length of the tubes and weighing the mass of particles as a function of time caught in the circurn- 

ferentially distributed grooves. 
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The apparatus, the measurement conditions and procedure, and the results are discussed in 

detail in Appendix A-4. The main observations are summarized here: 

a) Single Tube 

i> 

ii) 

iii) 

For both particle sizes, the particle deposition curves show maximum deposition in 

the forward stagnation region of the tube. A cosine fall-off in dleposition, from the 

front of the tube to the 90 degree location on either side, was displayed only by the 

larger, more inertial particles. 

The deposition curves show that particles can be trapped in the recirculating flow 

regions behind a tube and impact the downstream surface of the tube. 

Because the ratio of large to small particle momentum equilibration numbers was 

5.88, the large particles impacted the front of the tube in larger numbers than the 

smaller particles. 

b) Two In-Line Tubes 

i) The upstream tube of two in-line tubes drastically alters the amount and pattern of 

particle deposition upon the downstream tube. 

This protective effect is very significant, even for tubes spaced 5 diameters apart. ii) 

4. CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusions 

The major conclusions of this investigation are as follows: 

The numerical calculation of the flow and heat transfer of particle-laden gases in tube 

arrays can be performed with sufficient accuracy for engineering purposes. For this, how- 

ever, it has been necessary to postulate statistically stationary, constant property flow con- 

ditions. Two numerical algorithms, for isothemal and non-isothermal flows respectively, 

have been developed and tested for this purpose. 

1. 
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2. 

3” 

4. 

The accuracy of the calculations depends on the curvilinear grids used and the turbulence 

model embodied in the calculation algorithm. The first inaccuracy can be controlled, by 

refining and redistributing the gnd empirically, according to problem needs. The second 

inaccuracy can be diminished by employing more sophisticated levels of turbulence model 

closure, but this was beyond the scope of the present investigation. 

Erosion can be calculated from particle speeds and trajectories evaluated at the instant of 

surface impact, using appropriate wear models. The calculations of this work reveal a 

strong dependence of erosion on configuration geometry and turbulent flow conditions 

which, traditionally, have not preoccupied the material scientist. 

While the local effect of temperature on particle speeds and trajectories in the tube bank 

configuration is small, the cumulative effect may not be negligible since small changes in 

initial conditions are significantly amplified in passage through the tube bank as a result of 

particle rebounding and fragmentation. 

4.2 Recommendations 

As a result of this investigation, the following recommendations are offered for continuing 

work: 

1. 

1__ 

There is a need to emphasize the accurate control of fluid mechanics conditions, and the 

exploration of appropriate parameter ranges, in future experimental work on erosion by 

solid particle impact. 

The assumption of non-interacting particles (dilute flows) should be relieved, to deal with 

the more concentrated particle flow configurations of interest to industry. 

2. 

3. Closer attention must be paid to modeling the direct effects of turbulence on particle 

motion especially near solid surfaces. The stochastic approach of this work is a first 

attempt to achieve this, and points to the importance of the problem by revealing how dif- 

ferent the results can be between deterministic and stochast-ic calculations of particle velo- 

cities and attendant erosion. 



- 9 -  

4. There are various phenomena very difficult to measure and/or model that bear significantly 

on particle motion and erosion. Examples =e: evolving surface topography, particle frag- 

mentation, particle rebounding, the influence of transverse forces (Magnus and Saffman) on 

particle motion, turbulent effects near surfaces. The review in Appendix A-1 discusses 

many of these phenomena and emphasizes the need to address them in future investiga- 

tions. 
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ABS TRACT 

Judging  from the e x t e n s i v e  l i terature  on the subject, the  phenomenon o f  

m a t e r i a l  e r o s i o n  by s o l i d  par t ic le  impact c o n t i n u e s  t o  c h a l l e n g e  both prac- 

t i t i o n e r s  and t h e o r e t i c i a n s  w i t h  very complex problems. 

t a n c e  o f  f l u i d  motion t o  t h i s  form of wear was r e c o g n i s e d  i n  early works,  many 

researchers c o n t i n u e  t o  i n t e r p r e t  and attempt t o  unde r s t and  particle impact 

e r o s i o n  a lmos t  e x c l u s i v e l y  i n  terms of  t h e  material p r o p e r t i e s  i nvo lved .  

L i t t l e  a t t e n t i o n  has been g iven  t o  c l a r i f y i n g  the i n f l u e n c e  of  f l u i d  mot ion ,  

especially i n  the t u r b u l e n t  f low regime. 

p r e s e n t e d  here. 

need f o r  better unde r s t and ing .  

fo l lowed  by v a r i o u s  fundamental  c o n s i d e r a t i o n s  r e l a t i n g  t o  the motion of  s o l i d  

particles c o n d i t i o n e d  by the p resence  o f  a carrier f l u i d ,  ne ighbor ing  par- 

t ic les  and a c o n s t r a i n i n g  solid s u r f a c e .  

i n  e r o s i o n  studies, n o n - i n t r u s i v e  o p t i c a l  methodologies  are the most promis ing  

f o r  measuring particle and f l u i d  phase v e l o c i t i e s  s i m u l t a n t e o u s l y  n e a r  a s u r -  

face. Nunerical models f o r  c a l c u l a t i n g  p a r t i c l e - l a d e n  flows and their appl i -  

c a t i o n  t o  predict e r o s i o n  i n  p r a c t i c a l  e n g i n e e r i n g  flow c o n f i g u r a t i o n s  are 

br ief ly  d i scussed .  

dequate fundamental  unde r s t and ing  of  f l u i d  mechanics  phenomena t h a t  s i g n i f i -  

c a n t l y  affect  e r o s i o n  by s o l i d  particle impact. 

Although t h e  impor- 

A review o f  some r e l e v a n t  i s s u e s  is 

I t  starts w i t h  an e x p o s i t i o n  o f  the g e n e r a l  problem and t h e  

The d i s c u s s i o n  o f  expe r imen ta l  t e c h n i q u e s  is 

O f  the expe r imen ta l  t e c h n i q u e s  used 

Emphasis is placed th roughou t  on uncover ing  a r e a s  o f  i na -  
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1. INTRODUCTION 

1.1 The Problem of I n t e r e s t  

The erosFon of material s u r f a c e s  by s o l i d  par t ic le  impact is a problem i n  

n a t u r e  and many m u l t i p h a s e  flow i n d u s t r i a l  devices. 

t h a t  concerns  t h i s  review,  especially i n  the c o n t e x t  of  p a r t i c l e - l a d e n  gases. 

F i g u r e  1 shows f o u r  flow c o n f i g u r a t i o n s  f r e q u e n t l y  a r i s i n g  i n  e n g i n e e r i n g  prac-  

t ice  which serve t o  i l l u s t r a t e  some of  the  main i s s u e s  that  w i l l  concern t h i s  

I t  is t h e  l a t t e r  s i t u a t i o n  

review.  

c a t i o n s  r a n g i n g  from research i n t o  material r e s i s t a n c e  t o  wear t o  metal c u t t i n g ;  

t h e  boundary layer drawn i n  Fig.  1-b c h a r a c t e r i z e s  the flow over  blades i n  t u r -  

bomachinery equipment;  t h e  c o n f i n e d  flow i l l u s t r a t e d  i n  Fig.  I-c ar ises  i n  the 

p n e u n a t i c  t r a n s p o r t  o f  s o l i d s 3  and the o b s t r u c t e d  flow sketched f o r  laminar  and 

t u r b u l e n t  reg imes  i n  Fig.  1-d is typica l  of many heat exchangers .  

The impinging j e t  geometry shown i n  Fig.  1-a s p a n s  a variety of  a p p l i -  

The a n t i c i p a t e d  dynamic behavior  of large and small par t ic les  o f  the same 

material has been l o o s e l y  i n t e r p r e t e d  i n  the f i g u r e s .  

t o  respond t o  changes i n  f l u i d  v e l o c i t y  and so alter its t r a j e c t o r y  is charac- 

t e r i z e d  by i ts  momentun e q u i l i b r a t i o n  number, A. 

by Eq. 6 b  f u r t h e r  below and is the r a t i o  o f  two time scales t h a t  c h a r a c t e r i z e  

t h e  dynamics of the  s o l i d  and f l u i d  phases r e s p e c t i v e l y ,  Here i t  s u f f i c e s  t o  

n o t e  t h a t  particles w i t h  1 >> 1 are h i g h l y  i n e r t i a l  and very slow t o  respond t o  

changes  i n  f l u i d  v e l o c i t y .  

t h e  f low and,  i n  p r i n c i p l e ,  c o u l d  be used t o  v i s u a l i z e  f l u i d  motion. 

The a b i l i t y  of  a par t ic le  

This  is  a l g e b r a i c a l l y  d e f i n e d  

In c o n t r a s t ,  particles w i t h  X << 1 f a i t h f u l l y  fo l low 

If  t h e  d e t a i l e d  v e l o c i t y  h i s t o r y  were known f o r  a particle u l t i m a t e l y  

impact ing  a s u r f a c e ,  one c o u l d  compute t h e  impact v e l o c i t y  from which the 

c o r r e s p o n d i n g  i n c i d e n c e  a n g l e  and i n c i d e n c e  speed would fol low.  Accurate  

measurements of impact v e l o c i t y  are d i f f i c u l t  and a n m e r i c a l  computat ion i s  

.. . ...... ............. L.. .................... 
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rendered h i g h l y  uncertain by many of the assumptions underpinning 

t ions.  Notwithstanding, as w i l l  be shown, the theories developed 

the calcula- 

by the 

material s c i en t i s t s  require a knowledge of par t ic le  incidence speed and angle i n  

order t o  predict surface erosion. 

wear correlations have been based on t h e  angle formed between t h e  je t  and t h e  

impacted surface. 

I n  many past je t -blast  experiments, erosive 

T h i s  has led t o  t h e  incorrect interpretation of t h i s  angle, 

by many, as the par t ic le  incidence angle and has contributed to  confusion i n  the 

l i t e r a tu re .  

It  should be clear that  the value of a par t ic le ' s  incidence velocity 

depends c r i t i c a l l y  on particle-fluid,  par t ic le-par t ic le  and particle-surface 

interactions as a par t ic le  approaches a surface. 

par t ic le-f luid interactions depend on the nature of the f l u i d  phase flow regime 

(laminar vs. turbulent) ,  as well as the s ize ,  shape, re la t ive  d e n s i t y  and motion 

of the par t ic les  comprising the s o l i d  phase. Particle-particle interactions are  

a strong function of par t ic le  concentration and the re la t ive  motions arising 

from particle-surface interactions.  Particle-surface interactions i n  t u r n  

depend on surface rebounding, surface topography, par t ic le  fragmentation and 

localized thermal e f f ec t s  result ing from par t ic le  impacts. 

The character is t ics  of 

There are  essent ia l ly  two ways for reducing undesirable erosion of material 

surfaces exposed t o  impacting par t ic les :  

I. Selection of appropriate materials f o r  maximizing resistance to  wear. 

2. Alteration of the conditions affecting fluid-suspended par t ic le  beha- 

vior such as  par t ic le  s ize ,  concentration, impact speed, impact angle 

and impact location. 

Much work has been done to  improve t h e  mechanical impact-wear charac- 

This has led t o  the production of exotic, t e r i s t i c s  of material surfaces. 
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h igh ly  res i s tan t ,  super a l l o y s  and ceramic mater ia ls.  Unfortunately, the chemi- 

c a l  const i tuents  and/or the methods o f  production of these mater ia ls  can be 

cos t l y ,  so t h a t  t h e i r  use i s  of ten r e s t r i c t e d  t o  only the most spec ia l ized or 

c r i t i c a l  appl icat ions.  

has a l s o  been found t o  prolong the l i f e t i m e  o f  system components prone t o  ero- 

s ion  [l-31 but problems a r i s e  i n  r e l a t i o n  t o  obta in ing good adhesion between 

coatings and substrates, and the approach i s  r e s t r i c t e d  t o  s i t u a t i o n s  where 

erosion-induced changes i n  surface shapes and t h e i r  e f f e c t s  on the p a r t i c l e -  

laden f lows can be tolerated. 

and component replacements. 

t o  implement . 

The use o f  p r o t e c t i v e  coatings and s a c r i f i c i a l  surfaces 

This method requi res pe r iod i c  system shutdowns 

As a r e s u l t  i t  can be expensive and/or inconvenient 

The e l im ina t i on  o f  p o t e n t i a l l y  erosive p a r t i c l e s  from f lows wherein t h e i r  

presence i s  undesirable is the most obvious, but no t  the most simple, s o l u t i o n  

t o  the problem o f  erosion. Cyclones, p a r t i c l e  separators and f i l t e r  u n i t s  are 

examples of  devices used f o r  t h i s  purpose. 

a lso  be expensive and inconvenient t o  implement due t o  the pe r iod i c  equipment 

shutdowns requi red for the replacement of parts.  

Unfortunately, t h i s  approach can 

I n  any event, the complete 

e l im ina t i on  o f  a l l  p a r t i c l e  s izes is impossible, and those which cannot be 

def lected or trapped may s t i l l  be damaging i n  some systems; for  example, 1-10 vm 

diameter coal-ash p a r t i c l e s  i n  l a r g e  u t i l i t y  gas turbines. O f  course, such an 

approach does no t  apply t o  s i t u a t i o n s  where the t ranspor t  o f  p a r t i c l e s  i s  essen- 

t i a l  t o  the appl icat ion.  

Measurements of erosion, with "erosion" defined as 

mass removed from a surface 
t o t a l  mass of p a r t i c l e s  impinging on a surface E =  

show t h a t  t h i s  quan t i t y  depends markedly on the inc ident  p a r t i c l e  speed, vl, 
and the i nc iden t  angle, B,, ( the angle between a plane tangent t o  the surface a t  
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the.impact location and the direction of  motion of  the incident par t ic le ) .  

form o f  the re lat ion established empirically L41 is given by 

The 

E = k V y  f (B1)  

In  t h i s  equation, k and n are  constants that  are assumed t o  depend on the 

physical character is t ics  of t h e  materials involved, while f ( B 1 )  describes the 

dependence of erosion on the par t ic le  incidence (or impact) angle. 

monly observed forms of t h i s  empirically determined function are shown i n  F ig .  2 

for  duct i le  and b r i t t l e  materials respectively. 

materials range between 2.3 and 2.7, while values fo r  b r i t t l e  materials range 

between 2 and 4. 

Two com- 

Values of  n fur ducti le 

These ranges are  approximate. 

I t  is clear from Eq. (1) tha t  by al ter ing the conditions affect ing par t ic le  

principle,  t o  project the par t ic les  a long  l e s s  motion it s h o u l d  be possible, i n  

damaging t ra jec tor ies .  ’ Thus, the control o f  par t ic le  t ra jec tor ies  and impact 

speeds of fe rs  a means for controll ing erosion. However, such control can on ly  be 

achieved if the mechanisms governing par t ic le  motion are  understood and can be 

predicted. The mechanisms encompass a rich variety of complex physical pheno- 

mena arising from particle-surface, par t ic le-f luid and par t ic le-par t ic le  

interactions.  

1.2 Material versus F l u i d  Mechanics Aspects of  Erosion 

To date, much e f f o r t  has been expended researching t h e  material-related 

aspects of par t ic le  impact erosion. 

(since the mid-sixties) has there been a sustained e f f o r t  aimed a t  learning how 

t o  control par t ic le  erosion by controlling par t ic le  motion. Some of the e a r l i e s t  

studies can be traced back t o  erosion problems i n  turbomachinery components. I n  

these studies the main objective has been t o  correlate  predictions of  par t ic le  

By contrast ,  o n l y  re lat ively recently 
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RITTLE RESPONSE 
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PI 
Figure 2. Typical erosion curves for ductile and brittle materials as a function of particle 
incidence angle,P1, in degrees. E and are defined in the text. 
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i n c i d e n c e  speeds, i n c i d e n c e  a n g l e s  and impact l o c a t i o n s  w i t h  surface e r o s i o n  

measurements f o r  a practical  r ange  of  c o n d i t i o n s .  

permit the detailed a n a l y s i s  of two-phase flows through some turbomachinery cam- 

While v a r i o u s  i d e a l i z a t i o n s  

. ponen t s ,  i n  many systems such an a n a l y s i s  is c u r t a i l e d  by t h e  c o m p l e x i t i e s  o f  

the flows. No twi ths t and ing ,  practical s o l u t i o n s  t o  real e r o s i o n  problems o f t e n  

arise as a r e s u l t  o f  t h e  improved q u a l i t a t i v e  wlde r s t and ing  of particle-fluid 

motion i n  i d e a l i z e d  systems. 

There are n m e r o u s  s t u d i e s  on t h e  subject o f  material e r o s i o n  by 

impact ing  s o l i d  particles.  Examples of  these are the works i n  t4-331 which 

i n c l u d e  some f a i r ly  comprehensive reviews of  t h e  subject. 

a l l  o f  these works have emphasized the material-related aspects and physical  

p r o p e r t i e s  dependence of wear i n  a t t e m p t i n g  t o  fo rmula t e  physical models and 

Without e x c e p t i o n ,  

mechanisms f o r  e r o s i o n .  Eros ion  rate d i f f e r e n c e s  f o r  v a r i o u s  substrates under 

similar tes t  c o n d i t i o n s  have l e d  t o  the broad c l a s s i f i c a t i o n  o f  materials as 

d u c t i l e "  or "br i t t le"  [4,6,241. Depending on t h e  mechanism invo lved ,  the ero- n 

s i o n  of  d u c t i l e  materials is f u r t h e r  c lass i f ied  as "cutting" e r o s i o n  or 

"deformation" e r o s i o n ,  

[13,14] and has received renewed a t t e n t i o n  [i5,28,341 

This la t te r  c l a s s i f i c a t i o n  appears t o  be due t o  Bitter 

While early s tudies  

focused  on the a n a l y s i s  of s i n g l e  particles impact ing  a surface, t h e  impor tance  

of  m u l t i p l e  o v e r l a p p i n g  impacts is now recogn ized  and c u r r e n t l y  receives con- 

siderable a t t e n t i o n  k1,24,25,281* 

The o b j e c t i v e  of most e r o s i o n  s t u d i e s  has been t o  p rov ide  in fo rma t ion  f o r  

e s t a b l i s h i n g  t h e  form o f  Eq. (1) so t h a t ,  f o r  systems w i t h  known k and n ,  t h e  

e r o s i o n ,  Early studies focused  on o b t a i n i n g  

wear data i n  systems or equipment of  practical  i n t e r e s t  f o r  which f a i r l y  speci- 

f i c  e r o s i o n  r e l a t i o n s  were de r ived .  P r e s e n t l y ,  assisted by the a v a i l a b i l i t y  o f  

E, may be found g iven  V1 and 

more advanced measurement technology and a somewhat improved t h e o r e t i c a l  
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understanding of t h e  basic mechanisms involved i n  erosion, the focus i s  on 

establishing more universal forms of  Eq. (1) based on the interpretation o f  

resu l t s  obtained from carefully controlled experiments designed to yield fun-  

damental and more generally applicable information, Results of studies along 

these l ines  have been sumnarized i n  [8,20,29,31].  Table 1 lists various impor- 

tan t  factors affecting erosion that  have been investigated t o  greater or lesser  

ex tent  . 
Although not a l l  of the factors l i s t e d  i n  Table 1 are  readily controlled 

or measured, and although most are  interrelated i n  a rather complex manner, 

d i s t i nc t  and sometimes quantifiable trends have emerged from their  investiga- 

t i o n .  Consider ,  for example, the very different  angular dependencies of erosion 

displayed by b r i t t l e  and ductile materials, respectively, mentioned ear l ie r  i n  

relation t o  F ig .  2.  

inconclusive or conflicting. 

is the assessment of t h e  influence of par t ic le  concentration. 

conflicting evidence discussed by the authors is explained by the re lat ively 

narrow and rather disparate ranges i n  par t ic le  con-centration investigated i n  

t h e  past, which have l ed  t o  very different  observations and attendant interpre- 

tations.  

asr 

near a surface?; Are interpretat ions of these e f fec ts ,  based on measurements 

made i n  vacua, relevant to  systems where particle-surface and particle-particle 

interactions are potentially affected by the flow conditions near a surface? 

Other trends revealed by experimentation, however, are 

A case i n  point, discussed i n  some de ta i l  i n  bo], 

Fortunately, the 

More d i f f i c u l t  to  answer w i t h  the data available are  such questions 

How do par t ic le  concentration e f fec ts  on erosion vary w i t h  flow conditions 

The point to  emphasize is that  the behavior of a par t ic le  coll iding with a 

surface is  dependent on i ts  environment. 

responds to part or a l l  o f  the spectrum of t h e  surrounding flow fluctuations 

w i l l  react  differently from a par t ic le  moving i n  a vacuum. 

For example, a par t ic le  which 

Similarly, the 
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Table 1 

F a c t o r s  i n v e s t i g a t e d  t h a t  a f f e c t  t h e  e r o s i o n  of m a t e r i a l  s u r f a c e s  by s o l i d  p a r t i c l e  impact 

1. 

2. 

3. 

4 .  
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6 .  

7. 

8. 
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Impact and rebound a n g l e s  

Impact and rebound speeds  

Rota t ion  before  and a f t e r  impact 

Shape and s i z e  

Volume concen t r a t ion  and s u r f a c e  f lux  

Phys ica l  p r o p e r t i e s  (hardness ,  
s t r e n g t h ,  d e n s i t y )  

f ragmenta t ion  

I n t e r a c t i o n s  (wi th  surfaces, 
f l u i d  or o the r  p a r t i c l e s )  

Temperature 

For -. .- - - - 
1. 

2. 

3. 

4. 

5 .  

6 

>UL I aces 

Phys ica l  p r o p e r t i e s  

Change i n  shape due t o  e r o s i o n  

S t r e s s  level 

Temperature 

Presence o f  oxide  (or o t h e r )  c o a t i n g s  

Simultaneous occurrence  o f  c o r r o s i o n  

For t h e  c a r r i e r  f l u i d  

1. S t a t e  o f  motion 
( laminar  vs. t u r b u l e n t )  

2. v e l o c i t y  

3. Temperature 

4. Chemical composition 
and phys ica l  p r o p e r t i e s  

10. Presence o f  a d d i t i v e s  

11. E l e c t r i c a l  charge 



7. 

motion of a single par t ic le  W i l l  be different  from that  o f  one which coll ides 

w i t h  i ts  neighbors. 

d i t i o n s  w i l l  a f f ec t  par t ic le  concentrations and t ra jec tor ies  and, therefore,  the 

surface fluxes, speeds and angles of attack that  determine erosion. 

From Adler’s c41 extensive review it is clear that  the early recognition 

g iven  t o  par t ic le  speed and angle of  attack, as c r i t i c a l  parameters affecting 

erosion, was s t r i c t l y  w i t h i n  t h e  context o f  material response t o  par t ic le  

impact. 

of observations, have been fixed i n  t h i s  mold. Thus, consider a par t ic le  

entrained i n  a f l u i d  which approaches a surface of  arbi t rary shape. 

t i c l e  approaches t h e  surface, the f l u i d  around the par t ic le  s t a r t s  deviating 

from t h e  par t ic le ’s  trajectory i n  order to  flow along the surface. T h i s ,  i n  

t u r n ,  induces a drag on the par t ic le  which, depending on the par t ic le’s  momentum 

equilibration (or ine r t i a )  nunber ,  A ,  w i l l  a l t e r  its original trajectory.  The 

component of motion of the par t ic le  towards the surface is decelerated while the 

component of motion para l le l  to  the surface is  accelerated. 

par t ic le  kinetic energy varies along the par t ic le  trajectory and w i l l  d i f fe r  

from the i n i t i a l  value (far  from t h e  surface) a t  the instant  of impact. 

The above s i tuat ion d i f fe rs  to ta l ly  from that  ar is ing i n  a vacuum. I n  

Except for the case of large i n e r t i a l  par t ic les ,  f low con- 

Subsequent s tudies ,  and especially a t t i tudes  towards the interpretation 

As the par- 

As a r e su l t ,  the 

systems containing f l u i d s  i t  is incorrect t o  assune that  t h e  par t ic le  velocity 

a t  t h e  instant of  impact is equal to  t h e  surrounding f l u i d  velocity. 

mismatch i n  veloci t ies  is frequently ignored (or overlooked) when establishing 

t h e  specif ic  form of Eq. (1). The problem has been studied by Laitone b51 and 

is i l l u s t r a t ed  i n  Fig.  3.  

approaching along t h e  normal t o  any b l u n t  surface always impinge w i t h  angles 

less than 90° (except for t h e  few par t ic les  impacting direct ly  upon the stagna- 

t ion point) so  that  there is always a difference between the t rue incidence 

T h i s  

la i tone’s  analysis shows tha t  par t ic les  w i t h  X = 0.5 
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angle and the i n i t i a l  angle of a par t ic le  approaching a surface. 

come of Laitone’s analysis is the f i n d i n g  that  the par t ic le  incidence speed is 

g iven  by an expression of t h e  form 

A second out-  

“1 a 4 
where the exponent m is a function of the average f l u i d  speed, U f ,  and varies 

between the limits o f  1 and 2.13. 

regardless of the value of the iner t ia  number, A .  

decreased, for each par t ic le  s ize  there ex is t s  a c r i t i c a l  f l u i d  velocity below 

which m = 2.13. T h i s  is an important result since i t  affords a non-materials- 

related explanation f o r  the f l u i d  velocity exponents qreater than two observed 

i n  many ductile erosion experiments. 

Eq. (1) and, following Finnie c81, take n = 2. 

A t  very h i g h  f l u i d  veloci t ies  m = 1, 

As the f l u i d  velocity is 

To show t h i s ,  s u b s t i t u t e  Eq. ( 2 )  into 

The resu l t  is 

2 < 2rn 4.26 

where, according to  the analysis,  the particular value o f  2m depends only on U f .  

Laitone’s analysis is based on t h e  assunption o f  negligible interactions 

However, mast particle-laden f lows o f  among par t ic les  i n  a streamlined flow. 

engineering in t e re s t  are turbulent and it is known k0,3d that  t h e  erosion of 

ductile materials decreases w i t h  increasing par t ic le  concentration due t o  

par t ic le-par t ic le  interactions.  The ccnnplex dependence an f l u i d  mechanic con- 

di t ions of the net par t ic le  surface f l u x  i n  systems w i t h  s ignif icant  particle- 

par t ic le  interactions is  compounded into the experimentally determined velocity 

exponent 2m. 

Besides Laitone b5,37,38], other authors have drawn specif ic  attention t o  

the importance o f  “aerodynamic effects’’ i n  erosion. For example, the work i n  
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[7,311 d i s t i n g u i s h e s  between f l u i d  flow c o n d i t i o n s  de t e rmin ing  the number, 

d i r e c t i o n  and speed o f  particles s t r i k i n g  a s u r f a c e  and the mechanisms by which 

s u r f a c e  material is a c t u a l l y  removed. F i n n i e  C7J r ecogn ized  the  importance o f  

f l u i d  t u r b u l e n c e  i n  e r o s i o n ,  b u t  Oosanjh and Hunphrey b91 appear t o  have been 

t h e  first t o  conduct  an e x p l i c i t  a n a l y s i s .  In  c71 i t  was sugges t ed  t h a t  l o c a l  

t u r b u l e n c e  a l o n g  a roughened s u r f a c e  might  i n c r e a s e  e r o s i o n ,  a l though  no argu-  

ments  were provided  t o  s u p p o r t  t h i s  c o n j e c t u r e .  I n t e r e s t i n g l y ,  f o r  the 

impinging j e t  c o n f i g u r a t i o n  i n v e s t i g a t e d  n m e r i c a l l y  i n  b9I , i n c r e a s i n g  t u r -  

bu lence  was found t o  r educe  e r o s i o n ,  due t o  the enhanced rad ia l  d i f f u s i o n  of 

particles. 

1 . 3  Scope of  t h i s  Review 

The above f l u i d  mechanics  i n t e r p r e t a t i o n  f o r  the range  of  v a l u e s  observed  

i n  the exponent  f o r  v e l o c i t y  i n  the e q u a t i o n  f o r  e r o s i o n  c o n t r a s t s  s h a r p l y  

w i t h  earlier i n t e r p r e t a t i o n s  based e x c l u s i v e l y  on wear mechanisms f o r  

e x p l a i n i n g  p a r t i c l e - s u r f a c e  i n t e r a c t i o n s  and material removal.  

T i l l y  and Sage C193 have sugges t ed  that  v e l o c i t y  exponents  greater than  two are 

a m a n i f e s t a t i o n  of  secondary  e r o s i o n  due t o  particle f r agmen ta t ion  upon impact. 

F i n n i e  and McFadden bo3 reexamined t h e  c u t t i n g  a n a l y s i s  of  b1 and r e c o n s i d e r e d  

the assumpt ions  conce rn ing  t h e  l o c a t i o n  of f o r c e s  d u r i n g  p a r t i c l e - s u r f a c e  

i n t e r a c t i o n s .  

measurements and p r e d i c t i o n s  of t h e  v e l o c i t y  exponent .  However, bo th  i n t e r p r e -  

t a t i o n s  are based on c o n s i d e r a t i o n s  which exc lude  p o t e n t i a l l .  i n f l u e n t i a l  f l u i d  

mechanics  effects. 

For example,  

T h i s  r e s u l t e d  i n  a t h e o r y  that  y i e l d e d  better agreement between 

The main purpose  of  t h i s  review is t o  i d e n t i f y  and assess f l u i d  mechanics  

phenomena t h a t  can s i g n i f i c a n t l y  i n f l u e n c e  t h e  e r o s i o n  of material s u r f a c e s  by 

impac t ing  particles. Li t t le  w i l l  be s a i d  here concern ing  the actual mecha- 
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nisms of  e r o s i o n ;  e x c e l l e n t  r e f e r e n c e s  a d d r e s s i n g  t h i s  t o p i c  have been given  i n  

S e c t i o n  1.2. I n s t e a d ,  a t t e n t i o n  i s  focused on f l o w - r e l a t e d  f a c t o r s  which  s i g n i -  

f i c a n t l y  modify,  o r  c o n t r o l ,  the wear process .  These f a c t o r s  either change t h e  

dynamic c o n d i t i o n s  of  particles approaching  a s u r f a c e  (such a s  speed, impact 

a n g l e  and s u r f a c e  f l u x )  o r  change t h e  c o n d i t i o n s  a t  t h e  s u r f a c e  a t  the time of 

impact ( t e m p e r a t u r e ,  roughness ,  d e p o s i t i o n ,  rebounding and f r a g m e n t a t i o n ) .  

Although a t t e n t i o n  is restricted t o  s o l i d  p a r t i c l e s ,  much of what  is s a i d  

here concern ing  their  motion appl ies  t o  l i q u i d  particles a l s o .  

p r i o r  t o  s u r f a c e  impact ion ,  provided  the l i q u i d  p a r t i c l e s  are small and i n t e r a c -  

t i o n s  among them are  n e g l i g i b l e .  

s h e a r i n g  f lows.  

t i c les  and,  if the motions are i n t e n s e ,  can also a l t e r  their  s i z e  d i s t r i b u t i o n  

and c o n c e n t r a t i o n .  

sidered. 

beyond the scope  o f  t h i s  work. Schmitt b21 has documented much of the i n f o r -  

mat ion a v a i l a b l e  on e r o s i o n  by l i q u i d  p a r t i c l e  impact .  

T h i s  is t r u e  

Large l i q u i d  p a r t i c l e s  are deformed i n  

Shear ing  can induce  c i r c u l a t i n g  motions i n s i d e  the l i q u i d  par- 

To e x p l a i n  these effects s u r f a c e  t e n s i o n  f o r c e s  must be con- 

A review i n c l u d i n g  such  i n t e r e s t i n g  but  compl ica ted  phenomena is 

C u r r e n t l y ,  there is an i n a d e q u a t e  e x p e r i m e n t a l  data base f o r  f u r t h e r i n g  the 

fundamental  unders tanding  o f  the i n f l u e n c e  o f  f l u i d  mechanics ,  p a r t i c u l a r l y  t u r -  

bu lence ,  on e r o s i o n .  Notwi ths tanding ,  the practical  use of  f l u i d  mechanics t o  

c o n t r o l  particle e r o s i o n  d a t e s  back t o  the f o r t i e s  when i n  1946, Wahl and 

H a r t s t e i n ,  see bl, d e s c r i b e d  v a r i o u s  German p a t e n t s  f o r  the p r o t e c t i o n  o f  bends 

i n  p i p e s  c a r r y i n g  a b r a s i v e  materials. 

a l so  s t i m u l a t e d  early i n t e r e s t  i n  aerodynamical ly- induced particle e r o s i o n ,  both 

i n  r e l a t i o n  t o  commercial and military a p p l i c a t i o n s .  

h i g h l y  c o n c e n t r a t e d  p a r t i c l e - l i q u i d  f lows ,  such as i n  c o a l  slurry p i p e l i n e s ,  has 

r e v e a l e d  a d d i t i o n a l  fundamental  aspects of  the problem which are very poor ly  

unders tood ,  due t o  t h e  more compl ica ted  particle-particle and particle-fluid 

i n t e r a c t i o n s  that  arise i n  these non-Newtonian flows. 

The e r o s i o n  o f  turbomachinery components 

The s t u d y  of  e r o s i o n  i n  



11. 

The problem of erosion by par t ic le  impact is u b i q u i t o u s  and has a t t racted 

considerable attention. 

is devoid of adequate discussions of experimental and/or nmerical  uncertain- 

t i e s ,  a t t e s t s  t o  its fundamental and practi.ca1 importance. 

res t r ic t ing  attention t o  flow-related aspects of the problem i n  gas-solid 

systems, one discovers a vast amount of information, not a l l  af  which can be 

incorporated or even appropriately referenced i n  a review of reasonable length. 

from the sources of  information available an attempt has been made t o  i so la te  

for  consideration a few of  t h e  major fundamental issues. 

disagree w i t h  the choice of topics or may f i n d  that  important contributions 

known t o  them are missing i n  t h i s  review. 

advance hoping, nevertheless, tha t  what is offered here w i l l  stimulate further 

thought  and technical advances i n  t h i s  most challenging subject area. 

The abundant l i t e r a tu re  on the subject, much of  which 

Even when 

Some readers may 

For these l imitations I apologize i n  

2 .  EXPERIMENTAL TECHNIQUES 

The r a t e  of erosion of a material surface is determined by measuring t h e  

mass removed from t h e  surface as  a func t ion  of time. 

often be done suff ic ient ly  accurately by weighing test specimens before and 

a f t e r  their exposure t o  impacting particles.  

employ i n  s i t u  techniques that  allow remete sensing o f  t h e  r a t e  of wear. 

example of t h e  l a t t e r  is t h e  ultrasonic pulse-echo technique for  moni tor ing  wall 

t h i ckness  tkI3 

In  the laboratory t h i s  can 

In  the f i e ld  i t  is preferable t o  

An 

I t  is o f  special  in te res t  t o  separately monitor erosion and par t ic le  motion 

under carefully controlled, usually accelerated erosion, laboratory conditions. 

Both the time and spacial developnent character is t ics  of the wear process are  

important. 

character is t ics  among which t h e  jet-blast  r i g ,  t h e  whirling-arm r i g  and the 

Various erosion t e s t e r s  have been devised to  investigate these 
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centrifugal par t ic le  accelerator are  used most often. 

re la t ive  advantages and l imitations are  described i n ,  f o r  example, b7,28,41]. 

The t e s t e r s  and their  

While the main practical  objective is  to  quantify and correlate  cumulative 

wear due to  numerous par t ic le  impacts, i t  is necessary to  inquire i n t o  the fun-  

damental character is t ics  of  single par t ic le  impact erosion. Qf special  in te res t  

are  the relation of single par t ic le  erosion to  cumulative erosion and the 

particle-fluid dynamic conditions affecting the t ra jec tor ies  and speed of the 

par t ic les  causing erosion. 

proved particularly useful for investigating these effects .  

We consider briefly several techniques that have 

2 - 1  Characterization of Surface Damage and Erosion 

The to t a l  amount of mass eroded from a t e s t  specimen over a period of time 

may be determined by simple weighing o r  by s t y l u s  profilometry, if suf f ic ien t  

mass i s  removed t o  allow precise measurement, By contrast ,  Andrews c4d 

describes a gravity-insensitive technique, based on the detection of  changes i n  

vibration frequencies, f o r  measuring i n  s i tu  changes of  mass as small as  

20 ug of specimens w i t h  t o t a l  masses i n  the range of  Q - 5 g. Although more 

laborious, profilometry provides the spa t ia l  distribution of  wear. Optical 

microscopy a t  low and h i g h  magnification and conventional metallographic tech- 

niques to  examine sections through eroded specimens, used i n  conjunction w i t h  

photography, complement the profilometry technique c411 When very small 

amounts of mass removal a re  involved, for example when accelerated erosion con- 

d i t i o n s  a re  undesirable, it may be possible t o  use optical  interferametry t o  

quantify spacial variations i n  surface topography 1431 . 
The above techniques are  sui table  for measuring the cumulative wear and/or 

wear patterns induced by large numbers o f  part ic les  eroding an extended portion 

of a surface. Other techniques are  better suited for investigating the resu l t  of  
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single  par t ic le  impacts. 

microanalysis by X-ray spectrometry (combined w i t h  SEM), transmission electron 

microscopy (TEM) and selected-area electron channeling patterns (SACP) have 

emerged as especially powerful methods [41,44-473 . 
topographic de ta i l s  while TEM micrographs display subsurface l a t t i c e  defect 

s t ructures  such as dislocations, stacking f au l t s  and twins.  

allows the determination of p las t ic  s t r a i n  i n  and around par t ic le  impact s i t e s  

Pmong these, scanning electron microscopy (mi), 

S€M micrographs reveal 

The SACP technique 

hd. 

2.2 Measurement of  Part ic le  and F l u i d  Motion 

The techniques available for quantifying t h e  spa t ia l  and temporal charac- 

t e r i s t i c s  of  the concentration, size-distribution and motion of a particle-laden 

flow can be broadly d i v i d e d  into mechanical and optical .  The l a t t e r  are  non- 

intrusive while the former must  be rugged and should influence the flow m i n i -  

mally. Leaving aside t h e  non-trivial problem o f  monitoring b u l k  two-phase flow 

conditions that  guarantee s t a t i s t i c a l l y  reproducible conditions i n  an experimen- 

t a l  apparatus, of special in te res t  to  erosion is an understanding of the charac- 

t e r i s t i c s  of  the particle-laden flow i n  t h e  vicinity of the surface undergoing 

erosion, particularly of t h e  complex par t ic le  impact/rebound process. 

Mechanical and non-intrusive optical  techniques have been used w i t h  varying 

degrees of success to  advance t h i s  understanding. The accuracy of mechanical 

methods for determining par t ic le  velocity and impact/rebound angles generally 

decreases w i t h  decreasing par t ic le  s ize  and increasing par t ic le  concentration. 

As an example, consider t h e  rotating d i s k  method o f  c4Sl t o  determine the speed 

of par t ic les  i n  particle-laden erosive je t  flows. Using a pair of paral le l  and 

concentric d i s k s  a fixed distance apart ,  rotating a t  a known constant angular 

velocity, these authors have obtained measurements of the time of f l i g h t  of par- 
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t i c l e s  passing th rough  a radial  notch i n  the f i rs t  d i s k  and impinging  upon the 

second. However, de ta i l s  are  not provided concerning the par t ic le  charac- 

t e r i s t i c s  (s ize ,  concentration and density) i n  the flows tested. The authors 

recognize, b u t  do not quantify, the d i s t u r b i n g  e f fec t  which t h e  rotating so l id  

d i s k s  can induce i n  the j e t  flow pattern. Therefore, it must be surmised that  

the technique is res t r ic ted  to  the measurement of speeds of f a i r ly  i n e r t i a l  par- 

t i c l e s  ( A  >> 1) or  of par t ic les  projected i n  a vacuun. 

Among the non-intrusive optical  techniques, photography has been used 

extensively t o  measure the speeds and angles of par t ic les  approaching surfaces 

[491. Photographic methods includet multiple flash photography b0,511 , h i g h  

speed cameras bd , and streaking cameras b3I .  While photography can provide 

an impression of the phenomena occurring w i t h i n  a re la t ively large f i e l d  o f  

view, i t  is expensive, labor intensive and res t r ic ted  to  the plane of  illumina- 

t i o n .  In  addition, l imitations a r i se  re la t ing t o  the minimum par t ic le  s ize  and 

maximum cancentrations that  can be adequately resolved. For example, par t ic les  

smaller than 25 pm and moving a t  h i g h  speeds are  d i f f i cu l t  t o  detect w i t h  

accuracy. 

t o  i l l m i n a t e  the f i e ld  of view as i n ,  f o r  example, t h e  laser-speckle pho- 

tography technique 154,551 , or by employing the laser-Doppler velocimetry (LDV) 

technique. 

Sane o f  these l imitations can be relieved by u s i n g  laser  l i g h t  sheets 

I n  contrast t o  photography, which is a field-of-view technique, LDV allows 

pointwise determinations of par t ic le  velocity. 

described i n  considerable de ta i l  [56,571. 

a re  small enough that  X << 1 they closely follow 

motion b81. 
having good light-scattering character is t ics  i t  is possible, i n  principle,  to 

measure both the f l u i d  and par t ic le  phase velocit ies.  For t h i s ,  however, it. is  

The LDV technique has been 

I n  t h i s  approach if some par t ic les  

the instantaneous f l u i d  

Thus, by seeding a particle-laden f l ow  w i t h  much smaller par t ic les  
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necessary t o  be able t o  d i s t i n g u i s h  between signals emitted by small and large 

par t ic les  respectively, something tha t  can be accomplished u s i n g  Doppler signal 

amplitude and/or frequency discriminating techniques b9-661. Discussions con- 

. cerning t h e  accuracy of  particle-flow velocity measurements, par t ic le  s i r i n g  and 

concentration d i s t r i b u t i o n s  using LDV and related techniques are  given i n  

c67-721. 

Specific applications of LDV t o  flows i n v o l v i n g  erosion by s o l i d  par t ic les  

are  reported i n  I h J .  These authors obtained s t a t i s t i c a l  d i s t r i b u t i o n s  of  the 

tangential and normal velocity components of 0.5 - 60 pm ash par t ic les  impacting 

a metal surface (unspecified) a t  speeds ranging between 72 and 96 m/s. Although 

the i r  velocimeter system could n o t  resolve the correspanding velocity components 

of rebounding par t ic les ,  absolute values ranged between 6 and 60 m/s. 

Substantial differences have been observed between par t ic le  velocit ies deter- 

mined us ing  the LDV and rotating d i s k  methods, respectively c491. The uncer- 

ta inty of  the par t ic le  phase mean velocity was estimated t o  be 2 2.5% u s i n g  LDV 

and t 18% using the rotating disk method. 

The potential  usefulness o f  LDV i n  erosion experiments, is limited by d i f -  

F i r s t ,  use of the LDV technique f i c u l t i e s  peculiar t o  the erosion environment. 

i s  res t r ic ted  t o  f a i r l y  d i lu te  particle-laden gas flows. Second, even i n  d i lu te  

systems measurements of par t ic le  veloci t ies  near a surface are subject t o  

serious uncertainties. These a r i s e  as a resu l t  of the f i n i t e  s ize  of  the 

measurement volune and t h e  need t o  correlate  the incident character is t ics  of a 

given par t ic le  w i t h  t h e  rebound character is t ics  of the same par t ic le .  

single par t ic le  crosses the measurement volune, it is necessary t o  resolve the 

directional ambiguity of the motion (i.e.,  d i s t i n g u i s h  between the incident and 

rebound components o f  velocity).  I n  principle,  t h i s  can be done us ing  frequency 

s h i f t i n g  techniques that  bias the velocity measurements. However, when par t ic les  

When a 
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col l ide (or  sha t te r )  w i t h i n  the measurement volune i t  may n o t  be possible t o  

d i s t i n g u i s h  between the i r  respective velocity components (or  those of the 

fragments). T h i r d ,  i n  most erosion experiments par t ic le  s ize  is a controlled 

variable. Consequently, i n  monodisperse par t ic le  flows w i t h  eroding par t ic le  

diameters larger than 10-20 pm i t  s h o u l d  s t i l l  be possible to  d i s t i n g u i s h  bet- 

ween the motions of  the f l u i d  and par t ic le  phases on the basis o f  Doppler signal 

amplitude and/or frequency discriminating techniques. However, the distinction 

becomes increasingly d i f f i c u l t  to  make as the s ize  of the eroding par t ic les  

becomes smaller, approaching that  of the par t ic les  following the motion o f  the 

f l u i d  phase, and t h i s  may be an important source of uncertainty i n  h i g h l y  tur- 

bulent flows. 

3 .  FWDWENTAL CONSIDERATIONS 

Various basic issues are  considered i n  t h i s  section o f  the review that  help 

explain some of  the d i f f i cu l t i e s  facing experimental and theoretical  investiga- 

t i o n s  of erosive particle-laden gases while identifying and bounding the rele- 

vant problem parameters. 

3.1 F l u i d  Motion 

The b u l k  of particle-laden gas flows occur i n  the turbulent flow regime and 

a re  characterized by i r regular i ty ,  d i f f u s i v i t y ,  and three-dimensionality; a l l  o f  

which are  guaranteed above a c r i t i c a l  value of a character is t ic  Reynolds number. 

Although f l u i d  turbulence is a continuun phenomenon appropriately described by 

the conservation equations of f l u i d  mechanics c741 direct  numerical s o l u t i o n s  o f  

these equations a re ,  for  the moment, impossible to  obtain f o r  the complex con- 

figurations of engineering in te res t .  

responsible f o r  the very large range o f  scales of motion requiring extensive 

computer storage and calculation times t o  achieve accurate numerical solutions. 

This is due to  non-linear terms which are  
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An alternative is t o  employ Reynolds decomposition of t h e  f i e ld  variables i n  the 

instantaneous equations, and to  time (or ensemble) average these t o  obtain the 

mean flow equations. However, t h i s  procedure generates the Reynolds stresses 

which mus t  be approximated since, a f t e r  averaging, there are more unknowns than 

there are  equations t o  solve them. Several authors have reviewed various clo- 

sure schemes tha t  have proven especially useful t o  the engineering community 

[75-801. O f  these, t h e  k-e model b9,81-831 i s  of special in te res t  since it  

combines a degree of accuracy f o r  t u r b u l e n t  f l u i d  flow simulation commensurate 

w i t h  the approximations necessary t o  render par t ic le  motion and erosion predic- 

table.  

3 . 2  Part ic le  Motion 

Flows wherein suspended par t ic les  interact  are no t  limited t o  s i tuat ions 

i n v o l v i n g  the direct  physical contact of the par t ic les .  

even though the par t ic les  do n o t  col l ide (or do so infrequently) they are s u f -  

Situations a r i se  where 

f ic ien t ly  large i n  number or s ize  that they a f fec t  one another th rough  their  

collective influence on t h e  f l u i d .  

wake of a larger par t ic le ,  or  through a cloud o f  par t ic les ,  f a l l s  in to  t h i s  

category. 

For example, a par t ic le  passing th rough  the 

The question of averaging ar i ses  i n  relation t o  continurn (or 

eulerian” ) formulations of two-phase f l ow  transport equations. T h i s  leads quite I1 

naturally t o  a comparative evaluation between continuum and discrete (o r  

lagrangiang ) theoretical descriptions of particle-laden flows. In  t h i s  section 

we consider these issues but  a t t e n t i o n  should be called t o  more comprehensive 

sources of information on t h e  general subject of two-phase flow b4-1003. 

However, t h e  reader should note that none of  these references deals specifically 

w i t h  the role  o f  f l u i d  mechanics i n  erosion by par t ic le  impact. 
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3.2.1 Nan-interacting Part ic les  

Non-interacting par t ic le  motions a r i se  when the dynamics o f  any one par- 

t i c l e  are uninfluenced by the presence of  neighboring par t ic les  (e i ther  direct ly ,  

t h r o u g h  col l is ions,  or indirect ly ,  through the perturbed f l u i d  f i e ld ) .  The con- 

d i t i o n s  f o r  t h i s  correspond t o  f a i r ly  d i lu te  systems characterized by volume 

fractions a [volume of solids/total  volume) l e s s  than loe3 and mass loading 

ra t ios  y (mass of solids/total  mass) less  than 1 f o r  par t ic le-f luid systems w i t h  

pure phase density ra t ios  p 

are  of the order of 20 x dp or greater bd, where d is the effect ive 

(spherical equivalent) diameter of a par t ic le .  

pf  = lo3. Typically, then, in te rpar t ic le  distances d 
P 

The general lagrangian equation of motion for a single par t ic le  i n  

arbi t rary accelerated motion i s  given i n  c97I who discuss its derivation and 

solution. For the condition that  p pf  >> 1 the equation is: d 

- u  ) l U , - d  + I + gi 
d t  P i  P 

where i = 1, 2 ,  3 a re  the three Cartesian coordinate directions,  and instan- 

taneous velocity components for the par t ic le ,  upi, and the f l u i d ,  u f i ,  a re  

implied. 
+ + -+ 

In t h i s  equation, I uf - up I = I ur I is the modulus of  the instantan- 

eous re la t ive  velocity of the par t ic le  and gi is  t h e  i-component of  gravity. 

t h e  par t ic le  drag coeff ic ient ,  CD, empirical re la t ions covering a wide range o f  

par t ic le  Reynolds nunber a re  frequently used. Thus,  f o r  example, b81 suggests 

For 

1 2/3 ) 24 (1 + - Re 
6 P  

0 I Re P 5 500 

where Re = I f, 1 d / v i s  the par t ic le  t ranslat ional  Reynolds number based on 

t h e  modulus of the instantaneous re la t ive  velocity, the par t ic le  diameter and the 

f l u i d  kinematic viscosity,  v . 
P P 
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The drag coeff ic ient  given by Eq. (5 )  has been obtained experimentally, 

u s i n g  smooth spheres i n  streams of uniform flow w i t h  low turbulence intensity.  

However, i n  many systems the re la t ive  flow past a par t ic le  is turbulent due t o  

pre-existing time and length scales of motion. Where these scales a re  commen- 

surate  w i t h  those of t h e  par t ic le ,  t h e  e f fec t  of t h e  turbulence is  to  modify the 

instantaneous flow f i e ld  around t h e  par t ic le  and, hence, the net drag, which w i l l  

d i f f e r  frm tha t  predicted by Eq. 15). Experimental re la t ions are  available that  

expl ic i t ly  acccount f o r  the e f fec t  of turbulence s t ructure  on t h e  drag coef- 

f i c i en t s  for spheres. Turbulence-dependent coefficients for subcr i t ica l ,  c r i t i -  

ca l  and supercr i t ical  flow conditions as a function of the 

turbulence i n t e n s i t y  a re  tabulated i n  WI . In  principle,  

-+ 

P' 
could be used i n  Eq. ( 4 )  t o  calculate  u 

I t  is rarely t h e  case however, that  the instantaneous 

free stream re la t ive  

these correlations 

f l u i d  velocity, cf, 
i n  Eq. (4 )  is known for  t u r b u l e n t  flow configurations of practical  interest .  

More l ike ly ,  t h e  mean velocity, U f ,  w i l l  have been determined experimentally, or 

via numerical computation employing a turbulence model. 

terms i n  Eq. (4), subject to t h e  assumption that  t h e  instantaneous veloci t ies  Gf 
and 

yields an equation for the mean par t ic le  velocity, 

on a separate, rather complicated term that  accounts expl ic i t ly  for the correla- 

t ions among the velocity fluctuations. The correlations accaunt for the so-called 

"turbulence d r i f t  velocity" C l O l l  due to  turbulent d i f f u s i o n ,  which is  frequently 

calculated us ing  a f l u x  or gradient model approximation. 

modeling t h e  d r i f t  velocity is to  calculate GP direct ly  from Eq. ( 4 )  u s i n g  

Uf = Uf + c i  for t h e  instantaneous f l u i d  velocity, where t h e  fluctuation is  

determined and added to  the mean velocity according to  some rule. 

mean par t ic le  velocity, 

-t 

Ensemble averaging the 

-+ can be Reynolds-decomposed into means (bf, U p )  p l u s  f luctuations (6; , c ; ) ,  
-t 

P 
which depends on 3, and 

"P 

An a l ternat ive t o  

-c + 

Then, the 
-+ 

i f  required, m u s t  be found by averaging over several 



20. 

real izat ions of the computed flow. Oirect determinations of  subject t o  

rules f o r  ;f that  preserve the basic character of  the turbulent motion,  have 

been performed ~83,a02-1041. 

P '  

The assunptions embodied i n  Eq. (4)  are: a )  quasi-steady motion of  non- 

interacting spherical par t ic les ;  

Basset, Magnus and Saffman forces; c )  the only body force is that due t o  gra- 

v i t y .  The accuracy of  assumptions ( a )  and ( b )  are  discussed by i n  b 8 l  who 

concludes tha t ,  except for the neglect of the Basset h i s t o r y  term, the assump- 

t ions are  ju s t i f i ed  i n  particle-laden gas flows. 

pIJpf > lo3 ,  C9d shows that  the Basset force becomes smaller than 10% of the 

Stokes drag f o r  times larger than 1/2 T where T is the character is t ic  par- 

t i c l e  relaxation or response time given by 

b)  negligible vir tual  mass, pressure gradient, 

For density ra t ios  

P'  P 

i n  which p is  the f l u i d  viscosity and f = Re C 24. If 'I: is nondimensional- 
D P d P 

-h 
ized by a character is t ic  flaw time scale,  such as -rf = I-J I U f c  I where Lc and 

1 cfc I are  a character is t ic  length and a mean f l u i d  velocity scale respectively, 

the "momentun equilibration" nunber, A ,  is defined 

X = T f  ? D  / T f  . (6b)  

Far fD = 1, corresponding to  creeping flaw, X becomes identical. t o  the OB inertia" 

or Stokes nunber, S t  = T /T 

interchangeably, i t s  precise value being determined by Eq. (6b).  

In t h i s  review the two names f o r  X w i l l  be used 
P f' 

While t h e  neglect of Magnus and Saffman forces may be reasonable i n  the 

b u l k  of a flow, a t  sol id  surfaces where par t ic les  can rebound w i t h  large angular 

veloci t ies  and near which regions of  strong f l u i d  shear are  induced, the magni- 
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tudes of these terms may be s ignif icant  re la t ive  t o  the drag term. 

b u l k  o f  the flow, if the turbulence fluctuations are intense, Saffman forces can 

a l t e r  par t ic le  t ra jec tor ies  and induce corresponding large scale f l ow  inhomoge- 

ne i t i e s  b3J. 

Even i n  the 

For a prescribed variation of t h e  f l u i d  velocity components, u f i ,  the 

numerical s o l u t i o n  of  Eq.  (4)  is  readily achieved using a Runge-Kutta integra- 

t i o n  technique. The trajectory of a par t ic le  can be found from i t  velocity 

components according t o t  

dxi 

P i  
r = U  

With a knowledge of par t ic le  speeds and t ra jec tor ies  it is possible t o  extra- 

polate f o r  the incidence speeds and angles a t  the impact locations b5,37-39,831. 

From the incidence values erosion may be determined w i t h  an appropriate wear 

model b9,831. 

3 .2 .2  Interactinq Part ic les  

The dynamics of  interacting par t ic le  f lows have been the subject of  i n -  

depth research [87-891. 

suggest tha t  f o r  mass loading r a t io s  y < 1 (a < lom3) af particle-gas systems 

Calculations based on the theeries o f  [105,1061 

w i t h  p Pf = 103, part ic le-par t ic le  col l is ions are  infrequent. 

these conditions t h e  average in te rpar t ic le  distance is less  than 20 x d and i n  

turbulent flow t h i s  may not be suf f ic ien t  t o  rule o u t  indirect  interactions 

among par t ic les ,  especially i n  regions where large s l i p  veloci t ies  a r i s e  between 

the two phases. 

However, for d 
P 

For conditions where the motion o f  t h e  par t ic le  phase a f f ec t s  

the motion of the f l u i d  phase (two-way coupling) the two motions must  be calcu- 

la ted simultaneously ~107,1081. 



22. 

Indirect par t ic le  interactions have been considered by Hinze b3I who 

distinguishes among: 

f l u i d ;  b )  e f fec ts  due to  t h e  wakes o f  the par t ic les  w i t h  large re la t ive  velo- 

c i t i e s ;  c )  e f fec ts  on the turbulence intensi ty ,  the integral  scale ,  the eddy 

d i f f u s i v i t y  and viscous dissipation of the f l u i d  due  t o  the fac t  that  the f l u i d  

occupies less space; d )  clustering of  par t ic les ,  which on the scale of the 

c lus te rs  may modify the f l u i d  flow pattern. 

a )  e f fec ts  due t o  the increased effect ive shear ra tes  i n  the 

Associated w i t h  (a )  and ( b )  are  

modifications t o  the energy spectrum of the f l u i d  i n  the wave nunber ranges 

corresponding to  the average inter-par t ic le  distance and the par t ic le  diameter 

respectively. 

increasing par t ic le  concentrations, i n  agreement w i t h  experimental measurements 

and theoretical  analyses performed for d i lu te  systems. 

T h i s  implies increasing f l u i d  phase dissipation ra tes  w i t h  

I n  principle,  i t  should be possible to  extend the form of  Eq. ( 4 )  t o  

include acceleration terms arising from di rec t  and' indirect  par t ic le  interac- 

t ions,  respectively. For example, nunerical simulations of  the a i r  f low o f  

10 and 210 Um alunina-silica par t ic les  through a venturi meter show that  the 

inclusion of direct  par t ic le-par t ic le  interactions s ignif icant ly  a l t e r s  the pre- 

dicted character is t ics  for y > 2 ,  as  a resu l t  of the momentun exchanges between 

the two phases Cl09l. 

co l l i s ions  among par t ic les  and neglects multiple scattering bo]. 
the interaction term is complex and, while there is no direct  evidence of  i ts  

val idi ty ,  its inclusion i n  the nunerical formulation improved t h e  agreement bet- 

ween measurements and calculations of pressure drop and pressure recovery 

through a venturi meter for mass loading r a t io s  y > 2. 

The model used for d i rec t  interactions assunes e l a s t i c  

The form o f  

I n  flows where strong par t ic le  interactions a r i s e ,  it is inappropriate t o  

use standard (single sphere) drag coefficient re la t ions and modified drag coef- 

f i c i en t s  are required b8J. Because of  the complexities involved, one m u s t  rely 
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on experimental measurements of the coeff ic ients  for specif ic  configurations and 

flow c o n d i t i o n s  of in te res t .  

t a i n t i e s  a re  rather large. 

Unfortunately, the associated experimental uncer- 

3 .2 .3  The Effects of Turbulence 

There is considerable l i t e r a t u r e  pertaining to  the influence of turbulence 

on par t ic le  motion, par t icular ly  i n  re la t ion to  par t ic le  dispersion i n  t h e  b u l k  

o f  a f l u i d .  

presence of a surface: a )  a l t e r s  the dispersion mehanism(s); b)  changes the 

par t ic le  f l u x  t o  the surface; c) influences the evolution of the wear patterns 

observed as  a r e su l t  of evolving surface topography. 

and Hinze b3J have considered some fundamental aspects of turbulent f l u i d -  

par t ic le  interactions.  A brief summary of the most relevant f i n d i n g s  i n  these 

and some related investigations is offered here. 

By contrast ,  there is very l i t t l e  information regarding how the 

Among others, Owen bd 

Hinze b31 has investigated t h e  response time of a discrete  spherical 

par t ic le  re la t ive  to  the various character is t ic  times of the turbulent car r ie r  

f l u i d .  

t h e  Kolmogoroff (diss ipat ive)  micro-scale of turbulence, w i l l  respond to  the 

motion of  t h e  smallest eddies. 

Among h i s  major conclusions a re  that  par t ic les  w i t h  d q 5 1, where q is d 

The approximate condition f o r  t h i s  is given by: 

where B is  a coefficient of order 1 related to  the vir tual  mass contribution to  

t h e  par t ic le  momentun balance. For sand i n  a i r  

g ives  d /n = 0.1. In  a typical turbulent flow a t  h i g h  Reynolds number P 
11 = 10 - 100 urn, imp ly ing  that  par t ic les  w i t h  d < 1 - 10 pm w i l l  respond t o  

t h i s  scale of motion. 

( p d p f  - 2000) t h i s  condition 

P 
By contrast ,  the condition for par t ic les  of the same den- 
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s i t y  r a t io  t o  adapt t o  t h e  motions of the large energy-containing eddies, say a f  

size t ,  is given by: 

- 
where the t i l d e  i n  uf denotes the r.m.s. component (or  some related charac- 

t e r i s t i c  measure) of the turbulent f l u i d  velocity. For the case of sand i n  

a i r  flowing th rough  a 20 inch (0 .5 m )  diameter p i p e ,  noting that typically 

v/if  R <  100, Eq. (9)  yields d < m. Thus,  
P 

w i l l  be re la t ively insensit ive to  a l l  scales of  

From the above resu l t s  i t  is  clear  that  i n  

flows there can ex is t  a range of  par t ic le  s izes  

heavy par t ic les  larger than 1 mm 

turbulent motion i n  a i r .  

many industr ia l  particle-laden 

and flow conditions capable of  

sat isfying Eq. (9)  while not sat isfying Eq. (8). These par t ic les ,do  n o t  

experience the f u l l  spectrm of  turbulence and one anticipates considerable d i f -  

f i cu l ty  i n  attempting t o  model the influence of turbulence on their  motion 

b3,llOI . 
For par t ic le  suspensions w i t h  P pf >> 1 the Magnus force induced by 

By contrast ,  par t ic les  w i t h  d d n  

d 
par t ic le  rotation is generally small. 

immersed i n  the t h i n  shear layers that  can develop between eddies may experience 

large l a t e r a l  forces that  drive them th rough  the shear layers d u r i n g  the l i f e -  

time of the eddies. T h i s  force is  referred t o  as the Saffman force. It can 

induce clustering of  par t ic les  w i t h i n  eddies, where the shear ra tes  are  lower, 

and promote large scale concentration fluctuations tha t  a f fec t  the turbulence 

character is t ics  of the suspension. The Magnus and Saffman forces are  discussed 

i n  more de ta i l  i n  Section 3 . 3 . 3  f o r  par t ic les  rebounding from surfaces. 

1. 
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For long d i f f u s i o n  times, analyses of par t ic le  motion must allow f o r  

the possibi l i ty  tha t  t h e  par t ic le  w i l l  escape from the f l u i d  sur rounding  i t  o r i -  

ginally.  

phase t o  f l u i d  phase eddy d i f f u s i o n  coeff ic ients ,  b u t  t h i s  is  a t  variance w i t h  

experimental evidence clll, 112 and nunerical calculations ~llO,l13,114l, which 

show that  for  large dense par t ic les  i t  is possible t o  f i n d  v v f  > 1. 

predicts that  w vf increases markedly when the par t ic le  s ize  becomes o f  the 

order of, or larger than, the Taylor microscale, X T  [ i d .  

t h i s  suggests a f i l t e r e d  response of the par t ic les  t o  the spectrum o f  f l u i d  tus- 

bulence. 

Most theoretical  analyses yield v Pf  1 f o r  the r a t io  of  part ic le  

Theory d 
d 

&cause rl c< A T  c< , 

The e f f ec t s  of par t ic les  on the turbulence of  a gas phase have also been 

investigated by Owen bd i n  re la t ion t o  the pneumatic transport o f  part ic les  

through horizontal pipes. 

regime, he shows that  the dissipation of turbulent kinetic energy by the f l u i d  

phase i n  a pipe flow a t  f i x e d  Reynolds number increases w i t h  increasing par t ic le  

For dilute  systems of  small par t ic les  i n  Stokes flow 

concentration. 

velocity fluctuations w i t h  and w i t h o u t  small par t ic les  present s h o u l d  vary 

A related resul t  is tha t  the r a t io  of character is t ic  gas-phase 

according t o  8 

Assuming tha t  the turbulent length scale R is no t  affected by the presence of  

the par t ic les ,  t h e  r a t i o  of eddy d i f f u s i o n  coeff ic ients  f o r  f l u i d  w i t h  and 

without par t ic les ,  V f , / v f  , s h o u l d  also vary according t o  Eq. (10). 

resu l t  is a reduced eddy d i f f u s i o n  coeff ic ient  of  f l u i d  w i t h  par t ic les  rela- 

t i ve  t o  f l u i d  without par t ic les .  

The 
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The extension of Eq. (10) t o  apply to  larger par t ic les  prone to  turbulence- 

spectrun f i l t e r i n g  e f fec ts  yields: 

N 

where T i s  given by Eq.  (6) and -re ( S R  /uf )  is t h e  character is t ic  time of an 
P 

. energy-containing eddy. 

I n  considering how par t ic les  i n  p i p e  flow are  projected towards a wall, 

Owen proposes that  the par t ic les  are convected from regions of intense t u r -  

bulence outside the viscous sublayer by occasional eddies that  penetrate the 

sublayer. 

region into two layers. 

t i o n  normal t o  the wall) by the action of  turbulent diffusion, leading to  the 

Near the wall the par t ic les  are  convected instead, 

From the par t ic le  dynamics point o f  view, Owen divides the wall flow 

Away from the wall par t ic les  are  dispersed ( i n  a direc- 

d i f f u s i o n  regime'm layer. n 

hence the terminology "convection regime" layer. Wi th in  the d i f f u s i o n  layer 

T @ ~  < 1, while w i t h i n  the convective layer r@e 2 1. (Near t h e  wall a more 

appropriate estimate f o r  re is given by v/u: where uT = (,w/pf)l'z i s  the f r i c -  

t i o n  velocity a t  t h e  p ipe  wall, T~ being the wall shear s t r e s s . )  

Rizk and Elgobashi Cll5J have analyzed the influence of a plane wall on the 

motion of spherical par t ic les  suspended i n  a turbulent f l u i d .  

extension of ea r l i e r  work [1161 wherein t h e  lagrangian equation of par t ic le  

The s t u d y  is an 

motion is treated as a l inear ,  stochastic integro-differential  equation to  which 

the Fourier transform i s  applied. The authors extended the formulation i n  c1161 

t o  account for  the additional wall-induced drag on a par t ic le  and the Saffman 

l i f t  force due to  shear. 

intensi ty ,  energy spectrum and double velocity correlation coefficient o f  the 

Expressions were obtained that r e l a t e  the turbulence 
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two phases .  . Their r e s u l t s  apply t o  par t ic les  smaller t h a n  the d i s s i p a t i v e  s c a l e  

o f  motion f o r  which bo th  Re << 1 and Res << 1. 
P P 

t i o n a l  Reynolds nunber as d e f i n e d  above w h i l e  Res = d2 51 /v is  the par t ic le  shear 

Reynolds n m b e r  based on t h e  modulus of t h e  f l u i d  v o r t i c i t y  v e c t o r ,  3,. Thei r  main 

c o n c l u s i o n s  are that  i n  t h e  v i c i n i t y  of  a wall: 

a r e  more s t r o n g l y  damped t h a n  t u r b u l e n t  par t ic le  f l u c t u a t i o n s ;  ii) the r.m.s. 

v e l o c i t y  of a p a r t i c l e  n e a r  a wall is g r e a t e r  t h a n  that o f  a particle removed 

from t h e  wall, p a r t i c u l a r l y  i n  t h e  d i r e c t i o n  normal t o  the wad1 t o  which the 

shear l i f t  f o r c e  c o n t r i b u t e s  s t r o n g l y ;  iii) the r e l a t i v e  i n f l u e n c e  of  the l i f t  

f o r c e  on particle motion e x t e n d s  f u r t h e r  from t h e  wall t h a n  the a d d i t i o n a l  

v i s c o u s  drag ;  i v )  a particle's r e s p o n s e  t o  t u r b u l e n t  f l u i d  f l u c t u a t i o n s  

decreases w i t h  i n c r e a s i n g  particle s i z e  and  d e n s i t y .  

form e x p r e s s i o n s  f o r  t h e  w a l l - d i s t a n c e  dependence o f  t h e  above o b s e r v a t i o n s .  

The F o u r i e r  t r a n s f o r m  methodology developed i n  c1161 a l l o w s  them t o  f i n d  

e x p r e s s i o n s  of the form, 

(Re is the par t ic le  t r a n s l a -  

P f  

i) t u r b u l e n t  f l u i d  f l u c t u a t i o n s  

The a u t h o r s  p r o v i d e  c l o s e d  

J 
0 

which relate t h e  t u r b u l e n c e  i n t e n s i t y  of  t h e  particle motion 'to that  o f  t h e  

s u r r o u n d i n g  f l u i d  through t h e  l a t t e r ' s  energy  s p e c t r u n  and the r a t i o  o f  two 

polynomia ls ,  61, which depends on t h e  flow f l u c t u a t i o n  f requency ,  the p a r t i c l e  

f l u i d  d e n s i t y  r a t i o  and t h e  d i s t a n c e  f rm t h e  wall. 

F i g u r e  4 from these a u t h o r s '  work shows normal i sed  p a r t i c l e  and f l u i d  r.m.s. 

v e l o c i t i e s  para l le l  and  normal t o  a wall as a f u n c t i o n  o f  t h e  d imens ionless  wall 

d i s t a n c e  y+ = YUT/V. The c a l c u l a t i o n s  are f o r  pp/pf 1 1 5 0 0 ,  roughly  

c o r r e s p o n d i n g  t o  c o a l  particles i n  a i r  a t  25OC. As for  y ,  the par t ic le  sires have 

been normal i sed  byv/uT.  

h17J of  pure f l u i d  phase f l u c t u a t i o n s  w i t h  which t h e  a u t h o r s  o b t a i n  agreement 

The d o t s  i n  t h e  f i g u r e  cor respond t a  measurements 
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Figure 4. Fluid (u,  dots) and particle (v, lines) rms velocities parallel (x-component) and normal 
(y-component) to a wall for a particle/fluid density ratio pdpf = 1500 and different dimension- 
less particle sizes, d+. Conditions correspond to a dilute suspension of spherical particles in  a 
fully developed turbulent channel flow with Re = 7,700. Based on calculations by Kizk and 
Elgobashi [115] and measurements by Mreplin and Eckelmann [ I  171. 
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+ 
provided dp I 0.02. 

Qual i ta t ive  confirmations of many of t h e  f i n d i n g s  presented i n  t h i s  section 

a re  to  be found i n  nmerous experiments performed i n  particle-laden j e t s  and 

p i p e  flows k6,82,104,118-121~. I n  t1201, the f l u i d  turbulence and its mean 

velocity gradient were markedly reduced by par t ic les  near a wall i n  pipe flow. 

Impacting par t ic les  accounted for a large fraction of t h e  wall shear s t r e s s  and 

t h e  attendant observed reduction i n  the f r ic t ion  factor. I n  Ik6,12d, 

laser-Doppler measurements provide a clear impression of the response o f  the 

mean and fluctuating flow component's to  par t ic le  s ize  and concentration. 

authors of L66J investigated t h e  flow of particle-laden a i r  th rough  a ver t ical  

The 

p i p e .  

gated a t  pipe Reynolds nmbers of approximately 2.2 x lo4. 

pipe cross-section, large par t ic les  were found t o  increase the a i r  turbulence 

Flows w i t h  par t ic les  ranging i n  s ize  from 200 urn t o  3 mm were investi- 

I n  general, over a 

while small par t ic les  reduced it .  

i n  di rect  proportion t o  par t ic le  concentration. Increases i n  turbulence were 

most noticeable i n  t h e  core of the f low,  while the decreases were marked near 

the p ipe  wall. 

s i m u l  t aneousl y . 

Both of these e f fec ts  were observed t o  vary 

Intermediate par t ic le  s izes  (500 m) showed both e f fec ts  

I n  s m a r y ,  i n  spite of considerable work of which a small sample has been 

discussed here, a wide gap pers i s t s  between t h e  qual i ta t ive atid quantitative 

understanding of t h e  e f fec ts  of turbulence on par t ic le  motion i n  two-phase flow. 

Most of t h e  trustworthy quantitative information available for particle-laden 

gases pertains almost exclusively to  d i lu te  systems of small par t ic les  away from 

walls. The important constraints imposed by the presence of sol id  surfaces i n  

t h e  flow, and t h e  implications for erosion, remain undocmented and very poorly 

understood. Theoretical attempts t o  model turbulence e f f ec t s  on particle? motion 
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rely ei ther  on experimentally determined drag correlations that  are prone t o  

serious uncertainties,  or on ad hoc extensions of  formulations premised on con- 

siderations relat ing to  single par t ic les .  

condition p 

analytical  solutions are  few and one must  rely instead on numerical methods to  

calculate par t ic le  speeds and t ra jector ies .  

Even far  gas-solid systems, where the 

pf >> 1 simplifies the par t ic le  equation of motion considerably, d 

3 .2 .4  

A lagrangian description of par t ic le  motion implies a par t ic le  phase which 

Lagrangian versus Eulerian Descriptions of Par t ic le  Motion 

i s  discrete i n  nature. The eulerian description t r e a t s  the par t ic le  phase as 

a continuun tha t  admits appropriate definit ions of  averaged f i e ld  quantit ies.  

Both approaches have been used extensively i n  the l i t e r a tu re .  

The lagrangian approach predicts the speeds and t ra jec tor ies  of  individual 

par t ic les  as a resu l t  of a force balance taken on each par t ic le ;  see Eq. [4). 

By assuming different  i n i t i a l  locations and s izes ,  and u s i n g  s t a t i s t i c a l  tech- 

niques, the motion o f  the par t ic le  phase and i ts  interactions w i t h  the f l u i d  can 

be calculated. I n  the eulerian approach conservation equations embodying postu- 

la ted const i tut ive relat ions a re  solved t o  predict the f i e ld  d i s t r i b u t i o n s  a f  

momentum and volune fraction of each phase. 

momentum equation is closely connected t o  i t s  lagrangian equivalent since the 

former can be derived from t h e  l a t t e r  by averaging over t h e  par t ic le  phase. 

both the lagrangian and eulerian approaches, the particle-fluid momentum 

equations a re  coupled through the drag source/sink terms and th rough  the volume 

fraction of  the par t ic le  phase, 

small, two-way coupling between the phases is  reduced t o  the drag interactions 

mutually induced. 

par t ic le  drag on the momentum balance of the f l u i d  phase i s  negligible. 

The form of the eulerian par t ic le  

In 

If the volune fraction of par t ic les  is very 

A one-way coupling condition ex is t s  when the influence of 



The r e l a t i v e  advan tages  and d i sadvan tages  of  l a g r a n g i a n  and e u l e r i a n  

d e s c r i p t i o n s  of  particle motion have been d i s c u s s e d  [122-125]. 

l a g r a n g i a n  approach y i e l d s  a more detailed phys ica l  d e s c r i p t i o n  o f  the par t ic le  

phase, such  as i n d i v i d u a l  par t ic le  speeds, t r a j e c t o r i e s  and r e s i d e n c e  times, it  

is more germane t o  t h e  problem of  p r e d i c t i n g  e r o s i o n .  

a p p e a r s  t o  be less prone  t o  numer ica l  d i f f u s i o n  e r r o r s ,  is more s table  i n  f lows 

w i t h  l a r g e  particle v e l o c i t y  g r a d i e n t s  and is readily a p p l i e d  t o  polydispersed 

p a r t i c l e  systems.  

systems w i t h  s i g n i f i c a n t  p a r t i c l e - f l u i d  and p a r t i c l e - p a r t i c l e  i n t e r a c t i o n s 8  a )  

model f o r m u l a t i o n s  are inadequa te  due t o  a lack of  fundamental  unde r s t and ing  

conce rn ing  t h e  i n t e r a c t i o n s ;  b) l i m i t a t i o n s  related t o  computer s t o r a g e ,  ca l cu -  

l a t i o n  times and convergence arise. 

Because the 

The l a g r a n g i a n  approach 

On the n e g a t i v e  side are t h e  facts t h a t  i n  c o n c e n t r a t e d  

I n  p r i n c i p l e ,  the e u l e r i a n  d i s c r i p t i o n  is favored  by h i g h  c o n c e n t r a t i o n s  o f  

the particle phase. 

o f f e r s  a formal  methodology f o r  developing  numer ica l  models d e a l i n g  w i t h  d i rect  

and i n d i r e c t  particle i n t e r a c t i o n s  and f l u i d  t u r b u l e n c e  clOO,126-1291 In  sp i te  

o f  its formal  framework, however, i n  practice the c o n t i n u r n  modeling o f  i n t e r a c -  

Through r i g o r o u s  d e f i n i t i o n s  o f  ave rag ing  p rocedures  i t  

t i o n s  l e a d i n g  to  c o n s t i t u t i v e  r e l a t i o n s  f o r  p a r t i c l e - p a r t i c l e  and p a r t i c l e - f l u i d  

stresses is i n  i ts in fancy .  The r eason  f o r  t h i s  is the same as f o r  the 

l a g r a n g i a n  approach;  an  i n s u f f i c i e n t  unde r s t and ing  of  the complex particle- 

p a r t i c l e  and  p a r t i c l e - f l u i d  i n t e r a c t i o n s  t h a t  arise i n  t u r b u l e n t  f low,  and t h e  

mathematical c o m p l e x i t i e s  of r e p r e s e n t a t i n g  these phenomena, even i n  an averaged  

sense .  However, one  canno t  deny the u s e f u l n e s s  o f  formal  e u l e r i a n  fo rmula t ions  

and the  p o t e n t i a l  of h y b r i d  l a g r a n g i a n - e u l e r i a n  f o r m u l a t i o n s  has yet t o  be 

exp lo red .  I n  a h y b r i d  approach  t o  predict e r o s i o n ,  f o r  example, t h e  particle 

phase c o u l d  be described v i a  a l a g r a n g i a n  fo rmula t ion  n e a r  s u r f a c e s  and via an 

e u l e r i a n  fo rmula t ion  away from s u r f a c e s .  



31. 

For the eulerian description of  particle-fluid motion the question ar ises:  

under what conditions can the dispersed par t ic le  phase be viewed as a continuum? 

The question is  important since, i n  principle,  the continuum framework greatly 

f a c i l i t a t e s  the derivation of formal theoretical  re la t ions describing the 

influence of  particle-fluid and par t ic le-par t ic le  interactions i n  the mixture 

flaw, and t h i s  can be of great computational advantage. 

averaged f i e ld  equations appropriate to fluid-particle flows, it may be pre- 

I n  formulating a s e t  of  

ferable t o  postulate macroscopic equations without reference t o  the microscopic 

de t a i l s  [l30,131] . 
of  Drew [100,126,127] and others and look t o  the discrepancies between measure- 

ments and predictions of relevant flow variables t o  a s s i s t  i n  the convergence of 

t h i s  approach. 

B u t ,  for  guidance, one should consider the averaging methods 

The continuum equations proposed by Hinze b3,1301 have been the basis far  

eulerian calculations of particle-laden turbulent flows. 

obtained by applying the Reynolds decomposition procedure followed by averaging 

of the instantaneous transport equations. Extended forms of these equations and 

the consti tutive relat ions have been used f o r  calculating erosive wear i n  curved 

channels [8d, t o  calculate par t ic le  dispersion i n  a mixing layer flow CllSl ,  

and to  predict solid-liquid suspensions i n  s t i r r e d  vessels cl3d. 

issue is tha t ,  even i f  the par t ic le  phase is d i lu te  (a cc l ) ,  there mus t  be s u f -  

f i c i en t  par t ic les  i n  the smallest turbulent eddy to  appropriately define sta- 

t i s t i c a l  averages of particle-related variables such as density and velocity. 

T h i s  point is addressed by Hinze cS3I who suggests that  S/v I 0.1, where s is  

the average separation-distance between par t ic les ,  for the concept of a con- 

t inuum to  apply. 

mulations that  proved applicable i n  s i tuat ions that  d i d  not meet t h i s  cr i ter ion.  

The equations are  

The main 

Notwithstanding, Hinze gives examples of continuun for- 
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3.2.5 Nunerical Modelinq and Applications 

Among the major contributions t o  the subject of predicting par t ic le  motions 

i n  systems of engineering in te res t  is  t h e  c lass ical  analysis performed by Taylor 

b331 relating t o  raindrop impingement and i c i n g  

s t u d y  a lagrangian formulation was pursued i n  which t h e  force acting on a par- 

t i c l e  was at t r ibuted solely t o  mean flow drag. 

resistance laws for spec i f iy ing  the par t ic le  drag coefficient were considered, 

on a i r c r a f t  wings. In  t h i s  

Both Stokes’ and Newton’s 

b u t  the analysis focused on solutions f o r  the former condition o n l y ,  fo r  the 

cases of inviscid stagnation p o i n t  flows on a f l a t  surface and on a large 

cylinder respectively. 

nunber X < 1/4, i f  a t  any time a par t ic le  is  travell ing w i t h  the f l u i d  velocity, 

a t  no subsequent time w i l l  i t  s t r i k e  the surface. For X > 1/4 a par t ic le  always 

Taylor found tha t  for  values of the par t ic le  iner t ia  

s t r ikes  the surface provided that a t  sane time i n  its trajectory i t  moves wi th  

the f l u i d  velocity. 

From h i s  analysis Taylor drew various important qual i ta t ive conclusions 

pertaining to  t h e  d e n s i t y  d i s t r i b u t i o n  of surface par t ic le  impacts. 

studies of the same problem, using Taylor’s analytical  approach, Laitone b5,37] 

I n  l a t e r  

quantified the surface par t ic le  f l u x  distribution as well as the par t ic le  impact 

angles and speeds, as  a func t ion  of i n i t i a l  location, i n i t i a l  velocity and iner- 

t i a  nunber. 

empirically adjusted cutt ing wear model c83. 

dicted i n  b7J is shown i n  Fig.  5 as  a function of par t ic le  i ne r t i a  number, A .  

The r a t e  of erosion is  seen t o  increase by more than one order of magnitude when 

Erosion was calculated using these resu l t s  i n  conjunction w i t h  an 

The re la t ive  r a t e  of erosion pre- 

X is  increased from 0.4 t o  2. The minimun shown i n  the erosion curve, between 

A = 0.25 and 0.4, is due to  t h e  reduced par t ic le  impact velocity i n  t h i s  range 

of  A .  

of the exponent i n  t h e  velocity dependence of erosion9 See Eq. (3) .  

From t h e  analytical  model, Laitone established a range for  t h e  variation 

As 



E'  

0 I 2 3 4  5 6  7 x 

Figure 5. Effect of particle momentum equilibration nuyber, h, on the relative erosion of a wall 
in a region of 2-D 'stagnation point flow. In the figure, E = E x total mass of particles impacting 
the surface. E' M VT for n = 2 in Eq. (1). The steep rise in erosion is due to the strong depen- 
dence of V1 on h. Based on calculations by Laitone [37]. 
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d i s c u s s e d  i n  the I n t r o d u c t i o n ,  the r a n g e  predicted for  the exponent  is i n  

agreement  w i t h  e x p e r i m e n t a l  f i n d i n g s  and,  more i m p o r t a n t l y ,  the a n a l y s i s  a f f o r d s  

a p u r e l y  f l u i d  mechanical  i n t e r p r e t a t i o n  o f  t h e  exponent  v a r i a t i o n  i n  v e l o c i t y ,  

as opposed t o  a materials-related i n t e r p r e t a t i o n .  

The s t u d i e s  by Taylor and L a i t o n e ,  respectively, assumed i n v i s c i d  flows i n  

s o  far  as a p r e s c r i p t i o n  o f  t h e  f l u i d  v e l o c i t y  was concerned.  

e n t e r e d  the f o r m u l a t i o n s  o n l y  t o  de te rmine  t h e  drag f o r c e  a c t i n g  on a par t ic le  

( v i s c o s i t y  

v i a  a r e s i s t a n c e  law.) Such an approach y i e lds  no i n f o r m a t i o n  on p o s s i b l e  boun- 

dary layer effects on particle motion and e r o s i o n .  Near a s o l i d  s u r f a c e  the no- 

s l i p  c o n d i t i o n  imposes a surface-normal  g r a d i e n t  i n  t h e  f l u i d  v e l o c i t y  component 

t a n g e n t i a l  t o  the s u r f a c e .  T h i s ,  i n  t u r n ,  can affect  the drag exchanges between 

f l u i d  and  particles t r a v e r s i n g  t h e  boundary layer. 

i n v e s t i g a t e d  a n a l y t i c a l l y  f o r  t u r b u l e n t  f low, by p r e s c r i b i n g  a 1/7 power law 

d i s t r i b u t i o n  f o r  the mean t a n g e n t i a l  v e l o c i t y  component of  the f l u i d  phase 

[134]. 

t i a l  component of  t h e  l a g r a n g i a n  particle e q u a t i o n  o f  motion t o  calculate the 

effects  of  a boundary l a y e r  on t h e  impact  speeds and i n c i d e n c e  a n g l e s  o f  par- 

t icles e n t e r i n g  t h e  boundary layer w i t h  specified i n i t i a l  v e l o c i t y  c w p o n e n t s .  

The problem has been 

This  v e l o c i t y  d i s t r i b u t i o n  was used a s  the d r i v i n g  f o r c e  i n  the tangen- 

The above s t u d i e s  i l l u s t r a t e  the v a l u e  o f  a n a l y t i c a l  approaches  f o r  

i n v e s t i g a t i n g  par t ic le  n o t i o n  and e r o s i o n  i n  r e l a t i v e l y  simple flow con- 

f i g u r a t i o n s  w i t h  one-way ( f l u i d  t o  par t ic le)  coupl ing .  

g i v e n  i n  b0,135,136]. 

Other examples are 

However, most flows of e n g i n e e r i n g  i n t e r e s t  a r e  three- 

d imens iona l ,  t u r b u l e n t  and o f t e n  c o n s t r a i n e d  by h i g h l y  complex boundary con- 

d i t i o n s .  For such  systems theoretical a n a l y s i s  must be performed n u n e r i c a l l y ,  

u s i n g  high-speed l a r g e - s t o r a g e  computers.  

Nunerical c a l c u l a t i o n  approaches  f o r  p a r t i c l e - l a d e n  f lows can be d i v i d e d  

i n t o  two groups ,  a c c o r d i n g  t o  whether the particle phase is  c o n s i d e r e d  discrete 
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o r  con t inuous  i n  n a t u r e .  

t h e  par t ic le  phase is d i l u t e  or c o n c e n t r a t e d  and one-way or  two-way c o u p l i n g  

c o n s i d e r a t i o n s  a p p l y ,  and whether the flow is  l amina r  or t u r b u l e n t .  For tur- 

b u l e n t  f lows a f i n a l  c l a s s i f i c a t i o n  rests upon the t y p e  o f  c l o s u r e  scheme 

( t u r b u l e n c e  model) used. 

t o  p r e d i c t  e r o s i v e  t u r b u l e n t  f lows i n c l u d e  l a g r a n g i a n  (discrete p a r t i c l e  phase)  

f o r m u l a t i o n s  b8,39,83,137] and e u l e r i a n  (continuum particle f low) f o r m u l a t i o n s  

[a i l .  

m i n i s t i c  two-equation k-e model of  t u r b u l e n c e  t o  s i m u l a t e  t h e  t u r b u l e n c e  o f  the 

f l u i d  phase. 

v i s c o s i t y ,  t h i s  model i l lus t ra tes  the impor tance  o f  t u r b u l e n c e  i n  particle 

d i s p e r s i o n  and e r o s i o n .  

s o t r o p i c  e r o s i v e  f lows t y p i c a l  of the i n d u s t r y  shou ld  be p o s s i b l e  w i t h  more 

advanced c l o s u r e  schemes [79,80 138 I 1391 bu t  these approaches  can  be corn- 

p u t a t i o n a l l y  i n t e n s i v e ,  especially i n  three-d imens iona l  c o n f i g u r a t i o n s .  

s t u d i e s  s i m p l y  take t h e  mean motion of t h e  f l u i d  f i e l d  t o  act  as t h e  d r i v i n g  

f o r c e  i n  the p a r t i c l e  e q u a t i o n  of motion. 

t u a t i o n s  are d i r e c t l y  superimposed on the mean flow ~83,103,107,113,1141 show 

tha t  t h e  r e s u l t i n g  " t u r b u l e n c e  d r i f t  velocity" of  t h e  particle phase can  be 

s i g n i f i c a n t .  

F u r t h e r  s u b c l a s s i f i c a t i o n  f o l l o w s  acco rd ing  t o  whether 

Examples of  n u n e r i c a l  p rocedures  developed and a p p l i e d  

The p r e s e n t  a u t h o r  and h i s  c o l l e a g u e s  i n  Berkeley have used a deter- 

Even though l i m i t e d  by the assumption of an i s o t r o p i c  t u r b u l e n t  

In p r i n c i p l e ,  more a c c u r a t e  s i m u l a t i o n s  of  the a n i -  

Most 

However, s t u d i e s  where v e l o c i t y  f l u e -  

In  t h e  remainder  o f  t h i s  s e c t i o n  we br i e f ly  review a few examples o f  

l a g r a n g i a n  model f o r m u l a t i o n s  used t o  p r e d i c t  particle motion and e r o s i o n  i n  

some complex flows of e n g i n e e r i n g  i n t e r e s t .  

Turbomachinery Flows. Two-phase f lows  th rough  turbomachinery equipment and 

related system components are of c o n s i d e r a b l e  impor tance  t o  t h e  power and 

t r a n s p o r t a t i o n  i n d u s t r i e s .  Gas t u r b i n e s  i n  ground v e h i c l e s ,  a i r c ra f t  and nava l  

i n s t a l l a t i o n s  are f r e q u e n t l y  o p e r a t e d  i n  h i g h l y  e r o s i v e  p a r t i c l e - l a d e n  envi ron-  
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ments c o n t a i n i n g  sand ,  d u s t  or s a l t  kd.  Many of the advanced power p l a n t s  

being c o n s i d e r e d  f o r  u t i l i z a t i o n  of coa l -der ived  f u e l s  w i l l  have t o  contend  w i t h  

the p r e s e n c e  of  particles i n  the expansion gases f lowing through the combustion 

t u r b i n e s  and i t  becomes i m p e r a t i v e  t o  de te rmine  t h e  level o f  gas c l e a n u p  which 

w i l l  a l l o w  an  acceptable, safe and re l iab le  t u r b i n e  performance c1403. 

i n  steam t u r b i n e s  can arise from the p r e s e n c e  o f  water d r o p l e t s  or o f  scale 

displaced from t h e  i n n e r  s u r f a c e s  of steam g e n e r a t o r  tubes. 

q u e n t l y  undergo s t a r t - u p  and shut-down f a v o r  scale d isp lacement  and i t  is esti- 

mated that b l a d e  rep lacements  are necessary af ter  a b o u t  40,000 hours  t o  a v o i d  

secondary  damage t o  t h e  t u r b i n e  c1411. 

problems due t o  l iqu id- impact  t u r b i n e  e r o s i o n  are a v a i l a b l e  i n  t h e  v a r i o u s  pro- 

c e e d i n g s  of t h e  I n t e r n a t i o n a l  Conferences on Eros ion  by L i q u i d  and  S o l i d  Impact 

h e l d  p e r i o d i c a l l y  i n  Cambridge, England b42,1431 Although e r o s i o n  by l i q u i d -  

d r o p l e t  impact is n o t  d i s c u s s e d  here, much o f  what is said about  the c a l c u l a t i o n  

o f  s o l i d  particle t r a j e c t o r i e s  i n  turbomachinery f lows applies.  

Eros ion  

U n i t s  which fre- 

Nunerous s t u d i e s  and r e f e r e n c e s  on 

Early t h e o r e t i c a l  s t u d i e s  on t h e  d e g r a d a t i o n  of t u r b i n e  performance due t o  

p a r t i c l e s  l a g g i n g  behind t h e  gas phase both i n  v e l o c i t y  and t e m p e r a t u r e  

s u g g e s t e d  t h e  impor tance  of e r o s i o n  s i n c e  t h i s  can change blade shape, which 

degrades t u r b i n e  performance, and u l t i m a t e l y  leads t o  blade f a i l u r e  1144-1461 . 
As a r e s u l t ,  numer ica l  methods were developed f o r  c a l c u l a t i n g  s o l i d  par t ic le  

t r a j e c t o r i e s  i n  axial flow compressors  and t u r b i n e  s t a g e s  tha t  model the par- 

t i c l e  impacts w i t h  the blades and their subsequent  rebounds c147-1491. 

blade a i r f o i l  shape and t h e  blade-to-blade f low f i e l d  a t  the mean r a d i u s  were 

i n c l u d e d  i n  t h e  three-d imens iona l  particle t r a j e c t o r y  c a l c u l a t i o n s  1147,1481 . 
The o n l y  f o r c e  c o n s i d e r e d  i n  t h e  particle e q u a t i o n  of  motion was t h a t  due t o  

f l u i d  drag. 

d i r e c t i o n  of particles rebounding from the blade s u r f a c e s .  

The 

F i t s  t o  e x p e r i m e n t a l  data were used t o  predict  t h e  magnitude and 
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The he terogeneous  n a t u r e  of  particle f lows through turbomachinery was sub- 

s e q u e n t l y  modeled us ing  a Monte C a r l o  method t o  s i m u l a t e  par t ic le  i n g e s t i o n  and 

subsequent  e r o s i o n  h491 . Specific c o n d i t i o n s  f o r  i n d i v i d u a l  par t ic les  were 

chosen a t  random from prescribed s t a t i s t i c a l  d i s t r i b u t i o n s  o f  part ic le  s i z e ,  

par t ic le  l o c a t i o n ,  r o t o r  l o c a t i o n  and the r e s t i t u t i o n  r a t i o .  

par t ic le  was c a l c u l a t e d  u s i n g  d e t e r m i n i s t i c  e q u a t i o n s .  

nunber of  particles t h e  s ta t is t ical  s o l u t i o n  t o  the he terogeneous  par t ic le  flow 

and e r o s i o n  problem was obta ined .  

The motion of  the 

By c o n s i d e r i n g  a l a r g e  

A p p l i c a t i o n s  of the above numerical  p rocedures  have been restricted t o  

i n v i s c i d  flows i n  two-dimensional blade-to-blade c h a n n e l s ,  a s s u n i n g  zero  rad ia l  

g r a d i e n t s  i n  ei ther the flow c o n f i g u r a t i o n  or its p r o p e r t i e s .  Therefore ,  the 

c a l c u l a t i o n  procedures  are n o t  s u i t e d  f o r  par t ic le  t r a j e c t o r y  c a l c u l a t i o n s  of  

i n l e t  f low f i e l d s  which are characterized by s i g n i f i c a n t  hub and t i p  c o n t o u r i n g  

and t h e y  cannot  r e p r e s e n t  the v a r i a t i o n  o f  the flow f i e l d  and vane shape i n  the 

rad ia l  d i r e c t i o n .  

d imens iona l ,  i n v i s c i d ,  n u n e r i c a l  c a l c u l a t i o n  procedure  of tl5d - I n  t h i s  proce- 

d u r e  t h e  f l ow  f i e l d  s o l u t i o n  is o b t a i n e d  on a mid channel  hub- t ip  stream s u r f a c e  

u s i n g  a f i n i t e  d i f f e r e n c e  stream f u n c t i o n  f o r m u l a t i o n  f o r  s u b s o n i c  flow and a 

These l i m i t a t i o n s  were removed i n  11501 by u s i n g  the three- 

blade-to-blade v e l o c i t y  g r a d i e n t  method f o r  t r a n s o n i c  flow. 

t i o n s  of t h i s  approach for p r e d i c t i n g  e r o s i o n  p a t t e r n s  produced by particles 

rebounding from twisted blades have been reported c152 , 1531 

Improved applica- 

Other c a l c u l a t i o n s  o f  particle t r a j e c t o r i e s  and e r o s i o n  based on 

i n v i s c i d ,  th ree-d imens iona l  s o l u t i o n s  o f  t h e  f l u i d  flow f i e l d  have been per- 

formed a l o n g  t h e  l i n e s  of  t h e  s t u d i e s  d i s c u s s e d  p r e v i o u s l y  c137,154-1561. 

F i g u r e  6 i l l u s t r a t e s  the k i n d  o f  particle t r a j e c t o r y  p r e d i c t i a n s  from which 

11373 were able  t o  make specific recommendations f o r  t h e  c l e a n i n g  up of  a tup-  

b i n e  expansion gas. T h i s  work is a de ta i led  parametric i n v e s t i g a t i o n  of t h e  
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Figure 6. Trajectories of 1 pm ash particles (a) and 12 pm dolomite particles (b) passing 
through the stator and rotor passages of a turbine. In the figures, the top portion shows the trajec- 
tories in rhe flow channel. The bottom portion is the top view of the axisymmemc blade-to- 
blade stream surface. Due to their inertia, the Iarge particles collide several times with the first 
stage rotor blade. Based on calculations by Menguturk and Sverdrup [ 1371. 



flow and erosion by coal-gas ash par t ic les  i n  the f irst  stage of  a large 

e l ec t r i c  u t i l i t y  gas turbine, based on projected par t ic le  d i s t r i b u t i o n s  i n  the 

gas leaving t h e  cleaning system of a pressurized fluidized-bed gasif ier  system. 

Some of t h e  problems related to  scaling experiments i n  cascades and small tur- 

bines i n  order to  simulate par t ic le  flows and erosion through large u t i l i t y  tur- 

bines i n  advanced coal-fired power plants are  discussed i n  c1541. 

experiments are  essent ia l  for determining gas cleanup requirements for success- 

f u l  turbine operation. 

rotation speed and pressure differences on erosion were evaluated nunerically 

u s i n g  the erosion damage model of c1371. 

procedure, a nunerical exploration of  the erosion potential  throughout the 

expansion section of  a multistage turbomachine has been performed i n  L1551. 

[15d the authors show the importance of accurately resolving the flow f i e ld  

near the blade leading edge i n  order not t o  invalidate subsequent par t ic le  t r a -  

jectory calculations i n  gas turbine blade passages. 

The 

To t h i s  end, the re la t ive  e f fec ts  of physical scale ,  

Using a simplified vers ion of the same 

I n  

These and similar inviscid flow nunerical investigations complement what 

have always been very d i f f i cu l t  experiments to perform. 

qual i ta t ive agreement has been found between predicted patterns and ra tes  of 

erosion of exposed turbomachinery surfaces and t h e  limited experimental data 

available. 

predictive purposes, and is result ing i n  a wealth of information for which ,  

often,  there is no experimental counterpart. For example, the t ra jec tor ies  of  

the large par t ic les  shown i n  Fig.  6 are  dominated by impact-rebound phenomena, 

the large relaxation times being responsible for  t h e  reduced influence of the 

flow f i e ld  on the i r  trajectory.  

local gas velocity a f t e r  each impact, w i t h  the possibi l i ty  of subsequent impacts 

increasing erosion damage. Near s w i r l i n g  vanes, large par t ic les  impacting a hub 

I n  general, broad 

This  has further encouraged t h e  advancement of numerical work f o r  

% a l l  par t ic les  w i t h  X < 1 rapidly acquire the 
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can reenter t h e  engine core flow f i e ld  a f t e r  impacting the t i p .  

reduced separator effectiveness and increased erosion of l a t e r  stages. 

rnaximun erosion f o r  large par t ic les  occurs a t  the blade hub near the t r a i l i n g  

edge. 

moves bo th  radial ly  and axially away from the hub t r a i l i ng  edge corner. 

T h i s  results i n  

The 

As par t ic le  s ize  decreases, t h e  location of maximun erosion on the blade 

Cascade and small turbine experiments do not yield erosion ra tes  and ero- 

sion tolerances typical of large u t i l i t y  turbines, and measurements of erosion 

r a t e s  i n  simulation t e s t s  can differ from u t i l i t y  erosion ra tes  by up t o  an 

order of magnitude. 

differences must be considered carefully when attempting t o  apply experimental 

and nmerical  resu l t s  obtained i n  simulation devices to  large u t i l i t y  turbines. 

velocity t r iangle  variations and progressive gas expansion are  major factors 

contributing to  t h e  differences i n  erosion between stages i n  multistage tur- 

bomachines. 

reduced f l u x  t o  blade surfaces. 

t h r o u g h  the turbine stages. 

drag forces acting on the par t ic les  which, i n  deviating from the f l u i d  strearnli- 

nes, can s t r i k e  t h e  blade surfaces w i t h  more adverse impact angles. 

The e f fec ts  of physical scale,  rotation speed and pressure 

Gas expansion r e su l t s  i n  reduced par t ic le  concentration and hence 

T h i s  tends to  decrease erosion i n  progressing 

However, t h e  e f fec t  is  somewhat of fse t  by reduced 

Boundary Layers and Secondary Flows. While inviscid flow schemes have been 

i n  widespread use i n  turbomachinery applications, more generally applicable 

viscous flow procedures are  gaining popularity i n  these and other complex con- 

figurations [79,157-16d . Boundary layers and secondary cross stream flows are  

characterized by strong viscous e f f ec t s  that  can a l t e r  the re la t ive  veloci t ies ,  

and hence the potential  f o r  erosion, of par t ic les  moving near or towards sur- 

faces. For example, a high-speed par t ic le  penetrating a lower-speed boundary 

layer w i l l  be decelerated and, depending on t h e  new incidence angle, the poten- 

t i a l  for erosion may be reduced. 
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A major factor determining the magnitude and extent of boundary layer- 

reduced erosion is the par t ic le  iner t ia  number A. If i n  the definit ion of  1 

(see Section 3.2.1) we subst i tute  for the character is t ic  length the boundary 

layer thickness, 6 ,  and f o r  the mean velocity of the f l u i d  phase the corn- 

ponent of par t ic le  velocity normal t o  the surface, VN, evaluated a t  y =: 6 ,  we 

can define 

I n  Eq. (13), the quantity s is referred t o  as the par t ic le  " s t o p p i n g  distance. 88 

I t  is a conservative estimate of t h e  maximun distance a par t ic le  is expected t o  

t ravel  a t  constant mean speed VN i n  the direction normal to  the surface, 

s t a r t i ng  a t  the edge of  the boundary layer along tha t  surface, before it adjusts 

t o  the local mean velocity which, w i t h i n  the boundary layer,  i s  primarily 

aligned paral le l  t o  the surface c1341. 

penetrate a boundary layer suf f ic ien t ly  deeply t o  impact and passibly erode a 

surf ace. 

Only for  values of f3 < 1 w i l l  par t ic les  

The e f f ec t s  of a boundary layer on par t ic le  deposition and erosion for  con- 

di t ions typical of turbine flows have been modeled numerically by matching an 

inviscid outer-flow solution to  a two-dimensional compressible boundary layer 

flow calculation [163,164] . 
authors to  assune a u n i t  par t ic le  deposition (@'sticking") probability. 

ra tes  were predicted u s i n g  the model o f  c1371. 

i t  is possible to  d i s t i n g u i s h  among three main regimes f o r  par t ic le  transport 

w i t h i n  a boundary layer: 1) A Brownian or  molecular d i f f u s i o n  regime 

( d  s 0.1 pm), characterized by very small par t ic les  transported mainly by mole- 

cular diffusion3 2 )  A turbulent diffusion regime (0.1 urn 5 61 s 1 um), charac- 

The lack of experimental information forced these 

Erosion 

Based on these nunerical resu l t s  

P 

P 
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ter ized by the transport of par t ic les  which d i f f u s e  under the influence of 

turbulent f luctuations;  3 )  An i n e r t i a l  regime (1 pm < d ), characterized by par- 

t i c les  moving under the influence of the i r  own iner t ia .  
P 

The nunerical studies of h63,1647 were conducted for specif ic  turbine sta- 

ges and the resu l t s  do not l end  themselves readily t o  general interpretations.  

However, calculations i n  t h e  i n e r t i a l  regime are  i n  good agreement w i t h  the more 

general analysis i n  b347. 

boundary-layer induced par t ic le  deposition can seriously degrade the performance 

of  a turbine stage,  the calculations are subject t o  serious uncertainties due t o  

the lack of  accurate information concerning par t ic le  deposition probability. 

1) The 

While the nunerical results s t r o n g l y  suggest that  

I n  re la t ion to  erosion, viscous flow analysis b341 shows that: 

presence of a boundary layer always decreases par t ic le  impact speed and 

increases par t ic le  impact angle ( re la t ive  t o  the normal to  the surface);  2 )  

These two e f f ec t s  a re  only s igni f icant  fo r  boundary layers containing par t ic les  

w i t h  j3 > 0.4 b u t  can substantially reduce erosion! 3 )  Due t o  the character is t ic  

erosion incidence angle dependence of ductile-type materials, the erosion of  

duct i le  surfaces impacted by par t ic les  w i t h  B < 0.4 can also be markedly reduced 

over a narrow range o f  par t ic le  boundary layer entry angles; 4)  I n  an applica- 

t i o n  o f  t h e  theory t o  rotor t r a i l i ng  edge erosion, for flow conditions typical 

o f  large turbines, s ignif icant  boundary layer-reduced erosion occurred only for  

par t ic les  less than about 4 pm i n  diameter. 

Secondary motions ar is ing from l a t e r a l  curvature o f  t h e  main f l o w  can 

s ignif icant ly  a f fec t  the velocity and erosion potential  o f  small par t ic les .  

T h i s  has been clear ly  demonstrated i n  various curved f low configurations by 

Mason and S m i t h  k65J who performed experiments i n  curved duct  sections made. 

from transparent plexiglass i n  order to  visualize t h e  time dependent effects  of  

primary and secondary motions on erosion. Turbulent a i r  flows of d i lu te  



41 

(a = lom3) suspensions of a lun ina p a r t i c l e s  ranging from 50 t o  60 pm i n  diameter 

were passed through twa 900 bends of square cross-section of bend curvature t o  

rad ius  r a t i o s  2 Rc/D = 20 and 12 respec t ive ly .  

was var ied  between ReD = 88,000 and 152,000, approximately, and the mass loading 

ranged from y = 0.5 t o  3.8 kg a lmina /kg  a i r .  

bend angle o f  21° on the concave surface where a wear "pocket" was gradual ly 

formed. 

The duct flow Reynolds nunber 

Erosion was f i r s t  observed a t  a 

9 f t e r  the  pocket a t ta ined  a c r i t i c a l  depth, erosion became not iceab le  

on the convex surface o f  the  bend, approximately between 300 and 600 ,  the  extent  

and amount of wear depending on the f low speed and p a r t i c l e  concentrat ion. 

change i n  surface shape a t  the convex w a l l  produced f u r t h e r  changes i n  the  

secondary f low pat te rns  through the bend, lead ing  t o  the  formation o f  secondary 

and t e r t i a r y  wear l oca t i ons  on the concave wal l ,  a t  70° and 870 bend angles 

The 

approximately. 

These experiments show very c l e a r l y  t h a t  secondary motions can s i g n i f i -  

can t l y  in f luence erosion and t h a t  the  secondary motions themselves are subject  

t o  change as surface topography i s  reshaped by the  erosion process. 

Notwithstanding, nuner ica l  s imulat ions o f  these flows, based on a cont inurn  for- 

mulat ion for  the  p a r t i c l e  phase and neg lec t i ng  the  secondary motion (ice., 

assuning a curved channel), have y ie lded erosion r e s u l t s  along the concave wall 

i n  broad q u a l i t a t i v e  agreement with the  measurements b2]. 

shown i n  Fig. 7 where i t  i s  seen t h a t  the  discrepancies increase w i t h  inc reas ing  

Reynolds nunber, due t o  the  more pronounced e f f e c t  o f  the  secondary f l o w  on par- 

This comparison is 

t i c l e  motion. 

erosion i n  curved passages are given i n  h66-1691. 

Other nuner ica l  evaluat ions o f  the e f f e c t  o f  secondary motion on 

Impinging Jets  and Cyl inders i n  Cross-Flow. Part ic le- laden j e t s  impinging 

on surfaces are used extensively i n  erosion experiments t o  i nves t i ga te  ma te r ia l  

res is tance t o  wear, usua l ly  under accelerated erosion cand i t ions  [6,170-17i] . 

L 
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Figure 7. Two-dimensional prediction of the rate of erosion at the concave wall of 3 three- 
dimensional culved duct flow. In the figure, 8 is the bend angle along the channel. Strong curva- 
ture (a) and mild curvature (b) cases shown. Based on measurements (dots) by Mason and Smith 
[ 1651 and calculations (lines) by Pourahmadi and Humphrey [82]. 
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High-pressure water j e t s  containing abrasive par t ic les  a re  used to  cut advanced 

materials i n  a wide variety of  industries c1731. 

flows w i t h  eroding par t ic les  a r i s e  i n  heat exchange equipment including t h e  can- 

vective zone (freeboard) of a fluidized bed combustor, and i n  the primary 

superheaters, reheaters and economizers o f  coal-f ired boilers [1741 . 

Cases o f  cylinders i n  crass- 

Taylor 111331 performed the f i rs t  detailed analysis of particle-laden 

impinging jet flows. 

figuration as well as  the case of particle-laden flows past cylinders. 

seminal studies have already been discussed i n  Section 3.2.5. The main paint t o  

emphasize here is the complzte absence of  turbulent f low considerations i n  these 

and similar erosion analyses. 

have t r i ed  to  redress t h i s  deficiency. 

reviewed. 

Subsequently, Laitone b5,37,381 investigated t h i s  con- 

These 

The present author and h i s  coworkers i n  Bsrkeley 

Two of their contributions are br ief ly  

The influence of  turbulence an erosion by spherical sand-like par t ic les  

suspended i n  an a i r  j e t  impinging  normal t o  a f l a t  s o l i d  surface was f i rs t  

investigated by Dosanjh and Hunphrey b9J 

calculated u s i n g  a two-equation (k-E) turbulence model and t h i s  was used as the 

d r i v i n g  force i n  the deterministic lagrangian equation of  motion applied t o  each 

par t ic le .  

indirect ly ,  through its ef fec t  on t h e  mean motion of the f l u i d .  

t i c l e  speeds, incidence angles and par t ic le  surface densit ies were predicted 

from t h e  par t ic le  equation of motion. 

t h i s  data, using a cutt ing wear model for  ducti le metals c63. 

sents  a nunerical attempt to  establish the qual i ta t ive dependence of  surface 

erosian on f l u i d  jet  turbulence intensity since t h i s  k i n d  of experimental data 

is unavailable. 

gation i n  b9J is immaterial since t h e  erosion predictions can be presented i n  

The mean motion of  the f l u i d  was 

Thus,  the e f fec t  of the turbulence on the par t ic les  was evaluated 

Impacting par- 

Erosion was subsequently calculated from 

T h i s  work repre- 

The particular metal surface-particle pair chosen far  investi-  
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non-dimensional form. 

a l t e r i n g  the level of  t u r b u l e n c e  imposed i n  the a i r  jet. 

decrease w i t h  i n c r e a s i n g  t u r b u l e n c e  i n t e n s i t y .  

t u i t i v e ,  t h i s  f i n d i n g  is p a r t l y  e x p l a i n e d  by the fact  t h a t  both  pa r t i c l e  impact 

speed and par t ic le  f l u x  t o  the s u r f a c e  decrease w i t h  i n c r e a s i n g  t u r b u l e n c e .  

Both of  these effects are related t o  the i n c r e a s e d  radial  d i s p e r s i o n  of  par- 

t icles,  and  lead t o  d iminished  e r o s i o n  as predicted by t h e  c u t t i n g  wear model. 

F i g u r e  8, from b9l shows t h e  i n f l u e n c e  on e r o s i o n  due t o  

Eros ion  is  seen  t o  

Although perhaps  c o u n t e r i n -  

The r e s u l t s  i n  Fig. 8 a l so  show that  t h e  p o s i t i o n  of maximum e r o s i o n  is 

s i g n i f i c a n t l y  displaced towards t h e  j e t  symmetry a x i s  w i t h  i n c r e a s i n g  t u r b u l e n c e  

i n t e n s i t y .  

maximun wear o c c u r s  f o r  particle i n c i d e n c e  a n g l e s  of  about  25 degrees w i t h  

respect t o  the s u r f a c e ,  and the effect  of  i n c r e a s i n g  t h e  t u r b u l e n c e  i n t e n s i t y  is 

t o  a l t e r  ( i n  t h e  way shown by t h e  f i g u r e )  t h e  p o s i t i o n  on the s u r f a c e  where t h i s  

a n g l e  is a t t a i n e d .  

T h i s  is due t o  the f a c t  tha t ,  a c c o r d i n g  t o  t h e  c u t t i n g  wear model, 

Although l i m i t e d  by the s i m p l i f i c a t i o n s  made i n  t h e  a n a l y s i s ,  the f i n d i n g s  

i n  f39J s e r v e  t o  show t h a t  f l u i d  t u r b u l e n c e  can s i g n i f i c a n t l y  a l te r  e r o s i o n  by 

particle impact and that  computa t iona l  f l u i d  dynamic procedures  can be u s e f u l l y  

a p p l i e d  t o  f law c o n f i g u r a t i o n s  o f  e n g i n e e r i n g  i n t e r e s t .  The mathematical d e t a i l  

w i t h  which t h e  f l u i d  and particle e q u a t i o n s  o f  motion must be formula ted  i n  such  

a procedure  t o  a c c u r a t e l y  r e p r e s e n t  the flows, and t h e  e x t e n t  Lo which t h e  two 

phases must be coupled  i n  a f o r m u l a t i o n ,  are  very problem specific. 

practical c o n f i g u r a t i o n s  i n v o l v i n g  e r o s i o n  by d i l u t e  p a r t i c l e - l a d e n  g a s e s ,  one- 

way c o u p l i n g ,  w i t h i n  the c o n t e x t  of a phenomenological c l o s u r e  scheme such as 

t h e  k-s  model referred t o  above, may s u f f i c e  t o  c o r r e c t l y  es tabl ish s i g n i f i c a n t  

effects. 

i n  c ross - f law,  discussed next .  

For many 

T h i s  is f u r t h e r  i l l u s t r a t e d  by r e f e r e n c e  t o  the e r o s i o n  of cylinders 

I’ 
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Figure 8. Erosion by a dilute particle-laden gas jet impacting a flat surface perpendicularly. In 
the figure, r is the radial coordinate along the surface from the stagnation point, d is the jet noz- 
zle diameter, k is the turbulent kinetic energy of the gas flow and U is the mean jet velocity. The 
values of k and U are specified at the jet origin. Based on calculations by Bosanjh and Hum- 
phrey [39]. 
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The ideas embodied i n  591 were subsequen t ly  ex tended  by Schuh e t  a1 [83] 

f o r  the case o f  an  i n t i a l l y  t u r b u l e n t  p a r t i c l e - l a d e n  a i r  stream f lowing  past  one  

or  two i n - l i n e  t u b e s ,  o r  past  a tube i n ' a n  i n - l i n e  t u b e  bank. A non-orthogonal  

b o d y - f i t t e d  c a l c u l a t i o n  approach was used t o  r e p r e s e n t  the t u b e  c o n f i g u r a t i o n s  

i n v e s t i g a t e d .  As i n  the j e t  case, one-way c o u p l i n g  was as suned  and the f l u i d  

t u r b u l e n c e  was described by means of  the two-equation k-E model, w i t h  a 

l o g a r i t h m i c  r e l a t i o n  t o  describe t h e  v e l o c i t y  on either side o f  the boundary 

layer s e p a r a t i o n  p o i n t  on a tube .  

motion was modeled two d i f f e r e n t  ways8 

The effect o f  the t u r b u l e n c e  on par t ic le  

either d e t e r m i n i s t i c a l l y ,  as i n  I391 o r  

s t o c h a s t i c a l l y ,  as  i n  E1031 , by supe rpos ing  a random d i s t r i b u t i o n  of t u r b u l e n t  

f l u c t u a t i o n s  upon t h e  c a l c u l a t e d  mean f l u i d  flow and u s i n g  t h i s  as the f o r c i n g  

f u n c t i o n  i n  t h e  particle e q u a t i o n  of motion. 

s t a t i s t i c a l l y  s i g n i f i c a n t  number of particles released a t  d i f f e r e n t  l o c a t i o n s  i n  

In  the la t te r  case, t r a c k i n g  a 

t h e  c a l c u l a t i o n  domain a l lowed average particle q u a n t i t i e s  and e r o s i o n  t o  be 

o b t a i n e d .  

t i c l e  t r a j e c t o r i e s  f o r  the case o f  two i n - l i n e  t u b e s  us ing  i d e n t i c a l  problem 

c o n d i t i o n s  [831. 

l a t i o n s ,  t h e  d e t e r m i n i s t i c  r e s u l t s  f o r  t h e  p a r t i c l e s  w i t h  low i n e r t i a  number 

( X < 0.1 ) do n o t  show these p a r t i c l e s  impact ing  t h e  second downstream 

F i g u r e s  9-a and b show c a l c u l a t e d  d e t e r m i n i s t i c  and s t o c h a s t i c  par- 

I t  is especially noteworthy t h a t ,  u n l i k e  the s t o c h a s t i c  ca l cu -  

c y l i n d e r .  However, the a s s o c i a t e d  e r o s i o n  was n e g l i g i b l e .  

Among o t h e r  t h i n g s ,  the r e s u l t s  i n  [83] i l l u s t r a t e  the impor tance  o f  

accoun t ing  more realist ically f o r  the i n f l u e n c e  o f  f l u i d  t u r b u l e n c e  on particle 

motion i n  e r o s i v e  f lows.  

a c c u r a t e  f i n i t e  d i f f e r e n c i n g  schemes and more s o p h i s t i c a t e d  n u n e r i c a l  

With the a v a i l a b i l i t y  o f  greater computing power, more 

a l g o r i t h m s ,  one  i n c r e a s i n g l y  e x p e c t s  t o  see phenomenological modeling approaches  

be ing  complemented by direct numer ica l  s i m u l a t i o n  t e c h n i q u e s  capable of  more 

a c c u r a t e  (model free) r e p r e s e n t a t i o n s  of p a r t i c l e - l a d e n  t u r b u l e n t  f lows  

h75,176J . 
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Figure 9. Deterministic (a> and stochastic (b) predictions of particle trajectories for the flow past 
two in-line tubes. Three momentum equilibration numbers considered for a flow with Reynolds 
number (based on tube diameter) ReD = 2.94 101b. Based on calculations by Schuh et al. [83]. 
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3 .3  Particle-Surface Interactions and Related Phenomena 

3.3.1. Determination of Restitution Coefficients 

The experimental measurement of par t ic le  res t i tu t ion  coeff ic ients  i s  d i f -  

f i c u l t  [73,148,149,177-1791, b u t  the information is necessary fo r  so lv ing  the 

equations governing the t ra jec tor ies  of par t ic les  rebounding from surfaces and 

subsequently impacting the surface again. 

form of l ea s t  square f i ts  t o  polynomial functions of the form: 

The data is generally provided i n  the 

Where V1 and B1 are  the par t ic le  incidence speed and angle, and V2 and 8, the 

corresponding rebound values, w i t h  8, and B2 measured re la t ive  t o  t h e  tangent t o  

the surface, a t  the impact location, i n  the V1-v2 plane. 

of the coeff ic ients  a, b,  c ,  etc.  i n  Eq. (14) depend on the material properties 

of the specif ic  particle-surface pair .  

o f  part ic les  rebounding from surfaces appear t o  be unavailable. 

The numerical values 

Similar data f o r  the rotation velocit ies 

Armstrong e t  a1 E1791 designed an apparatus i n  which the f l u i d  medim was 

essent ia l ly  stagnant around the target  surface material a t  which h i g h  speed 

par t ic les  were aimed. T h i s  allowed them t o  separate par t ic le  impingement pheno- 

mena from f l u i d  f l ow  ef fec ts  and permitted an investigation of the influence of 

the Magnus force on par t ic le  t ra jec tor ies .  

involve large spa t i a l  and temporal variations of the f l u i d  flow conditions i n  

the vicini ty  of the target  [73,148,1491, such conditions are considerably more 

d i f f i c u l t  t o  control and measure since t h e y  require t h e  use of non-intrusive 

techniques, especially close t o  t h e  impacted surface. 

While more r e a l i s t i c  conditions 
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The res t i tu t ion  character is t ics  of par t ic les  rebounding from surfaces 

require a s t a t i s t i c a l  description. 

rebound values B2 and v2 have s t a t i s t i c a l  d i s t r i b u t i o n s  result ing from: 

variations i n  par t ic le  shape, s ize  and rotational velocity a t  the time of 

impact; variations i n  the topography of the t e s t  surface; uncontrollable 

phenomena such as par t ic le  and/or surface fragmentation, par t ic le-par t ic le  

col l is ions,  changes i n  material properties due to  sudden h i g h l y  localized tem- 

perature increases; and variations i n  near-surface f l u i d  flow conditions which 

w i l l  s ignif icant ly  affect  par t ic le  t ra jec tor ies  i f  X < 1. 

measurement uncertainties associated w i t h  the experimental techniques, which 

must  remain small i f  meaningful resu l t s  a re  to  be obtained. 

For fixed incidence values B, and V1, the 

Added t o  t h i s  a re  the 

Figure (10) is a histogram showing a typical s t a t i s t i c a l  d i s t r i b u t i o n  of 

the velocity res t i tu t ion  r a t i o  for the case o f  re la t ively hard par t ic les  

s t r i k i n g  a duct i le  surface. 

d i s t r i b u t i o n s  for V2/V1 and B2/B1, as well as the mean values of  these r a t io s ,  

vary s t r o n g l y  w i t h  8 , .  

coefficient information a t  boundaries for predicting par t ic le  t ra jec tor ies  and 

erosion have been limited t o  t h e  use of the mean values of the dis t r ibut ions,  

the information contained i n  t h e  shape of the distribution being ignored. 

T h i s  practice ra i ses  serious questions concerning the correspondence w i t h  

r ea l i t y  of predictions of par t ic le  t ra jec tor ies  and surface wear locations when 

the par t ic les  are  subjected t o  sequential impacts, such as i n  turbomachinery. 

It  should be noted that  the dis t r ibut ions of V2/v1 and B2/Bl, as well as 

Measurements l i k e  these show that  the shapes of  the 

Notwithstanding, a l l  attempts to  date t o  use res t i tu t ion  

the i r  variations w i t h  the incidence angle, B,, are  h i g h l y  dependent on the 

physical properties of the impacting particle/impacted material surface pair .  

For example, a l l  the polymeric materials tested by i n  c1771, u s i n g  6 mm diameter 

s t e e l  spheres i n  f ree  f a l l ,  gave rebound angles larger than incidence angles f o r  
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a l l  values o f  the incidence angle tested. By contrast ,  most o f  the metals gave 

rebound angles smaller than the incidence angles. The data obtained i n  [ 7 d ,  

f o r  much smaller p a r t i c l e s  i n  much faster flows, show t h a t  f o r  small  incidence 

angles, B,, the r a t i o  B,/B, > 1, and t h a t  as 6, increases B,/B, becomes substan- 

t i a l l y  l ess  than uni ty .  

f i c i e n t s  on the mater ia ls  involved, and the unknown in f luence o f  transverse 

The h igh l y  s p e c i f i c  dependence o f  the r e s t i t u t i o n  coef- 

Magnus and Saffman forces, make i t  very d i f f i c u l t  t o  der ive general t h e o r e t i c a l  

r e l a t i o n s  or postu la te general ly appl icable empir ica l  co r re la t i ons  for  these 

from the experimental measurements. 

3.3.2 P a r t i c l e  Fraqmentation and M u l t i p l e  Impacts 

P a r t i c l e  fragmentation and secondary erosion have been discussed i n  

[17,18,46,180, lad. 

shat ter  i n t o  smaller fragments upon impacting a surface. 

r a d i a l l y  outwards, t h e i r  c i rcumferent ia l  d i s t r i b u t i o n  depending on the impact 

angle, causing what has been c a l l e d  by T i l l y  and Sage c191 "secondary erosion." 

These authors concluded from t h e i r  observations t h a t  the fragmentation process, 

especia l ly  the r e s u l t i n g  fragment s izes and speeds, depends on the phys ica l  pro- 

p e r t i e s  of  the p a i r  o f  p a r t i c l e  and surface mater ia ls  involved, and on the i n i -  

t i a l  p a r t i c l e  s i z e  and speed. I t  appears t h a t  for each p a i r  of mater ia ls  there 

i s  a threshold s i ze  below which fragmentation does no t  occur. 

ma te r ia l s  a sa tu ra t i on  l e v e l  i s  a lso observed, beyond which fragmentation beco- 

mes independent of p a r t i c l e  size. 

Experiments show t h a t  under c e r t a i n  condi t ions p a r t i c l e s  

The fragments move 

For some 

The ef fect  of p a r t i c l e  fragmentation on erosion has been analyzed i n  bo1 

where the authors p o i n t  out t h a t  the v e l o c i t y  exponent, n, i n  the expression f o r  

erosion given by Eq. (1) can e i t h e r  increase or  decrease as o f  a c r i t i c a l  impact 

v e l o c i t y ,  depends on the p a i r  of mater ia ls  involved. Cases where n increases 



48. 

involve t h e  erosion of s o f t  and duct i le  materials by abrasives which are  damaged 

o n l y  s l i g h t l y  upon impact. Cases where n decreases, a t  a def ini te  c r i t i c a l  

velocity, a re  generally observed when hard and b r i t t l e  abrasives s t r i k e  even 

harder surfaces. 

t i c l e  disintegration. 

capable o f  signif icant  secondary erosion, the i r  formation is a t  t h e  expense of  

the parent par t ic le  kinetic energy. It is estimated i n  bo1 that  a 1% loss o f  

i n i t i a l  par t ic le  mass, i n  the form of radial ly  ejected fragments, can reduce the 

normal component of kinetic energy of t h e  impacting parent par t ic le  by 16%. 

secondary erosion is l e s s  than the erosion which would be caused by the 

unfragmented par t ic le ,  the velocity exponent n should decrease. 

I n  principle,  par t ic le  fragmentation should h e l p  t o  reduce t h e  t o t a l  amount 

The c r i t i c a l  velocity threshold marks the beginning of  par- 

While the result ing fragments acquire h i g h  speeds and are  

If 

of  erosion, b u t  the overall picture is complicated by the poorly understood 

influence of turbulent fluctuations and par t ic le-par t ic le  interactions on par- 

t i c l e  motion. 

additional,  often c r i t i c a l ,  erosion a t  previously unworn locations th rough  

repeated or  multiple impacts. 

As a r e su l t ,  the smaller fragments may well be the cause for 

Although he d i d  not address par t ic le  fragmentation, i n  a s t u d y  on the 

e f fec ts  of multiple impacts Laitone b81 has predicted the t ra jec tor ies  of  non- 

spinning par t ic les  rebounding from cylindrically shaped material surfaces for  

flow conditions typical of je t  turbines. 

systems composed of sand-like par t ic les  i n  a i r ,  for  which the dominant force 

acting on t h e  par t ic les  was due to  the fluid-induced viscous drag. 

scheme of [18d was adapted to  predict t h e  h i g h  speed unsteady recirculating 

viscous flow past a cylinder. The scheme i s  ent i re ly  lagrangian and simulta- 

neously tracks both f l u i d  vort ic i ty  (as  discrete  vortex "b lobs")  and par t ic les  

(as coagulated packets). Experimentally determined average res t i tu t ion  parame- 

He res t r ic ted  attention to  d i lu te  

The vortex 
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t e r s  were used t o  specify normal and tangential par t ic le  component velocit ies 

a f t e r  impaction w i t h  the cylinder. 

impacts are shown i n  Fig.  11. 

5 X = 1 i n  a flow w i t h  Re = 10 

Typical resu l t s  for repeated par t ic le  

These calculations reveal that  par t ic les  w i t h  

can experience substantial  acceleration between 

the first rebound and the second impact w i t h  a cylinder. The observation is  

s ignif icant  t o  erosion since i t  means that  a large fraction o f  the original 

kinetic energy may be restored t o  a par t ic le  accelerating around a b l u n t  object 

between a primary and a secondary impact. 

t i e s ,  and h i g h l y  specif ic  to  the case of 200 pm quartz par t ic les  impacting on 

2024 allminun al loy,  the rebound correlations allowed Laitone t o  conduct a 

qual i ta t ive assessment of the frequency of multiple par t ic le  impacts and the 

attendant 'I secondary" erosion. 

Although subject t o  large uncertain- 

Laitone's calculations also show tha t  near the stagnation p o i n t  on the 

cylinder potential  flow theory and viscous calculation methods yield esent ia l ly  

identical  par t ic le  t ra jector ies .  Overall, however, the inviscid approach tends 

t o  overpredict wear due to  the absence of a boundary layer which slows down and 

helps to  deflect  par t ic les  around b l u n t  objects. The e f f ec t  of viscosity beco- 

mes pronounced beyond a cylinder angle (measured from the stagnation point) of 

10 degrees and the t ra jec tor ies  of par t ic les  w i t h  i ne r t i a  nunbers X < 1 were 

s t rong ly  affected by eddy shedding from the cylinder, result ing i n  par t ic le  

entrainment and crossing t ra jec tor ies  i n  the wake flow region. 

evidence supporting these f i n d i n g s  is  given i n  t1831. 

Experimental 

3.3 .3  Magnus and Saffman forces. 

I n  addition t o  the viscous drag f x c e ,  To, experienced by a par t ic l s  that  

is i n  re la t ive  motion w i t h  respect t o  the f l u i d  around i t ,  two forces can a r i se  

tha t  act  orthogonally to  the par t ic le ' s  direction of  motion and can s i g n i f i -  
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cantly a f fec t  its erosion potential .  One, due t o  par t ic le  rotation, is referred 

to  as the Magnus force b 4 1 .  

force C185I. 

t i c l e  and have been studied extensively f o r  the case of spheres, to  which we 

limit the discussion here. 

The other,  due t o  f l u i d  shear is the Saffman 

Both are due t o  iner t ia  e f fec ts  i n  the flow f i e l d  around the par-  

A theoretical  derivation of the Magnus force for the case of Re << 1 was 
P 

performed by Rubinow and Keller h341 who found 

3 d 
P = apf ( J )  Q x f . 

M 2 P P  

T h i s  expression s t a t e s  that  a spherical par t ic le  w i t h  angular velocity 

h moving a t  mean velocity U i n  a viscous f l u i d  a t  res t  experiences a force FM, 
P P 

transverse to  the par t ic le’s  direction of motion and w i t h  t h e  sense indicated by 

+ 

the vector product. T h i s  resul t  is  independent o f  t h e  f l u i d  viscosity. 

If the motion o f  the par t ic le  takes place re la t ive  to  an unbounded f l u i d  i n  

un i form viscous shear, Saffman [l85] shows that  a transverse force w i l l  act  on 

the par t ic le  given by 

-+ 
where k, = 6.46 is  a constant and Qf is the f l u i d  vort ic i ty .  

O ( V - ~ / ~ )  t h i s  resu l t  is independent o f  the par t ic le  rotat ion,  and is s t r i c t l y  

valid only when the par t ic le ’s  t ranslat ional ,  shear and rotational Reynolds num- 

To order 

bers are: These res t r ic -  

t ions l i m i t  the appl icabi l i ty  a f  Eq. (16) t o  small par t ic les  which are almost 

neutrally dense w i t h  respect t o  a low speed f l u i d  that  transports them. 

Re << 1, Res << 1, Re, << 1 w i t h  Re */Res << 1. P P 

In  the 
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above, t h e  par t ic le  t r a n s l a t i o n a l  and shear Reynolds numbers a r e  as  d e f i n e d  

ear l ier ,  the r o t a t i o n a l  Reynolds number is d e f i n e d  as Re, = d2p Q f i ,  where 

P’ 
fi is t h e  modulus of  the particle’s a n g u l a r  v e l o c i t y ,  6 

P 
Equat ions  (15) and (16) have provided  the basis for  s u c c e s s f u l  numerical  

s i m u l a t i o n s  of v a r i o u s  q u a l i t a t i v e  f e a t u r e s  concern ing  t h e  radial  m i g r a t i o n  

o f  particles i n  l i q u i d s  i n  pipe flow [186]. However, i n  many e n g i n e e r i n g  

devices i n v o l v i n g  s o l i d  p a r t i c u l a t e s  suspended i n  h igh  speed g a s  streams, the 

Reynolds number c o n s t r a i n t s  ( p a r t i c u l a r l y  Re << 1) are n o t  met. 

i t  has been shown tha t  for  Res > 0.6, a sphere i n  shear flow r o t a t e s  and the 

wake is o s c i l l a t o r y  [1871. S i m i l a r l y ,  the flow i n  t h e  wake o f  a s p i n n i n g  sphere 

i s  unsteady and asymmetric, r e n d e r i n g  ex t remely  d i f f i c u l t  t h e  t h e o r e t i c a l  analy-  

sis or numer ica l  s i m u l a t i o n  of  t h e  problem. 

For example, P 

I n v e s t i g a t i o n s  of s h e a r - g e n e r a t e d  

l i f t  beyond t h e  near -Stokes ian  r a n g e  are  l a c k i n g ,  and e v a l u a t i o n s  of  the Magnus 

l ift f o r c e  must be performed e x p e r i m e n t a l l y  b71. 

I n  p r i n c i p l e ,  t h e  e x t e n s i o n  of Eqns. (15) and (16) t o  h igh  speed f lows can 

be accomplished by r e w r i t i n g  them i n  terms o f  e x p e r i m e n t a l l y  determined l i f t  

c o e f f i c i e n t s .  

sheared f l u i d ,  w i t h  particle r o t a t i o n  and f l u i d  v o r t i c i t y  a l i g n e d  normal t o  t h i s  

For in-p lane  particle t r a n s l a t i o n a l  motion r e l a t i v e  t o  a s imply  

plane, the e q u a t i o n s  f o r  t h e  moduli  of t h e  forces are: 

Where Ur is t h e  modulus of t h e  particle average r e l a t i v e  v e l o c i t y .  

r e s p e c t i v e  analyses of  [184] and Cl8Sl one f i n d s :  

For the 
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CLM = Rer/ReD 

= 4.113 Re;/’/Re . cLs P 

A t  h i g h  Reynolds number, however, CLM T f (Rer/Re 

experimental data available is  provided i n  b7,l88] . 
Re ) and a surrrnary of  the 

P’ P 
Corresponding measurements 

f o r  CLs a t  h i g h  Reynolds numbers appear t o  be unavailable. 

Data for the drag coefficient CD, i n  the expression fo r  the modulus of  the 

drag force 

A 2  
U 1 

F = c  - , u 2 n ( + 3  
0 O z f r  

f o r  the case of s p i n n i n g  par t ic les  is also given i n  b7,1881. 

an insensi t ivi ty  of CD to  par t ic le  rotation. 

t h i s  data show that  the Magnus force is s ignif icant  fo r  a l l  par t ic les  w i t h  

The data reveal 

Ratios a f  CLM/Co obtained from 

Rer/Re:, > 1, regardless of the value of Rep. 

O f  special i n t e re s t  here are the e f fec ts  of the Magnus and Saffman forces 

on the t ra jec tor ies  of  part ic les  impacting and rebounding from s o l i d  surfaces a t  

h i g h  speeds. 

th rough  a duct. 

g iven  by : 

For i l l u s t r a t ion ,  consider the f low of a particle-laden gas 

In  regions where Re << 1 t h e  r a t io  of the transverse forces i s  
P 

T h i s  can be written as 

d R  

S T 

- FM a P P  
F U 
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where the r e l a t i o n  Qf v'= T ~ / P  = uT2 has been used. 

e x p e c t  

In t u r b u l e n t  d u c t  f low we 

U a 
T D1/8 

where UD is t h e  mean v e l o c i t y  of the f l o w  i n  the d u c t  and D is  t h e  d u c t  

h y d r a u l i c  diameter cl893. 

yields : 

S u b s t i t u t i o n  of (24) i n t o  (23) and r e a r r a n g i n g  

where ReD= UDD/v is  the d u c t  f low Reynolds number. S i n c e  (Re,)1'8 = 0 (1) fo r  

most d u c t  f lows of i n t e r e s t ,  we f i n d  

- 5-4 a dP RP 
FS "D 

. 
If Q is  small, such as might  be t h e  case nea r  bu t  p r i o r  t o  impacting a s u r f a c e ,  

P 

F5 is t h e  dominant t r a n s v e r s e  f o r c e  as a r e s u l t  o f  the shear a c t i n g  on a par- 

t ic le .  

p a t i o n ,  d 9 < UD and ,  t h e r e f o r e ,  FM < Fs aga in .  

Upon rebounding t h e  par t ic le  may s p i n  up b u t ,  because o f  v i scous  d i s s i -  

P P  
While these f i n d i n g s  p e r t a i n  t o  Re << 1, t h e y  p rov ide  g e n e r a l  gu idance  and P 

s u g g e s t  t h a t  i n  regions of s t r o n g  shear, such  as walls, t h e  Saffman f o r c e  may be 

l a r g e  relative t o  t h e  Magnus force. 

a f fec t  particle motion depends on t h e  shear layer t h i c k n e s s .  

the trajectory o f  a rebounding par t ic le  that c o n t i n u e s  s p i n n i n g  after it 

emerges from t h e  wall shear layer may be more s t r o n g l y  i n f l u e n c e d  by t h e  tun- 

u l a t i v e  a c t i o n  of the Magnus fo rce .  To show t h i s ,  c o n s i d e r  tha t  acco rd ing  t o  

Whether or n o t  it w i l l  s i g n i f i c a n t l y  

When t h i s  i s  t h i n ,  

- 
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-1 
[184] the character is t ic  time f o r  a e decrease i n  S2 due t o  viscous dissipa- 

t i o n  is 

P 

2 tM = dp / v  . (27 I 

For a shear layer of  thickness 6 t h e  character is t ic  time f o r  the Saffman force is 

tS 

where U 

r a t i o  of these two time scales is  

is the component of par t ic le  velocity normal to  the shear layer. The 
Pn 

5 I n  a duct flow w i t h  ReD = 10 we f i n d  6 / ~  Y 0.1 c1901. If  we assume that 
- 

U /U = 0.1, then tM/ts > 1 provided d d D  > lo-’. 

t i o n ,  consider that  t h i s  f i n d i n g  would require that  d P > 200 pm i n  a duct w i t h  

D = 0.2m, and t h i s  is a common case i n  many particle-laden industr ia l  flows. 

For a practical  interpreta- 
Pn D 

The inclusion o f  f i n  the force balance f o r  a par t ic le  makes it  necessary M 

varies w i t h  time. t o  know how fi 

angular mornentun requires 

For a s p i n n i n g  sphere the conservation of  
P 

d8 r a p :  - 7  (30 I 

where I is the moment of iner t ia  o f  the sphere about any diameter and -f is  the 

torque on the sphere due t o  viscous effects .  The appropriate expression f o r  ‘i 

depends on Re and Re,. analysis i n  {184] gives For Rep << 1 and a l l  Rer/Re P P ’  
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w i t h  CT = 8 71. 

f i n d  CT = 0 (100) f o r  angular coal par t ic les .  

0.2 < Rer/Re < 20, T s u j i ,  e t  a l .  h 8 8 1  recommend the C T  correlation proposed i n  

[191]. The solution of  Eq.(30) requires an i n i t i a l  value for the par t ic le  angu- 

l a r  velocity which is generally unknown. T h i s ,  combined w i t h  t h e  uncertainty i n  

For 250 < Re P < 550 and Rer/Rep = 1, Armstrong, e t  a l .  b791 

For 550 < Re < 1600 when P 

P 

CT, renders the calculation of b,, and hence of PM, rather inexact [188]. 

The importance of t h e  Magnus force to  erosion has been demonstrated i n  

[179] us ing  a par t ic le  capture technique. These authors mapped the curved tra- 

jector ies  of angular coal par t ic les  of  approximately 150 pm diameter rebounding 

from f l a t  s ta in less  s t ee l  and aluninm surfaces. Care was taken to  ensure 

stagnant f l u i d  conditions i n  the vicini ty  of  t h e  target  surfaces i n  order t o  

minimize the e f fec ts  of a i r  motion on the par t ic le  t ra jector ies .  The par t ic le  

incidence speed ranged from 60 t o  100 m/s corresponding to  250 < Re c 500, 

Using a simplified analyt ical  model, the authors considered the behavior o f  the 
P 

smaller par t ic les  for conditions typical of t h e  gas turbine environment. 

r e su l t s  such as those shown i n  Fig.  12, the authors concluded that Magnus forces 

could a f f ec t  t h e  motions of 10 urn par t ic les  over rebound distances of about 

20 mm. 

From 

However, i n  estimating the i n i t i a l  par t ic le  angular velocity, the 

authors assumed U = Qp d d 2 ,  implying t h a t  t h e  t ranslat ional  energy of the par- 

t i c l e  i s  completely converted i n t o  rotat ional  energy. 

i n  unreal is t ical ly  large values of 9 

P 
T h i s  assumption resu l t s  

P' 
Particle-wall col l is ion phenomena i n  horizontal tubes a t  low volmet r ic  

concentrations of par t ic les  i n  a gas stream have been considered i n  k771 .  

Individual par t ic le  behavior was examined under the assumption o f  two- 

dimensional par t ic le  motion. Analysis of par t ic le  col l is ions w i t h  the t u b e  wall 

led t o  the conclusion that  t h e  dependence of par t ic le  t ra jec tor ies  on the Magnus 

force i s  more pronounced for conditions of  adhesive f r ic t ion  than s l i d i n g  frit- 
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Figure 12. Best fit (line) to experimental data (crosses) for the average trajectory of an angular 
coal particle rebounding with spin from an aluminum surface in a quiescent air environment. In 
the figure the x- and y-coordinates are parallel and perpendicular to the surface respectively. 
The incidence particle velocity and angle were VI = 140 d s  and = 30 degrees respectively. 
Based on measurements by Armstrong et al. [ 1-79]. 
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t i o n .  

changes s i g n  w i t h  a l ternate  wall impacts, due t o  the change i n  s i g n  of  a 

rebounding par t ic le ’s  s p i n .  As a consequence, t h e  mean distance travelled by a 

par t ic le  between successive Wall col l is ions is shorter ,  and t h e  energy l o s t  by 

t h e  par t ic le  t o  t h e  wall is h ighe r ,  f o r  conditions o f  adhesive fr ic t ion.  

T h i s  is because i n  the case o f  the former t h e  s i g n  o f  t h e  Magnus force 

3.3.4 Particle-Particle Interactions Near Surfaces 

The presence of a so l id  surface substantially a l t e r s  the nature of 

par t ic le-par t ic le  interactions th rough  the boundary constraint  and it  has been 

observed tha t  the r a t e  of surface erosion can actually decrease w i t h  increasing 

par t ic le  concentration C 1 9 , Z O ~ .  

between par t ic les  respectively approaching and departing from the surface work 

t o  impede the net advancement o f  par t ic les  moving towards t h e  surface. 

According to  them, the col l is ions create a protective barrier that  reduces ero- 

UWmois and Kleis k01 suggested that  col l is ions 

sion. 

erosion resu l t s  f o r  h i g h  temperature hypersonic flows ClSi]. 

A similar argment has been proposed to  explain concentration-dependent 

While i t  seems 

reasonable t o  suppose that  t h e  frequency of such  inter-par t ic le  col l is ions i s  

favored a t  h i g h  levels  of f l u x ,  l i t t l e  seems to  be known about the col l is ion 

process i tself .  

o r  modeling the random, three-dimensional interactions among par t ic les  advancing 

towards, and rebounding from, a surface undergoing erosion i n  a turbulent flow. 

This  is  not s u r p r i s i n g ,  i n  view of t h e  d i f f i cu l ty  o f  measuring 

Under idealized conditions, however, it is possible to  derive u s e f u l  analy- 

t i c a l  results. 

f o r  conditions corresponding t o  a monodisperse stream of  spherical par t ic les  

t ravel l ing along i n i t i a l l y  paral le l  t ra jec tor ies  towards a f l a t  surface. 

authors’ analysis is limited to  low par t ic le  concentrations (low f l u x )  and, 

because i t  ignores f l u i d  f r ic t ion  e f f ec t s ,  is l imited t o  re la t ively i n e r t i a l  

This  has been done by, for example, Andrews and Horsfield 1361 

The 
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par t ic les  ( A  >> 1).  The authors further assume tha t ,  i n  the absence of  co l l i -  

s i o n s  among par t ic les  approaching the surface and par t ic les  departing from the 

surface, a l l  par t ic les  approach the surface a t  velocity V1 and angle B1 and, 

upon rebounding, depart from the surface a t  velocity V2 and angle B2. 

conditions the authors derive an expression f o r  the mean free path, A m ,  of a 

par t ic le  approaching the surface before coll iding w i t h  a par t ic le  departing from 

the surface: 

For these 

"m 

I n  t h i s  expression a = .rr - 8, - 82, and the Q's  are the frequencies o f  spheres 

moving along an approaching trajectory (Sa,) or departing trajectory (Q,) w i t h  

respect t o  the surface. 

Assuming e l a s t i c  col l is ions and that  8, = &, the expression for 

A m  becomes: 

-5 -2 N cos2 ( d 2  - B1) 
P 

Am = dp (33 1 

where N 

tha t  an approaching par t ic le  should t ravel  a distance X, w i t h  angle B1 prior t o  

co l l i s ion ,  Eq. (33) provides a relation between par t ic le  s ize  and concentration. 

O f  course, t h i s  resu l t  is  specif ic  to  the sand-blast type flow configuration 

idealized by t h e  authors and is subject to  t h e  assumptions mentioned. 

is the nunber of par t ic les  per u n i t  volune i n  the f l ow .  Requiring P 

Relations describing the self-scattering o f  a d i lu te  ensemble of moving 

spheres f o r  the sand-blast configuration were also described i n  b61. 
Scattering was modeled by presuming e l a s t i c  col l is ions between pairs of spheres 

the orientation of which, a t  the instant  o f  impact, was taken t o  be random. From 

the resu l t s  fo r  the re la t ive  energy o f  the scattered spheres as a function o f  



58. 

sca t t e r  angle, two especially interesting observations emerge: 

very small fraction of  spheres, one of each pair  of spheres which col l ide 

returns to  s t r i k e  the surface, the second sphere having a f i n i t e  probability of  

doing likewise. 

presmed t o  be random, a dis t r ibut ion a r i s e s  of possible par t ic le  speeds and 

t ra jec tor ies  f o r  both the par t ic les  approaching and those leaving the surface. 

a )  Except f o r  a 

b)  Because the orientation angle between coll iding spheres i s  

The first point is s ignif icant  i n  that  i t  supports the idea that  inter-  

par t ic le  co l l i s ions  a t  low levels of f l u x  do not necessarily reduce t h e  nmber 

o f  par t ic les  s t r i k i n g  a surface. 

barr ier  can be s e t  up a t  a surface through in te rpar t ic le  co l l i s ion ,  as  suggested 

T h i s  contradicts the notion that  a protective 

i n  k O j .  Instead, it can be argued that  col l is ions can reduce the energy con- 

ten t  of approaching par t ic les  by transmitting some of t h i s  energy t o  par t ic les  

rebounding from t h e  surface. 

increase w i t h  increasing par t ic le  concentration i n  a constant speed. je t  sand- 

blast ,  the energy per par t ic le  can be reduced, t h u s  result ing i n  l ess  damaging 

impacts and reduced wear. 

Thus ,  while the number o f  surface impacts w i l l  

The second point suggests t h e  interest ing possibi l i ty  of non-miform sur- 

face erosion due to  t h e  redirection of par t ic les  as a consequence of col l is ion.  

Thus,  for example, a stream of par t ic les  approaching a duct i le  surface a t  about 

f3, = 25O should produce maximun wear [61 e 

t ha t ,  due t o  par t ic le  redirection, erosion must  be integrated over j e t  blast  

angles ranging from Oo t o  50°, approximately. The opposite is also possible, 

t ha t  par t ic les  i n i t i a l l y  directed along non-damaging t ra jec tor ies  can, as a 

However, the analysis i n  b61 shaws 

r e su l t  of co l l i s ion ,  be redirected along potentially more erosive routes. 

I n  sp i t e  of the re la t ive  simplicity of t h e  analysis i n  b61, which is  

devoid o f  f l u i d  mechanic e f fec ts ,  experiments performed by the authors w i t h  

f a i r ly  i n e r t i a l  par t ic les  appear to  support some of  the i r  theoretical  predic- 
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tions. 

nation angle were investigated photographically. 

and a speed of 13 2 1 m/s. 

20' < 8, < 50'. 

0.03 - 0.3 g r  cm'* s-l, and was w i t h i n  the low-flux l i m i t  of  the analysis. 

Unfortunately, the majority of the col l is ions observed i n  the experiment were 

between f a s t  arriving spheres and slow stray spheres, which affected the resu l t s  

and their interpretation. Whether the same observations would apply to  par- 

t i c l e s  i n  the range of 1 - 100 impacting s o l i d  surfaces i n  the presence of  

s t r o n g  turbulence e f fec ts  remains t o  be shown. The corresponding problem of  

indirect  par t ic le-par t ic le  interactions modulated by the presence of a s o l i d  

surface has not been investigated extensively. 

The motions of  large glass spheres impacting a target of variable inc l i -  

The spheres had d '= 500 urn 
P 

The incidence angle was varied over the range 

The average f l u x  of spheres investigated experimentally was 

While idealized approaches t o  analyzing par t ic le-par t ic le  col l is ions a re  

useful, continued work m u s t  emphasize the the simulation of  more r e a l i s t i c  con- 

dit ions.  Future analyses and experimentation s h o u l d  include the investigation 

of :  interactions among par t ic les  of differing s izes ,  densit ies and shapes; par- 

t i c l e  rotation (prior t o  and as a consequence o f ,  co l l i s ion) ;  non-elastic co l l i -  

sion conditions; three-dimensionality! the influence of  the flow f i e l d ,  

particularly near-wall turbulence; h i g h  par t ic le  concentrations; and par t ic le  

fragmentation. 

3.3.5 Surface Topoqraphy 

The resu l t  of erosion by par t ic le  impact is  the al terat ion of surface 

topography. Cracks, grooves and cra te rs  w i t h  raised edges, scales,  e t :  , are  

t h e  product of multiple, i r regular ,  particle-surface col l is ions.  Scarring 

of the material surface a t  the microscopic level has a random appearance, b u t  

large-scale patterns and regularly spaced ripples have been observed c13,193] . 
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A study by Scattergood and Routbort C1941, using 37 urn and 270 pm diameter 

A1203 p a r t i c l e s  impacting perpendicu lar ly  upon (111) s i l i c o n  s ing le  c r y s t a l  sur- 

faces a t  210 m/s shows t h a t  the i n i t i a l  t r ans ien t  i n  the weight loss curve 

depends on the  cond i t ion  of the surface p r i o r  t o  erosion. 

pre-eroded by p a r t i c l e s  l a rge r  than those used subsequently, a decelerat ing 

t rans ien t  is observed. 

I f  the surface i s  

An accelerat ing t rans ien t  i s  observed when pre-erosion 

i s  conducted wi th p a r t i c l e s  smaller than those used subsequently. The authors 

explained t h e i r  r e s u l t s  by comparing the length  scale o f  the subsurface flaws 

with t h a t  o f  the impacting pa r t i c l es .  I f  the  c h a r a c t e r i s t i c  sca le of the sub- 

surface flaws is  smaller than t h a t  corresponding t o  the impacting p a r t i c l e ,  the 

t rans ien t  accelerates and v ice  versa. S imi la r  observations have been made i n  

t1951 

Experiments on the time-dependence of p lex ig lass  erosion by 10 and 30 Urn 

diameter a lun ina p a r t i c l e s  a t  speeds o f  84 and 65 m/s respect ive ly ,  show t h a t  

E 

t o  be independent o f  p a r t i c l e  speed, incidence angle and p a r t i c l e  size. The 

decrease i n  erosion wi th  t ime was a t t r i bu ted ,  i n  pa r t ,  t o  increas ing surface 

roughness but, as i n  h941, the  explanat ion offered was e n t i r e l y  within the con- 

t e x t  o f  a mechanism for  erosion, “It can be seen t h a t  a f te r  a few seconds o f  

erosion the  surface i s  considerably roughened and t h a t  p a r t i c l e  impingement is 

no longer occurr ing a t  a normal angle o f  impingement.” 

t ime o f  about 120 s, the  e f f e c t i v e  par t i c le -sur face  incidence angle was about 

550 and i t  i s  known t h a t  for  b r i t t l e  mater ia ls  a departure from a normal i n c i -  

dence angle reduces erosion C4J. 

tC with c = -0.1 kd . The parameter c i s  a system constant and was found 

In  fact ,  a t  an exposure 

For both b r i t t l e  and d u c t i l e  mater ia ls ,  the  evo lu t ion  of surface 

topography i s  important. Observable sur face changes due t o  ma te r ia l  removal form 

the  basis f o r  hypothesized mechanisms o f  erosion as, for example, in the plate- 
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l e t  mechanism of  e r o s i o n  f o r  d u c t i l e  metals 1196-1981. If e r o s i o n  i s  accom- 

panied  by c o r r o s i o n ,  the format ion  of c o r r o s i o n  scale may enhance or i n h i b i t  

e r o s i o n  depending on the par t ic le  d e p t h  of  cut,  t h e  r a t e  and n a t u r e  o f  scale 

growth and  t h e  adhes iveness  of t h e  scale t o  t h e  s u r f a c e .  

The above s t u d i e s  focus  on the r o l e  of  s u r f a c e  roughness  i n  mechanisms for  

e x p l a i n i n g  e r o s i o n .  

Smith c1651, l i t t l e  a t t e n t i o n  has been g iven  t o  t h e  s y n e r g i s t i c  e f fec ts  between 

eros ion- induced  su r face -evo lv ing  topograph ies  and the a s s o c i a t e d  f l u i d  motian.  

The s t u d y  i n  c1651 c e n t e r e d  on large scale changes i n  t h e  topography o f  bends. 

However, the l o c a l  i n f l u e n c e  of s u r f a c e  roughness  on f l u i d  and particle mot ions  

was n o t  i n v e s t i g a t e d  and t h i s  is b r i e f l y  d i s c u s s e d  below. 

Except f o r  the i n t e r e s t i n g  t u r b u l e n t  f low s t u d y  o f  Mason and 

The "wall region'' o f  a developed t u r b u l e n t  flow is characterized by a large 

However, t h e  spectrun o f  scales of motion and v igo rous  uns teady  dynamics c1991. 

ave rage  v e l o c i t y  component, U f ,  o f  f l u i d  moving para l le l  t o  a s o l i d  s u r f a c e  can 

be expressed as: 

where8 

d i s t a n c e  from the s u r f a c e ,  

von Karman c o n s t a n t .  

40v/uT < y < 0.2 6) where 6 is the boundary layer t h i c k n e s s .  

h uT/v > 5 t h e  roughness  has t h e  effect of r educ ing  the mean f l u i d  v e l o c i t y  

r e l a t i v e  t o  t h a t  which would arise a long  a smooth wall, and f o r  h uT/v > 70 t h i s  

effect  becomes pronounced. 

Eq. (34) are su rmar i zed  i n  k001. 

uT is the wall f r i c t i o n  v e l o c i t y ,  de f ined  earlier,  y is the normal 

h is the '*equiva len t"  roughness  he ight  and is the 

The wall r e g i o n  t o  which Eq. (34) appl ies  is  bounded by 

For values 

Appropr ia te  forms f o r  t h e  f u n c t i o n  f ( h  u,/v) i n  



62. 

.For a pipe flow a t  room temperature w i t h  ReD = lo5, the value of the f r i c -  

T h i s  means that roughness elements o f  height t i o n  velocity is uT = 0 (10 m/s). 

h > 100 um i n  a i r ,  or h > 10 pm i n  water, w i l l  s ignif icant ly  reduce the mean 

speed of f l u i d  near a surface ( re la t ive  t o  a smooth surface) a t  t h i s  value of 

the Reg number. 

surfaces roughened by par t ic le  impacts range between 1 and 1000 Urn. Because of 

viscous damping i n  t h e  sublayer region of the flow, f l u i d s  w i t h  h i g h  kinematic 

viscosi ty ,v  , are  l e s s  sensi t ive than f l u i d s  w i t h  low v t o  the presence of 

p ro t rus ions  on a surface. 

t o  retard the mean component of f l u i d  motion and, hence, par t ic le  motion 

para l le l  t o  the surface. 

Photographic evidence suggests that  typical values of h for  

tiowever, i n  both cases the e f f ec t  of  the roughness is 

The ultimate consequences t o  erosion due t o  surface roughness are  hard t o  

generalize since the par t ic le  incidence speeds and angles that determine the 

amount and spa t i a l  d i s t r i b u t i o n  of surface wear depend markedly on A and the 

local flow turbulence. 

nable t o  expect t ha t ,  i n  an i n i t i a l l y  rough pipe, par t ic les  w i t h  X > 1 

approaching the p ipe  wall a t  shallow erosive angles on average w i l l  be deviated 

l e s s  from the i r  damaging t ra jec tor ies  by the component of  f l u i d  motion paral le l  

t o  the wall. 

Nevertheless, re la t ive  t o  a smooth pipe i t  seems reaso- 

Even from such a crude picture,  based on a mean-flow interpretation o f  a 

region of flow that  is characterized by intense velocity fluctuations distri- 

buted randomly i n  time and over space, i t  must be concluded that roughness ele- 

ments can alter both t h e  magnitude and topography of surface erosion th rough  

the i r  e f fec ts  on the flow. 

experiments and interpreting observations or when attempting t o  calculate the 

t ra jec tor ies  of par t ic les  near a surface. 

Such a p o s s i b i l i t y  must be considered when planning 
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3.4 Temperature Ef fects  

Several i nves t i ga to rs  have argued t h a t  l o c a l i z e d  h igh temperature con- 

d i t i o n s  created by h igh speed p a r t i c l e  impacts can cause sof ten ing and even 

me l t i ng  o f  metal surfaces a t  the impact l oca t i ons  b 3 , 2 0 d .  

are two views: 

if thermal phenomena favor erosion the ef fect  i s  small; b) thermal phenomena, 

namely melt ing,  can s i g n i f i c a n t l y  increase erosion. 

the main studies adopting one of these two po in ts  o f  view, i t  i s  important t o  

note t h a t  many o f  them have employed r e l a t i v e l y  l a r g e  p a r t i c l e s  (dp = 0 (Imm)) 

t o  induce the thermal e f f e c t s  observed. Whether or no t  the observations a l s o  

apply t o  smaller p a r t i c l e s  (dp = 0 (10 pm), more l i k e l y  t o  occur i n  erosive 

flows, has yet  t o  be establ ished through r igorous s i m i l a r i t y  considerations and 

experimentation. 

On t h i s  p o i n t  there 

a) the fundamental mechanisms governing erosion are mechanical, 

P r i o r  t o  discussing some of 

Some authors c la im t h a t  metal sof ten ing and l o c a l i z e d  shear deformation 

f a c i l i t a t e  the formation o f  deep c ra te rs  with extended edges from which metal 

pieces break o f f  e a s i l y  dur ing subsequent impacts kO,23,20d . 
tographs of the impacts o f  s t e e l  spheres pro jected ob l i que ly  onto m i l d  s t e e l  

t a rge ts  show t h a t  t a r g e t  m a t e r i a l  i s  detached along a band of intense subsurface 

shear h03J. 

sphere, show t h a t  i t  i s  associated with the h igh  temperatures induced l o c a l l y  by 

the impacts. 

r e s o l i d i f i c a t i o n  process o f  the metal can take place a t  the p a r t i c l e  metal 

i n t e r f a c e  [47,201,204-206J. 

s o l i d i f i e d  metal m a t e r i a l  which has adhered t o  i t s  surf"ace. 

favored when t a r g e t  surfaces are already a t  h igh temperatures. 

High speed pho- 

Calculat ions o f  the phenomenon, based on an energy balance on the 

Other authors argue t h a t  a t  h igh impact speeds a quick melt ing- 

I n  t h i s  model, as the p a r t i c l e  rebounds i t  removes 

This mechanism i s  

Against the melting-enhanced erosion argunents are the observations t h a t  

h igh  temperatures can increase metal d u c t i l i t y ,  f a c i l i t a t e  p a r t i c l e  embedding 
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and produce oxide films. 

par t ic le  to  plow along its surface, moving material to  e i ther  side of the grove, 

without actually removing material from the surface. Oxide films and embedded 

par t ic les  can work to  shield a surface from subsequent damaging par t ic le  

impacts. 

while it has been found that  embedding s ignif icant ly  reduces par t ic le  surface 

deposition fit331 much of t h e  erosion data available suggests that  embedding does 

not i n h i b i t  wear s ignif icant ly  b3J 

A suf f ic ien t ly  duct i le  metal w i l l  allow a grazing 

However, the r e su l t s  for embedding are  inconclusive. for  example, 

The above studies pertain t o  localized temperature e f fec ts  produced by par- 

t i c l e s  impacting surfaces a t  h i g h  speed. 

variations of  target  temperature has also been investigated 

[ll, l8,31,170,201,207J. 

copper targets  impacted by 5 mm diameter hardened s t e e l  spheres a t  speeds 

ranging from 110 to  150 m/s. 

(argon gas) environment and showed that  erosion increased w i t h  increasing target  

temperature over the range 800-1400°K. 

losses may have been affected by additional temperature increases a t  the posi- 

t ions of par t ic le  impact. 

The response of erosion t o  controlled 

Andrews and F i e l d  k011 measured t h e  wear of annealed 

The experiments were performed i n  a non-oxidizing 

However, the authors note that  t h e  mass 

Experiments conducted i n  more r e a l i s t i c  corrosive environments yield 

contrasting resul ts .  

temperature erosion by 30 pm sized alumina par t ic les  of 304 and 310 s ta in less  

s t e e l  specimens previous ly  exposed to  a gas mixture of 1% 

700 and 800'C respectively. 

erosion behavior of specimens corroded a t  different  temperatures to  differences 

i n  t h e  nature of t h e  scales formed. A t  low temperature t h e  scales were 

c rys ta l l ine  and weakly adherent, whereas a t  h igh  temperatures they were more 

s t r o n g l y  adherent b u t  appeared to  be more b r i t t l e .  Notwithstanding, corroded 

For example, Ganesan, e t  a1 @OS] have measured t h e  room 

i n  N2 a t  600°, 

They a t t r i bu te  the differences observed i n  the 
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specimens always showed greater i n i t i a l  ra tes  of  erosion re la t ive  t o  uncorroded 

specimens. 

By contrast ,  Young and Ruff  h701 have observed that the erosion of  

various types of  s ta in less  s t e e l  by 5 and 50 um A1203 part ic les  suspended i n  a 

gas j e t  is l e s s  a t  5OO0C than a t  25OC. The authors a t t r ibuted the reduction i n  

erosion t o  the better protection afforded by the thicker oxide coating formed a t  

500%. The comparatively smaller reduction i n  erosion for the case of  the 50 um 

par t ic les  was at t r ibuted t o  the par t ic le  depth-of-cut being larger than the 

thickest  oxide scale thickness formed which, therefore, offered l i t t l e  protec- 

t ion.  However, the authors' interpretation i s  confounded w i t h  par t ic le  motion 

considerations that  also work to  reduce erosion a t  h i g h  temperatures. A similar 

configuration was analyzed by Oosan j h  and Humphrey b9I who calculated the flows 

of  particle-laden gas j e t s  aimed a t  f l a t  surfaces. 

the car r ie r  gas temperature (as  Young and Ruffs  d i d ,  to  3OO0C for the r u n s  w i t h  

They show that  increasing 

the specimens a t  500%) decreases the par t ic le  incidence speed (V,) and angle 

(Bl) as well as the par t ic le  f l u x  (F1) t o  the surface. 

readily explained i n  f l u i d  mechanics terms, by noting tha t  the r a t i o  o f  momentum 

The reason fo r  t h i s  i s  

equilibration numbers a t  the same location between two flow configurations I and 

I1 that  d i f fe r  o n l y  i n  temperature and par t ic le  s i ze  is1 

+I d p I  )2 I-- - -  - -  

P I 1  
d 

If dpI = d p l p  and we assune p a (ideal gas) then :  

T 1/2 
(temperature e f f ec t  on A )  

AI  

A I1 

(35 1 

then I I f ,  however, TI = TII  but d p I  f d p I I  
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137) 
- a (-+,I d I  2 (par t ic le  s i ze  e f fec t  on X I  . 

PI1 

Therefore, small values of A ,  character is t ic  of  par t ic les  that  closely 

follow the f l u i d  motion and tend not  t o  impact the surface, are  moderately 

favored by increasing the gas stream temperature and substantially favored by 

reducing the par t ic le  s ize .  

differences i n  erosion betweeen 5 ~.lm part ic les  i n  a gas j e t  a t  300OC and 50 urn 

par t ic les  i n  a gas j e t  a t  25oC (as observed by Young and R u f f )  independently o f  

oxide scale considerations. 

In  par t icular ,  from Eq. (35) one expects very large 

There is yet another interesting feature i n  the observations by Young and 

Ruf f  tha t  is explained by them i n  terms of  the oxidation scales formed on the 

materials investigated b u t  which admits a purely f l u i d  mechanical interpreta- 

t i o n .  

t i c l e s  a t  5OOOC is  less  than that a t  250C. 

a t  25T, those a t  500% are  displaced towards smaller par t ic le  incidence 

Figure 13, taken from the i r  paper, shows tha t  the erosion by 50 Um par- 

I n  addition, re la t ive  t o  t h e  resu l t s  

anglesl; meaning that  par t ic les  of  a fixed s ize  w i t h  small incidence angles and 

i n  streams a t  h igh  temperature w i l l  erode equivalently t o  identical  par t ic les  

having large incidence angles i n  streams a t  low temperature. That t h i s  is the 

expected resu l t  can be shown us ing  the cutt ing model proposed by Finnie c61 2nd 

the numerical f l u i d  mechanics resu l t s  obtained by Dosanjh and Hunphrey b91. 

For incidence angles 18.50 < B, < 900 the cutting model yields8 

1 E = F 1  v2 1 cos2 B 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 I n  t h e  absence of experimental values, the par t ic le  incidence angle is assumed 

t o  be proportional t o  t h e  acute angle formed by the gas j e t  and the targ, 4 sur- 
f ace. 
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0. I 

. Figure 13. Erosi-orof an isothermal surface by a particleladen jet of C02 gas as a function of 
the blast jet incidence angle. Conditions correspond to a stainless steel target at two tempera- 
tures impacted by A12 % particles of diameter 50 pxn at a speed of 30 d s .  Based on measure- 
ments by Young and Ruff [ 1701. 
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For two ident ical  flow configurations, I and 11, that d i f fe r  o n l y  i n  tern- 

perature, EI = E I I  when 

range of B, of in te res t  here. I t  follows from Eq. ( 3 9 )  that  

(‘Os ’1)300K B1)1200K and, therefore, that  (B1)300K ’ (82)12ooK * The 

conclusion is tha t  t h e  incidence angles o f  par t ic les  i n  a cold gas stream m u s t  

be larger than those of ident ical  par t ic les  i n  a h o t  stream t o  a t ta in  the same 

ra tes  of erosion. T h i s  interpretation of t h e  data i n  F ig .  13 does not 

necessarily imply  tha t  the protective oxide f i l m  hypothesis of Young and Ruff  

[170] i s  incorrect. a )  both 

interpretat ions a re  valid, b u t  there is insuff ic ient  information available,  from 

t h i s  or any other experiment, t o  rank them i n  order of importance; and, b )  

thermally-induced viscous e f f ec t s  can s ignif icant ly  a f fec t  par t ic le  motion and  

hence erosion i n  gas-solid flows. 

- 

The o n l y  concluSionS to  be drawn here are  thatr 

Unfortunately, i n  oxidizing and other corrosive environments, clear and 

generally applicable interpretat ions of t h e  e f fec ts  of temperature on erosion 

a re  d i f f i cu l t  to formulate. The synergistic e f f ec t s  between t h e  two modes of 

mass loss a re  complex, insuff ic ient ly  docmented, poorly understood and, as a 

r e su l t ,  d i f f i c u l t  t o  model. 

yet been completely characterized i n  terms of its corrosion/erosion behavior, 

which includes knowing# a)  the corrosion and erosion properties of the base 

material; b )  t h e  erosion properties of t h e  corroded surface l a p r ;  c )  the 

erosion properties of t h e  base material coated w i t h  a corroded layer,  i n  par- 

t i cu l a r  the dynamics of  t h e  particle-corrosion layer interaction especially when 

the l a t t e r  takes the form of a flaky material of i l l-defined material properties 

Hogmark e t  a1 bO9I point o u t  that  no material has 



and mechanical  behavior .  Suffice it t o  say t h a t  f o r  most systems of  p rac t ica l  

i n t e r e s t  t h e  f l u i d  mechanics  ( t u r b u l e n c e  e s p e c i a l l y )  plays a c r i t i c a l  role. 

T h i s  is  because many s u r f a c e  c o r r o s i o n  r e a c t i o n s  are d i f f u s i o n - c o n t r o l l e d .  

rates a t  which chemical species and particles w i t h  X < 1 approach  or  leave a 

surface u l t i m a t e l y  depend on the l a r g e - s c a l e  c o n v e c t i v e  mot ions  which t r a n s p o r t  

them between r e g i o n s  nea r  the s u r f a c e  and the bulk  of the f low,  and on the 

i n t e r a c t i o n  of  t h e  flow w i t h  t h e  s u r f a c e  which may be smooth or rough. In t h i s  

regard, c o r r o s i o n  scales can behave l i k e  roughness  e l emen t s  and w i l l  a f f ec t  t h e  

t r a n s p o r t  process. 

c o r r o s i o n  and ,  i n c r e a s i n g l y ,  more s t u d i e s  are  appea r ing  on the s u b j e c t  of 

e r o s i o n - c o r r o s i o n  k4,209-22d . 

The 

There is a c o n s i d e r a b l e  body o f  l i t e r a tu re  on t h e  s u b j e c t  of  

4. CONCLUSIONS 

? a r t i c l e - l a d e n  f l u i d s  are  r e s p o n s i b l e  f o r  c o s t l y  e r o s i o n  problems of  g rave  

concern  t o  many impor t an t  i n d u s t r i e s .  The r e a s o n s  f o r  needing  t o  unders tand  and 

c o n t r o l  e r o s i o n  r e v o l v e  abou t  major i s s u e s  of  economy, safety and resources con- 

s e r v a t i o n .  C e r t a i n l y ,  w i t h  d i rect  and i n d i r e c t  l o s s e s  s u s t a i n e d  by the i n d u s t r y  

and the military amounting t o  hundreds of m i l l i o n s  o f  do l la rs  a n n u a l l y ,  the p r i -  

mary m o t i v a t i o n  f o r  unde r s t and ing  and c o n t r o l l i n g  e r o s i o n  is t h e  economic fac- 

t o r .  

T h i s  review has c e n t e r e d  on uncover ing  and d i s c u s s i n g  v a r i o u s ,  p r e v i o u s l y  

n e g l e c t e d ,  fundamental  i s s u e s  having  t o  do w i t h  t h e  role p layed  by f l u i d  mecha- 

n i c s  i n  e r o s i o n  by s o l i d  p a r t i c l e  impact .  Emphasis was placed on unde r s t and ing  

p h y s i c a l  phenomena which c o u l d ,  i n  p r i n c i p l e ,  lead t o  an improved c o n t r o l  o f  

particle motion i n  o r d e r  t o  e l i m i n a t e ,  or a t  l eas t  minimize,  wear. The review 

reveals several major  po in t s8  

1. There are numerous i n s t a n c e s  i n  t h e  e r o s i o n  l i t e r a t u r e ,  a fsw a f  which 

Rave been d i s c u s s e d  here, o f  f i n d i n g s  t ha t  have been a t t r i b u t e d  t o  materials- 

related c a u s e s  b u t  which admit p u r e l y  f l u i d  mechanics i n t e r p r e t a t i o n s .  
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2. Previous experimental work i n  erosion has fa i led to  adequately 

control,  l e t  alone measure w i t h  any degree of accuracy, the f l u i d  mechanics 

variables that  a f fec t  s o l i d  par t ic le  motion and surface impact. 

include t h e  instantaneous veloci t ies  of the f l u i d  and par t ic le  phases, espe- 

The variables 

c ia l ly  near the surfaces undergoing erosion, and temperature i n  non-isothermal 

flows. 

3. In re la t ion to  Point 2 ,  no fundamental experimental s tudy  of erosion 

by par t ic le  impact has yet been undertaken where t h e  character is t ics  of  the tur- 

bulence a re  varied i n  a controlled and systematic manner over a meaningful range 

of the relevant parameters. 

imperative to  conduct such investigations since t h e y  w i l l  provide the data (and 

uncertainty bounds) so necessary fo r  g u i d i n g  and tes t ing mathematical model 

developments that  w i l l  render erosion predictable i n  systems of in te res t  t o  

i n d u s t r y .  

The experimental methodologies ex i s t ,  and it is 

4. I n  h i s  review, Leschziner c791 concludes that  computational f l u i d  

dynamics has reached the stage where it  can be applied almost routinely t o  many 

single phase flows i n  h i g h l y  complex three-dimensional geometries typical o f  

industr ia l  processes. 

nature as research advances have shown. However, direct  numerical simulations 

of turbulent flows are  unlikely t o  benefit t h e  i n d u s t r y  i n  the immediate future, 

and phenomenological modeling approaches w i l l  continue to  be the workhorse fo r  

predictors of t u r b u l e n t  flows i n  complex configurations. Extensions of  s i n g l e  

phase phenomenological models to  two phase flows have already been undertaken 

and 5me have been discussed here. For purposes of modeling erosion by s o l i d  

pa r t i c l e  impact, lagrangian formulations o f  t h e  par t ic le  phase are  preferred to  

eulerian formulations since they a re  based on a physically in tu i t ive  force 

balance applied to  the par t ic le  that  expl ic i t ly  allows, for example, the inclu- 

Even though problems remain, t h e y  are  of a solvable 



70. 

s i o n  o f  l a t e ra l  forces which can 

near a surface. In  t h i s  regard, 

modeling of mono-disperse di lute  

remarkedly a l t e r  the trajectory o f  a par t ic le  

s ignif icant  progress has been made i n  the 

systems where par t ic les  col l ide infrequently 

among themselves i n  the b u l k  of  the flow or near the surface undergoing erosion. 

However, the corresponding behavior of more r e a l i s t i c  concentrated polydispersed 

particle-gas flows has yet to  be modeled sa t i s fac tor i ly ,  especially near sur- 

faces. 

5. There are  important aspects of t h e  erosion process that  are ,  a t  pre- 

sent ,  too complex to  model and for which accurate direct  measurements are  pro- 

bably impossible. These r e l a t e  to  par t ic le-par t ic le  col l is ions,  and 

particle-surface interactions such as  rebounding, fragmentation and s p i n .  Here, 

innovative experimental and theoretical  approaches are  sorely needed, b u t  they 

mus t  be tempered by weighing the benefits of developing procedures aimed a t  

measuring or computing de ta i l s  against the value o f  establishing simpler but  

proven approaches that  w i l l  provide resu l t s  quickly and w i t h  acceptable uncer- 

t a i n t  i e s  . 
6. Ultimately, the prediction of wear by par t ic le  impact m u s t  rely on the 

formulae der ived  by the material s c i en t i s t s  far  calculating erosion. 

the early work was experimental i n  nature consisting, primarily, i n  establishing 

empirical correlations describing the erosion (often accelerated) of very speci- 

f i c  material pairs for  very specific experimental conditions. 

l i t t l e  of a universally applicable nature has emerged from t h i s  e f fo r t .  

recently,  s ignif icant  thearet ical  advances have been made i n  the materials area 

(not reviewed here) that  show promise for the development of  more generally 

applicable erosion equations. However, i t  is  important to stress that such 

research cannot be concluded successfully without close scrutiny and control of  

t h e  f l u i d  mechanics aspects of the erosion problem. 

Much of  

As a result, 

More 

In t h i s  regard, e f fec t ive  
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techn ica l  communication between mate r ia l  s c i e n t i s t s  and f l u i d  mechanicists is 

indispensable. 
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Numerical Calculation of 
Flows Past Tubes 

Particle-Laden Gas 

A numerical study has been conducted for the flow of a dilute particle- 
laden gas moving past one or more tubes undergoing erosion. A nonor- 
thogonal body-fitted coordinate system was used to calculate three 
tube configurations for laminar and turbulent flow regimes. The assump- 
tion of one-way coupling allows the calculation of individual particle 
velocities from the fluid flow field. The significant effects of turbulent 
velocity fluctuations are taken into account by means of the stochastic 
separated flow model. The particle flow field information is then used to 
predict circumferential distributions of particle flux and erosion. Predic- 
tions of trajectories for the case of two in-line tubes show that particles 
with inertia numbers X > 1 will strike many tubes in a tube bank due to 
particle rebounding from tube surfaces. By contrast, particles with X < 1 
are entrained in the bulk flow between tubes. In general, the effect of 
increasing the particle-gas suspension temperature is to couple the 
particle-fluid motion more closely through viscous drag and, thus, to 
decrease erosion. 

M. J. %hub 
C. A. Schuler 

J. A. C. Humphrey 
Department of Mechanical Engineering 

University of California 
Berkeley, CA 94720 

Introduction 
The problem of interest 

The erosion of tubes in tube banks by particles suspended in 
gas flows is a major problem in the power industry. Such erosion 
is especially important in the reheaters and economizers of coal- 
fired boilers utilizing fluidized bed combustors. A survey of the 
literature on the subject, available in %huh (1987), has uncov- 
ered a considerable amount of work on single-phase flow and 
heat transfer for single tubes, but less for the case of tube banks. 
In addition, much of what is available for tube banks tends to be 
semiempirical or qualitative in nature and often in the vein of 
correlations for predicting overall values of pressure drop and 
heat transfer. The level of corresponding information relating to 
particle-laden gas flows, especially the effects of fluid motion on 
particle motion and hence on tube erosion, is virtually nil. 

The study reported here is part of a research effort aimed a t  
measuring and rendering predictable the flow of dilute concen- 
trations of solid spherical particles suspended in isothermal gas 
streams moving past one or two in-line tubes, or past a tube in a 
tube bank. The turbulent flow regime is of special interest for 

C. A. Schub i. pacl l t ly  with Altm R d  d Ehginaring. I30 Kififer Coun. S u a n y n k  

Carcspcndcna wnarning tbii p p ~  should be add& to J. A. C. Humphrey. 
CA 94086. 

which, computationally, the condition of statistical stationarity 
i s  assumed. The three configurations of interest are shown in 
Figure 1. Experimental measurements of the circumferential 
distributions of particle flux for the one and two in-line tubes in 
the figure have been reported by Schweitzer and Humphrey 
(1988) who argue that particle flux, as opposed to erosion where 
material properties intervene, is a more fundamental quantity to 
determine experimentally for guiding and testing numerical 
models for predicting particle motion and surface erosion. 

Related work 
A review of work pertinent to this study, concerning flow past 

tubes and the numerical modeling of dilute particle-laden gas 
flows, has been given by Schuh (1987). A summary of his main 
findings is provided here. 

Particle Tracking and Erosion. The prediction of erosion 
requires that individual particle speeds and trajectories be 
known. For this, a Lagrangian formulation of the particle equa- 
tion of motion is necessary. In order to be able to neglect 
particle-particle interactions in such a formulation, the particle 
volume fraction of a solid-gas suspension must be less than 
approximately 0.001 (Pourahmadi and Humphrey, 1983). In 
such dilute suspensions, provided that the average particle size is 
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standing, highly refined grid predictions of mean flow quantities 
obtained with a two-equation model of turbulence, using elther 
cylindrical polar coordinates or a streamline/potentlal grid, are 
in reasonable agreement with the data available. The laminar 
flow experiments of Taneda (19561, Grove et ai. (1964), Acrivos 
et al. (19681, and Coutanceau and Bouard (1977), as well as the 
Laminar flow calculations of Majumdar and Rodi, =present 
important test cam for present validation purposes. 

launder and Massey (1978), AntonopouIos (1979, 1985), 
Fujii et al. (1984). Chilukuri et al. (1987a, b), and Faghri and 
Rao { 1987) have calculated tube bank flows. Except for Anton- 
opoulos, all of these authors used Cartesian or overlapping Car- 
tesian/cyiindrical grids to resolve the flows. By contrast, using a 
two-equation model of turbulence, Antonopoulos (1979) calcu- 
lated staggered contravariant velocity components on an orthog- 
onal curvilinear grid. The laminar and turbulent flow calcula- 
tions in Antonopoulos (1979), thc laminar flow calculations in 
Fujii et al. (1984), the laminar flow measurements in Bergelin et 
al. (1952), and the turbulent flow measurements in Achenbach 
(197 1) arc important test cases for the present work. These are 
all in-line tube bank configurations. 

While Schuh's (1987) review also includes work performed 
on two in-line tube configurations, all of the studies uncovered 
were of an experimental nature and none has been of sufficient 
consequence to this work to be reported here. Two extensive 
reviews of experimental work on flow and hear transfer for sin- 
gle tubes and tube banks have been written by Zukauskas 
( 1972) and Zukauskas and Ziugzda ( 198 5). 

. 

0 0 
0 0 

0 0 
Flgure 1. three flow conflguratlonr. 

several orders of magnitude smaller than the largest eddies in 
the flow, one-way (fluid to particle) coupling may k assumed. 

Studies using a Lagrangian formulation approach include 
Laitone (1979a, b, c, 1983; Benchaita et al. 1983; Dosanjh and 
Humphrey, 1985; Vitta1 and Tabakoff, 1986; Shuen et al.. 
1983, 1985; Ormanay and Martinon, 1984). Laitone's work 

Outline of present approah 
Following Thompson et al. (198.5), we have chosen in this 

work to predict the flow past one or more tubes by solving finite 
difference approximations to the conservation equations on a 
numerically-generat& body-fitted nonorthogonal curvilinear 
coordinate grid. This avoids the cumbersome use of overlapped 
orthogonal grids and the attendant interpolation practices re- 

was crucial for demonstrating that fluid mechanic effects alone 
account for the 2.0-4.6 range in the exponent, m, of the free 
stream velocity, CJ, in the expression for erosion, E; E a U". Sim- 
ilarly, the study of Dosanjh and Humphrey established the 
importance of accounting for the turbulent nature of particle- 
laden erosive flows. In that study, the authors point to the neal 
for performing erosive wear experiments under carefully con- 
trolled fluid mechanic conditions. In contrast to the determink- 
tic approach used by Dosanjh and Humphrey to simulate par- 
ticle-turbulena interactions, Shuen et al., and Urmanccy and 
Martinon have developed respective approaches that account 
explicitly for random particle-aidy interactions. The present 
study builds upon the type of methodology developed by Shuen 
et al. 

Numerical Calculation of Turbulent How Past Tubes. 
While this topic has been the subject of considcrabb research 
for the case of a single t u h  in a fret stream, little work exists for 

quired to transfer information between grids, as proposed in 
some of the references above. By using curvilinear coordinates, 
the ease of specifying boundary conditions (one of the reasons 
for employing overlapping grids) is retained. Finally, the use of 
control functions to specify grid line spacings and shapes allows 
an arbitrary degree of distributed grid refinement, so that any 
tube configuration of possible interest can be mapped and com- 
puted accurately. 

For the turbulent flow calculations at high Reynolds number, 
a twoquation (k - e) model was used. In this model, a loga- 
rithmic wall function for velocity is employed to approximate 
the wail layer. A generalization of the Boussinesq assumption 
fixes the dependence of the stress on the rate of strain via an 
isotropic turbulent viscosity. In contrast to the work of Malum- 
dar and Rodi (19851, here the flow approaching the tubc(s) is 
turbulent. This obviates the nced to predict transition to turbu- 
lence on the tube surface. Implicit is the assumption of a statisti- 

the casts of two in-line tubes or a tube in a tube bank. Single 
t u b a  have bcen investigated by, for example, Celik et al. (1985) 
and Majumdar and Rodi (1985). The latter show that the 
assumption of a statistically stationary flow leads to inaccurate 
predictions in the wake region when the approaching flow is 
irrotational and transition to turbulence must occur in the 
boundary layer developing along the tube surface. Notwith- 

cally stationary flow and, while this is incorrect for one or two 
in-line tubes in a free stream, it is not an unreasonable supposi- 
tion for the case of a tube in an infinite tu& bank. In any event, 
the assumption is necessary if a practical numerical simulation 
of the problem is to be achieved. 

A Lagrangian-formulated deterministic particle equation of 
motion is solved via an advanced Runge-Kutta method to pre- 
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diet particle speeds and trajectories once the fluid flow field is 
known. The effects OF turbulence on particle dispersion are 
included by superposing a random distribution of turbulent 
eddies upon the calculated mean flow field, as in Shuen et al. By 
tracking a statistically significant number of particles, released 
at  different initial locations, overall pictures of particle flow 
fields, surface fluxes and erosion are obthined. The gas-solid sus- 
pensions investigated are assumed to be in thermal equilibrium. 
Because particle response time to a change in fluid motion 
depends on viscosity, calculations of the particle flow fields for 
different values of a prescribed fluid viscosity correspond to 
Ruid Row fields evaluated at  different but uniform tempera- 
tures. Upon striking a tube surface, a particle is forced to 
rebound according to prescribed restitution relations. Particle 
fragmentation and/or particle rotation are not considered. The 
restitution relations employed are the simplest that will provide 
qualitative pictures of real phenomena. 

FIuid-Pha88 Numerical Procedure 
This section summanzcs the main Features of the numerical 

procedure developed to calculate the fluid phase flow field. By 
necessity it is brief. A detailed exposition of this and related 
material is available in Schuh (1987). 

Grid generation 
To generate nonorthogonal curvilinear coordinate grids, we 

have followed closely the work by Thompson et al. (1985, 1986, 
1987) and the references therein. Coordinate line generation 
can be accomplished by a variety of procedures including alge- 
braic, elliptic, graphical and hyperbolic generation methods. 
The elliptic method was chosen for this work because of i ts abil- 
ity to produce grids in a reasonable amount of time with control- 
lable line and point distributions on the geometry of interest. In 
this method. the following Poisson equations can be solved for 
the coordinate lines { and 7 in a two-dimensional physical 
domain 

However, it is computationally advantageous to solve for x and 
y ,  the Cartesian coordinates, for fixed values of { and 7 with the 
following equation 

g2z(qf + Pr,) + g,, ( r ,  + e,, - 2g,,rr, * 0 (3) 

in the transformed or computational domain. The control func- 
tions (sourcs terms P and Q in Eqs. 1-3) are used to control the 
spacing of the r a n d  7 coordinate lines, respectively. Two meth- 
ods were used to control the spacing in this work. The first 
attracts lines to a point or a line by using equations for P and Q 
wherein the magnitude of the attraction (or repulsion) and the 
rate a t  which it is damped can be separately prescribed. The sec- 
ond method involves derivative line spacing control functions, 
which are used to maintain the same spacings between coardi- 
nate lines in the interior of the calculation domain as the spac- 
ings imposed on the boundaries of the domain. Of the two, the 

Two in-linc tutu 

Tutein an uulnlte tu& hulk 

Figure 2. Examples of curvilinear coordinate grlds used 
tor the three now configuratlons. 

derivative line spacing approach was the preferred method in 
this work. For some of the turbulent flow calculations requiring 
grid points very near a tube surface, a combination of the two 
methods was necessary in order to obtain an acceptable distribu- 
tion of points in front and behind the tube. 

Grids are generated in three steps. 
0 First, a point distribution is chosen on the boundary. 

Then, the interior of the grid is generated by solving Eq. 3. 
Finally, ends are added with the aid of cubicspline interpo- 

lation (Press et al., 1986). 
The ends are made up of two rectangular cells and an interpo- 

lated region between the three points on the end of the interior 
grid. This procedure is fast and straightforward, while providing 
orthogonal boundaries which eases the implementation of the 
outflow and periodic boundary conditions. Figure 2 shows exam- 
ples of the grids used in this work. 

Transport equations and boundary conditions 
For steady, two-dimensional, incompressible, constant prop- 

erty, turbulent flow the modeled transport equations written in a 
conservative form relative to an arbitrary curvilinear coordinate 
system are: 

Continuity of mass 

(4) 

u momentum 

u momentum 
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au.k.i& P Turbulent kinetic energy, k 
Symmetry Plane 

Dissipation of turbulent kinetic energy, E 

Generation of turbulent kinetic energy, G 

where 

,- 

(9) 

Here the two-equation (k - 6) model of turbulence of Laun- 
der and Spalding (1974) has been used; see also Rodi (1982, 
1984). In this model: 

P, is the effective viscosity 

Pt - P + Pr 

pLt is the turbulent viscosity 

and the following are empirically determined (OT numerically 
optimized) constants from Rodi (1984): 

- 1 C, - 0.09 C, - 1.44 C, - 1.92 C, - 1 

The boundary conditions for the Row fields are shown in Fig- 
ure 3. For the single tube or the two in-line tubes, u, o. k, and t 
values are prescribed at  the inlet boundary and the flow is 
assumed to be fully developed at  the outlet boundary. The top 
and bottom boundaries of the solution domain (except for the 
tube surface) are taken as symmetry planes. On the tube sur- 
face, the fluid velocity is zero. For turbulent flow calculations, 
the equilibrium approximation is used to fix boundary condi- 
tions for k and t in the region between the tube surface and the 
first grid node adjacent to it (Launder and Spalding. 1974). 

In the laminar Row calculations, only the continuity, u 
momentum, and u momentum equations are solved with the vis- 
cosity set to the molecular viscosity, pe - p. For all cam, the 
boundary conditions are implemented by using source terms, 
modification of the convection and diffusion derivatives, or other 
changes. The velocities, k, and F. are prescribed on the inlet plane 
for the single tub: and in-line pair of tubes, so their respective 
equations are not solved on this plane. However, the pressure is 
required on the inlet plane (it is used in the pressure derivatives 
in the momentum equations on the second plane) so the con- 
tinuity equation is solved to determine the pressure on the inlet 
plane. (The solution method for the pressure field is discussed in 
a separate section.) The outlet boundary condition of fully 
developed Row is implemented by not solving the momentum 
equations a t  the exit plane, but by setting the values of the veloc- 
ities at the exit plane equal to those at the plane directly 
upstream, and then adjusting these velocities to ensure that con- 
tinuity of mass is preserved. (In the code, this is implemented by 
using a grid that is Cartesian for the last three planes and copy- 
ing the u and v velocities from the plane before the outlet to the 
outlet plane.) The conservation of mass at the exit plane is 
assured by correcting the u velocity profile on this plane. For 
fully developed turbulent flow, the k and c values are also copied 
from the plane directly upstream of the exit to the exit plane 
without modification. Like the first plane, the pressure is 
required on the exit plane so the continuity equation is also 
solvcd on the exit plane. The u velocity on the top and bottom 
symmetry planes and on the tube surface is zero. Therefore the 
v-momentum equation is not solved on the top and bottom 
planes. The p ,  u, k, and t equations are solved on the top and 
bottom symmetry planes. A very detailed description concern- 
ing the practical implementation of these hundary  conditions in 
finite difference form is available in Schuh (1987). 

Finite difference upproximation 

according to 
The u, v,  k, and t equations can be written in identical form 

where 4 is an arbitrary variable, thus admitting a common solu- 
tion procedure. The equivalent finite difference form of this gen- 
eral equation is readily obtained by a cell or volume integration 
following the rules and guidelines in Patankar (1980). The 
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result is 

where subscripts N, S, E, and Wdenote the grid points adjacent 
to P. The upwind-central differencing scheme discussed by 
Patankar (1980) was used to derive the convection-diffusion A 
terms in Eq. 15 for the nonstaggered grid used in this work. (The 
grid used here will be detailed further later.) Detailed expres- 
sions for these terms and for linearized forms of the source 
terms, S,, are given in Schuh (1987). 

The application of Eq. 15 to each variable at each point on the 
calculation grid yields a set of equations that are solved itera- 
tively. This is accomplished by repeated applications of the tri- 
diagonal matrix algorithm in its standard form (Patankar, 
1980) for single and two in-line tubes, and in its cyclic form (Pa- 

'tankar et al., 1977) for the case of a tube in an  infinite tube 
bank. 

Treatment of pressure 

The calculation of pressure proceeds along the lines of the 
SIMPLE algorithm of Patankar (1980) by making pressure cor- 
rections from iteration to iteration, until the velocities calcu- 
lated in conjunction with the corrected pressure field satisfy the 
momentum and continuity equations simultaneously. There are, 
however, two important differences: 

1) A central difference scheme is used for the pressure deriva- 
tives in the momentum equations in both the present work and in 
Patankar's work. This scheme has a 2 e  dependence on the type 
of nonstaggered grid used here, while it has a Af dependence on 
a staggered grid. A 2Af dependence results in a pressure oscilla- 
tion when velocities are averaged to obtain the flux into the con- 
trol volume used in the pressure calculation. (It is exactly this 
problem that the staggered grid was created to solve. The stag- 
gered grid does not require averages of the velocities to obtain 
the fluxes into the control volume used in the pressure calcu- 
lation.) To obviate velocity averaging a t  the control volume 
walls, a localized solution of the momentum equation is calcu- 
lated at  each control volume wall. The localized solution of the 
momentum equation has a dependence in the direction of the 
two nodes normal to the control volume wall (this is the wall that 
the flow passes into or out of the control volume) and a 2&' 
dependence in the tangential direction. The use of the localized 
solution of the momentum equation eliminates any pressure 
oscillations in the solution. 

2) Pressure corrections of the velocities, as performed by 
Patankar (1980). are dispensed with, since they do not improve 
the convergence rate enough to offset the added cost of com- 
puting them. 

Solution algorithm 
The overall solution algorithm is iterative in nature and per- 

forms the following steps: 
1) Guess an initial velocity and pressure flow field. For this, 

use a flow field from a previous solution or set all the variables 
equal to the inlet values except for the tube surface where u and 
z) are set to zero. 

2) Calculate a new u velocity field. 
3) Calculate a new v velocity field using the same A,, A,, 

A, S, and C, values from the u velocity iteration. (The use of 

the same coefficients is allowed by virtue of the uniform nature 
of the grid in the transformed 5 - 7 plane.) 

4) Calculate the pressure correction and obtain the new pres- 
sure field. 

5 )  If the flow is turbulent, calculate new k and t fields and 
update the viscosity field. 

6) If the calculation has not converged, go to step 2. 
Convergence is checked by monitoring the sum of the residu- 

als for each variable over the entire calculation grid. The numer- 
ical solution is taken as converged when the largest of the resid- 
ual error sums i s  less than 5.0 x lo-'. 

' 

Miscellaneous matters 

Locution of Vuriables. The use of a curvilinear grid requires 
that all the dependent variables be calculated and stored a t  the 
intersection of grid lines (the nodes) rather than at  staggered 
(between nodes) grid locations as in Patankar (1980). (This 
requires the special treatment of pressure described earlier.) 

Underrelaxation. All variables are underrelaxed by factors 
ranging between 0.3 and 0.8 to stabilize and accelerate the cal- 
culations. 

Localized Solution of the Momentum Equations. The local- 
ized solution of the momentum equations is calculated for u and 
u at two locations relative to each grid point. The location 
ktween neighboring points on the [' grid lines is referred to as 
the u location and the location between neighboring points on 

b ~ . l . . u l m r U . r  -anvdr*up. hOlld..dInml*.; b O l l C m l ~ . . I I I ,  

Figure 4. Control VOkJmeJ8 used for the localized SOlutbR 

of the momentum equatlons. 
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the E* grid lines is referred to as the v location. Thew are shown 
in Figure 4 along with their respective control volumes. This 
nomenclature of u and v locations is similar to that used in stag- 
gered grid configurations. The K and v velocities are calculated 
at both of these locations by the substitution in Eq. 15 of coeffi- 
cients derived from flow quantities at the neighboring grid 
points only. The grid points are indicated for the two control vol- 
umes shown in Figures 4b and 4c. The calculated u and o v e l d -  
ties at these locations are referred to as localized because they 
are calculated by using the flow field values from the neighbor- 
ing points only while the u and u velocities a t  the intersection of 
the grid lines are calculated by using an equation solver that 
includes the global effect of the flow field. Further details arc 
available in Schuh (1987). 

Pressure at the Tube Surface. The pressure calculation pro- 
cedure used in this work results in a slight skewness in the iso- 
bars at  the tube surface. This is not a serious limitation because 
as the grid is refined the skewness decreases. 

Algorithm Performance. All of the calculations w m  fun on a 
Digital Equipment Corporation Micro VAX I1 with 6 Mega- 
bytes of memory and a floating point accelerator running Ultrix 
version 2. The memory requirements for a 119 x 50 grid are 
109,568 bytes for the text segment, 18,432 bytes for the initial- 
ized data, and 2,885,528 bytes for the uninitialized data. This 
gives a total memory requirement of 2.87 Megabytes or 506 
bytes per grid node. The code uses double precision with 8 bytes 
per storage location on the Micro V A X  I1 which results in 63 
storage locations per grid point. Typical values of convergence 
time and number of iterations for laminar and turbulent flow 
arc given in Table I. 

Grid Limirarions. The grid generation procedure used in this 
work has difficulty generating grids that change smoothly on the 
symmetry plane ahead of and behind a tube in the tube bank 
with spacings less than 1.5 tube diameters. The problem is only 
serious in a small region for the turbulent Row regime, where 
jagged mean Row streamlines can result. 

Particle-Phase Numerical Procedure 
Equation of motion 

arbitrarily accelerated particle in the fluid flow field 
The following equations are used to describe the motion of an 

The second equation is the result of a force balance in which, 
due to the large value of the ratio pJp (2.25 x IO' for glass 
particles in air), acceleration-dependent drag terms (the added 
mass and Basset history integral terms) and the lift forces (such 
as the Magnus and Saffman form) are negligible. Also small 
are the pressure gradient f o r m  omitted in the equation. Thus, 
gravity and drag are the only for= determining the motion of 
the particle. Equation (17) is taken from Clift et ai. [1978], 
where it is shown that the terms neglected are indeed small com- 
pared to those retained. Furthermore, Equation (17) is only 
valid for non-interacting particles. 

It is assumed that the particles are spherical for which, in the 
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Tabk 1. Characteristics af Algorithm Performance on a 
Micro Vax I1 for Maximum Residual Error of 5.0 x lo-' 

Numerical 
Case CPU Hours Iterations Grid 

17.8 
Laminar Flow* 
Single Tube (Re - 40) 
Laminar Flow** 
Tube Bank ( L I D )  - 2, 

Re - 100) 34.4 3,699 61 x 40 
Turbulent Flowt 
Single Tube (Re - 2.94 x IO') 28.7 2,026 91 x 28 
Turbulent Flow* 
Tube Sank ( L I D )  - 2, 

1,080 119 x 38 

Re - 2.56 x 10') 12.2 1,511 55  x 25 
- 

*Calculation initialized by setting the velaity at all grid points to the inlet value 

'*Calculation i n i t i r l i  by sating the velocity at all grid points to one half the 

TcPIculatMa initiplind by Bening all variabla at all nodes to the inlet valurr 

$As in ** above, but with g a d  eatimntea of the valua for k and 6. 

and pnasun to mo. 

average velodty at tbc minimum crw &ion and p m u t e  IO zero. 

except prrsmte which waa wt to zero. 

creeping flow regime, Stoke's formula for the drag coefficient 
may be usd: 

Since this formula is only valid when the particle Reynolds num- 
ber, Repl, is much less than unity, an empirically determined 
correction factor f is employed when Rep, z O( 1). In this work, 
the following correction factorfgiven by Boothroyd (1 97 I )  was 
used 

1 + 0.15 Re:@' 0 Repf c. 200 

0.914 Re;;'' + 0.0135 Re, 200 < Regf s 2,500 

(19) 0.0167 Re,,, 2,500 -= Re, 

Introducing mal and A, as defined in the Notation, Eq. 17 is 
rewritten as 

where T is the particle response time. It is convenient to define a 
non-dimensional particle response time, or momentum equili- 
bration constant A, according to: 

where &and tr,,are a Characteristic length and velocity of the 
Row field respectively. The quantity A is the ratio between a 
time-scale characteristic of the mean particle motion and a 
time-scale characteristic of the mean fluid flow. 

Solution algorithm and boundery conditions 

The fourth-order adaptive step size Runge-Kutta scheme in 
Press et al. (1986) was used to solve Eqs. 16 and 17 subject to 
the specifications of initial particle location and velocity. 
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Figure 5. A particle Impacting and  rebounding from t he  
tube as denned by a aer les  of straight lines. 

Special care is required when the particle approaches the tube 
surface or any other boundary. Figure 5 shows a sketch of a par- 
ticle impacting and rebounding from the surface of a tube which 
is defined by a series of straight lines on the curvilinear grid. 
Because the solution scheme is parabolic in time, a trial and 
error scheme was implemented to determine the instant and 
position of impact. For this, a small region around the tube of 
thickness 6 ,  is defined. When the particle first approaches the 
surface, the solution algorithm is unaware of its presence and 
forces the particle to cross the surface. When this happens, the 
particle is returned to its previous position, the step size is 
decreased by a factor of 2, and computation is retried. This pro- 
cedure is repeated until the particle falls into the & region previ- 
ously defined. Assuming that the particle velocity remains con- 
stant within b,, Euler's method is used to determine the position 
and time of particle impaction (this reduces to finding the inter- 
section of two straight lines). Finally, the velocity of the 
rebounding particle is calculated assuming constant restitution 
coefficients for the normal and tangential components of the 
velocity. Referring to Figure 5 .  the rebound velocity, U;, is cal- 
culated by first determining the normal (w,) and tangential (w,) 
velocity components at  the boundary from the following equa- 
tions 

w, - upr cos 0 + up, sin 8 

w, - -up, sin @ + vn cos B (22) 

The rebound velocity components normal and tangential to the 
wall are then calculated using the appropriate restitution coeffi- 
cients e, and e, according to 

Finally, the rebound velocity components in the original coardi- 
nate system are computed according to 

u; - w: cos B - w:, sin fl 

v k -  w:sinB - w:,cosB (24) 

Both restitution coefficients are set to unity at symmetry planes, 
thus simulating a new particle entering the calculation domain 
from the opposite direction. 

When the particle is very small (A < 1). it may rebound from 

Figure 6a. Particle location and the  nearest grld polnt on 
a curvilinear grld. 

the wail several times. In this case, 6, must be very small and a 
very small calculation time step must be used. In this work, bb 
was set to Q.oQ5D. 

Interpoiation of properties on a curvilinear grid 
The fluid velocity along the trajectory of a particle must be 

found by interpolation. Special care is required since the grid 
used for calculating the velocity field is nonorthogonal. In the 
present study, an algorithm embodying the following steps was 
used: 

1) Find the grid point closest to the current particle location. 
(This is called the search step.) 

2) Find the cell in which the particle is located, Figure 6a. 
3) Divide the cell found in step 2 into four triangles by 

defining point c(xcr y,)  in Figure 6b as 

and then find the triangle in which the particle is located. 
(Triangle (I - b - c - u in Figure 6b.) 

Figure 6b. Division ot t h e  grid cell contalnlng t h e  particle 
Into four tr iangles a n d  t h e  c e n t e r  point 
dx,, Y,). 
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4) Assume that properties at the Center of the grid (point C in 
Figure 6b) are the mean of the values at  the corners of the cell. 
Linearly interpolate for properties at  the Particle location using 
the values at the corners of the triangle (I - b - c - (I as shown 

required for the particle to cross the eddy. These times arc -ti- 
mated by assuming that the Characteristic size of an size is 
equal to the dissipation length scale, 

in Figure 6b.) 1-:/4k312 

c (28) This procedure ensures continuity of the interpolated properties L, = - 
from cell to cell. It has also proven to be fast to execute numeri- 
cally. The details of this searching algorithm are given in %huh 
(1987). 

Influence of rurbulent fluctuations 

with a lifetime given by 

The effect of turbulence on particle dispersion may be 
neglected when the characteristic particle response time is large 
compared to the characteristic time of the turbulent Ructua- 
tions, i.e., when 

If we assume that the time scale of the turbulent fluctuations is 
commensurate with the time scale of the mean flow, that is, 

we find that Eq. 25 is equivalent to 

Due to the stochastic nature of the procedure, many particles 
have to be simulated in order to obtain an acceptable representa- 
tion of the average particle flux distribution over the tubes. In 
the present work, 40 particle trajectories were calculated per 
each of 100 starting locations uniformly distributed over the 
inlet plane of the calculation domain, for a total of 4,000 particle 
trajectories. 

X w  1 (27) 

In order to account for the effects of relative slip velocity fluc- 
tuations and turbulent dispersion when the particle response 
time is comparable to the time scale of the turbulent Ructua- 
tions, Le., when X 1, a stochastic separated flow model (SSF) 
was used. This model requires an estimate of the mean turbulent 
characteristics of the flow, which can be obtained anywhere in 
the flow from the field calculations by extending the interpola- 
tion procedure described above to include the kinetic energy, k, 
and its rate of dissipation, 6. Particle trajectories are then corn- 
puted by solving the instantaneous momentum equations (Eqs. 
16 and 17). and superposing random velocity fluctuations on the 
mean flow field to simulate instantaneous properties of the con- 
tinuous phase. 

The influence of turbulent fluid phase fluctuations on particle 
trajectories is accounted for through random particle-eddy en- 
Counters. However, it should be emphasized that the actual par- 
ticle motion within an eddy is modeled deterministically, as 
described by the instantaneous momentum equation for the par- 
ticle. For this, the velocity fluctuations are taken as constant 
during a particle-eddy interaction. 

The key element of the SSF model is to specify eddy propcr- 
ties and particle-cddy interaction times in terms of the mean 
flow field characteristics. The present approach is along the 
lines of the work by Shuen et al. (1983). The characteristic 
velocity fluctuations and lifetime associated with each eddy are 
found at  the start of the particle-eddy interaction. The former 
a r t  obtained by making a random selection from a probability 
density function for velocity. For simplicity, the velocity fluctua- 
tions are assumed to be isotropic, with a Gaussian PDF having a 
standard deviation q u a l  to d m i .  However, at  any instant 
the x and y velocity components are not necessarily equal. 

A particle is assumed to interact with an eddy for a time 
which is the minimum of either the eddy lifetime or the time 

(26) Results and Discussion 
Test cases 

Excellent agreement was found between measurements and 
calculations of the fluid phase for all the laminar flow cases 
investigated. For a single tube, these include comparisons of: the 
width and length of the recirculation zone behind a tube as 
visualized by Taneda (1956) for Re - 26 and 40, and computed 
by Majumdar and Rodi (1985) for Re - 40; the centerline 
velocity downstream of the tube as measured by Coutanceau 
and Bouard (1977) for Re - 40; the pressure distribution on the 
tube wall as measured by Grove et al. (1964) for Re - 40; the 
shear stress on the tube wall as measured by Acrivos et ai. 
(1968) for 64 I Re s 150. For a tube in a tube bank these 
include comparisons of the flow streamlines for Re = 10 and 100 
[(L./D> - 2.01; the flow streamlines and pressure profiles for 

1.50 1 

1.25 c 

t 
0.00 1 I I I I 

0 5 10 15 20 

Grid Conomration Downstream of the T u b  

Figure 7. Effect of grid refinement on the  recirculation 
length for Re - 26. 

spacing terms ( x ) .  

Grids d a r e  generated with derivative line spacing with curvature 
terms only (0 )  and derivative line spacing with both curvature and 
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Re - 120 [ ( L I D )  - 1.51; the coefficient of drag as a function of 
Re for different LID. 

These comparisons, discussed in detail by %huh (1 987). were 
important for establishing the effects of grid refinement on 
numerical accuracy for flows free of turbulence model uncer- 
tainties. Figure 7 is an example of the type of exercises con- 
ducted for single tubes and a tube in a tube bank to generate 
grid-independent numerical results. 

For turbulent fluid motion, comparisons were made with: the 
channel flow velocity measurements of Laufer (1950) at Re - 
61,600; the tube bank calculations of streamlines and turbulent 
kinetic energy of Antonopoulos (1979) for Re - IO6 [(LID) - 21 
and Re - 10’ [ ( L , / D )  - 2.06 and ( L , / D )  - 1.381; the surface 
pressure and shear stress distributions measured for a tube in a 
tube bank by Achenbach (1971) for Re - 4 x 10’ (L , /D)  - 2.0 
and (L , /D)  - 1.41; the coefficient of drag as a function of Re for 
a tube bank with (LID)  - 2.0 as correlated by Zukauskas 
(1972) and computed by Antonopoulos (1979). For the reasons 
stated in the Introduction, no attempts were made to predict 
flows involving transition to turbulence on the tube surface. 

The agreement with Laufer’s data and that of Antonopoulos 
a t  Re - lo6 was quite good- Discrepancies between present cal- 
culations and Antonopoulos’ results at  Re - 10’ were traced to 
the effects of grid nonorthogonality on numerical diffusion. 
Thus, we found that by neglecting terms in the turbulence model 
that account for grid skewness, better agreement could be 
obtained with Antonopoulos’ results. We note that Antonopou- 
10s’ method requires an orthogonal grid and provides no means 
for accounting for nonorthogonality if and when this arises in 
the practical implementation of the code. 

The comparisons conducted with respect to Achenbach’s 
pressure data are shown in Figures Sa and 8b. We consider these 
results to be good indicators of the ability of the code to rcsolve 
turbulent flows in tube banks. Grids more refined than 75 x 28 
did not yield results better than those shown. The largest dis- 
crepancies between measurements and calculations of pressure 
arise toward the front and rear of the tube, where the assumed 
law-of-the-wall relation least applies. (This was expected and is 
a well known failing of the present turbulence model. Notwith- 

o Experiment. (Achenbach [1971]) 

Present Calculation (75x28 grid) 

e 
Figure 8a. Pressuro distribution on a tube surface for 

Re - 4 x lob, (LJD) - 2.0, and (L, /D) - 1.4 
calculatlon. 

0.30 

0.M 

0.00 

6.2 1 I I I I I 

0.0 3 60 90 1M 150 180 
e 

Figure 8b. Shear stress dlstribution of a tube surface for 
Re - 4 x lod, (LJD) - 2.0, and (L, /D) - 1.4 
calculation. 

standing, all the qualitative features of the experimental curves 
are well-represented by the numerical results.) The lack of 
agreement in pressure suggests that the predicted velocity fields 
in these regions will also be in error but by a smaller amount 
proportional to the square root of pressure. This will result in 
overpredicted velocity magnitudes in the stagnation region and 
underpredicted values in the wake, which will modify particle 
trajectories in these regions accordingiy. 

The particle tracking capabilities of the numerical procedure 
were checked against the analytical results provided by Laitone 
(1983) for the case of stagnation point flow. Figure 9 shows the 
very good agreement obtained for three different values of A. For 
X 5 0.25 a particle never reaches the surface. For the case X = 

0.5 we have allowed the particle to rebound with values of e, - 
1 .O and e, - 1.0 set for the restitution coefficients in Eq. 23. 

Y 
Y 
- 

1 .o 
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0.4 

0 . 2  

0.0 
0 2 4 6 
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X 

~nalyttcal .  (Laitone [19831) 

h n r  Calculation 

FIgure 9. Comparison of calculated particle paths with 
the analytical rolutlon from Laltone (1983) for 
stagnatlon polnt flow. 
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I 
Turbulentpow pasr one and two in-lines tubes 

Figure 10 shows the results predicted using the procedure 
described above, for the flow of air past two in-line tubes. The 
calculation conditions correspond to those of the particle flux 
experiments of Schweitzer and Humphrey (1988);  Re = 2.94 x 
IO‘, ( L , / D )  - 4.1, and ( L , / D )  - 5.0 with ( k / U a  - 0.021 and 
(ep /U iQ)  - 7.28 x IO-’ at the inlet, T = 300 K, P - 101.3 kPa. 
A grid consisting of 11 I x 28 nodes was used. More refined 
grids did not yield significantly different results. Particle trajec- 
tories were simulated using these flow field results for h - 0.1, 
0.5, 1.0, and 10.0 both neglecting and considering the effect of 
turbulent velocity fluctuations. These values of h correspond to 
glass beads, ppr - 2500 kg/rn’, of 4.09, 9.15, 12.9, and 40.9 pm 
in diameter. The results obtained neglecting the effect of the 
fluctuations are discussed 

Figure 11 shows predicted trajectories for particles UMf- 
fected by turbulence for different values of A, corresponding to 
the flow illustrated in Figure 10. Gravity acts to the right in the 
figures (in the direction of the flow). The particles were released 
a t  the entrance to the calculation domain (not shown in the fig- 
ure) in increments of 0. ID a b v e  the bottom symmetry plane 
with velocities upr - u-. The first particle was released at  a slight 
distance from the symmetry plane so that it would move into the 
flow field. Fluid flow conditions were the same as discussed for 
Figure 10. The restitution coefficients were set to e, - e, - 0.3 in 
these and all subsequent calculations. These values of e, and e, 

FIgure 10. Ftow field calculation using: a. 117 x 28 grid; 
b. streamlines; c. isobars; d. turbulent kinetic 
energy contours. 
Streamline umtour inccrvalr arc 0.025 and 0 1 for the bulk flow. 
and 0 001 for the mmlnt lng  fbw J m h r  contour interval, (P - 
P,w,J(lbU-), IS 0.2. Turbulent ~LUCUC energy cantour interval. 
100(k)/(Ut). 18 1.0. The left- and nghthand planes shown are at 
(x/O) - 17.7 and 26.6. rarpecuvely. 
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Figure 11. Partlcle paths for two in-line tubes showing 
the effect of the partlcle response time on col- 
lisions with the downstream tube. 

rcspsaively. 
kft- and nghthand planes shown art at (x/O) - 17 I and 26.7. 

were determined by matching calculated rebound heights with 
corresponding photographic data in Schweitzer and Humphrey 
(1988). The results show that particles with X > 1 are fairly iner- 
tial and experience substantial rebounding from a tube surface. 
The results for A - 10 show that rebounding particles can cross 
the flow symmetry plane. Where this occurs, mirror-image par- 
ticles are reintroduced in the flow, some of which will impact the 
second in-line tube. 

Particle fluxes to the first of two in-line tube surfaces are 
shown in Figure 12 for A - 0.5 and 10. They are compared to the 
theoretical maximum particle flux, which occurs when X - for 
which all the particles released within $ D of the bottom sym- 
metry plane strike the tube. Due to the curvature of the tube the 
resulting flux for this case has a cosine dependency on 0. The 
particle fluxes were calculated by releasing 100 particles at  
equally spaced intervals from the centerline to y2 D above the 

1.1 

0.8 

0.6 
F 

0.4 

0.2 

0.0 
I 

Figure 12. Partkle fluxes to the surface of the first tube 
. of two in-line tubes with (L , /D)  5. 

blow field conditions compand to tbosc of Figure 10. 
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bottom symmetry plane and counting the number of impacts 
occurring Over 10" intervals on t h e  tube  surface. As e x F t e d ,  
the flux decreases with decreasing since the particles 
become rcsponsivc to the flow field in passage past the 
tubes. 

A comparison of the particle fluxes to the first of two in-line 
tubes for ewo different fluid temperatures is shown in Figure 
13a. The particles are 9.15 pm in diameter, which corresponds 
to X - 0.5 a t  T - 304 K, and h - 0.22 at T - 1,000 K, due to the 
dependence of p on temperature. The velocity a t  the inlet plane 
is the same for both cases. At T - 1,OOO K, the particle flux is 
larger for 8 c 20° and smaller for 0 =. 200 compared with the 300 
K case. This is explained by the stronger coupling through vis- 
cosity at 1.000 K. For 8 5 20", particles deviating from the 
streamlines strike on the front of the tube. As they rebound with 
a decreased velocity, they interact with the flow field, which 
forces them to hit the tube again. This process is repeated sev- 
eral times until the particles finally escape, usually by sliding 
along the tube surface. On the other hand, for 8 == 200 the par- 
ticles follow the streamlines closely and do not strike the tube. 

The particle speeds and impact angles a t  the instant of impact 
can be used to determine the relative wear on the tube surface by 
using Finnie's ( 1  959, 1960) cutting wear model. This model was 
used by Dosanjh and Humphrey (1985) to predict the erosion of 
a plate by a particle-laden turbulent air jet. Given the impact 

F 

e 
Figure 13. Temperature effects on the partlcle flux to the 

surface of the first of two in-line tubes and on 
its erosion, for the same particle size and inlet 
velocity: dN - 9.15 pm, U, - 19.2 m/s. 
a. Angular distribution of flux to the surface. 
b. Angular dependence of surface crosion. 

information, the volume of material removed per unit time per 
unit area, Q, is given by 

where IL. is a wear model constant that depends on the material 
properties. The wear due to particle impact can be normalized 
by dividing Q by ( N p , m p r u ~ 6 $ ) ,  so that the actual value of $ is 
not required. In point of fact, + may depend weakly on T for the 
types of materials from which the tubes in a heat exchanger tube 
bank are likely to be made. For constant impact velocity, the 
model predicts maximum wear for impacts at  8 - 73.2O relative 
to the surface normal. 

Figure 13b shows the relative wear of the first of two in-line 
tubes due to particles in flow fields evaluated at  T - 300 K and 
1 ,OOO K. These results show less erosion for the tube in the high 
temperature flow due to the stronger coupling, through viscosi- 
ty, between the particle and the fluid motion. Both the extent 
and position of maximum wear are predicted to be stiongly 
dependent on temperature. 

Attention is now turned to the effect of the turbulent velocity 
fluctuations on particle motion. Figures 14 a, b and c show the 
calculations performed for three values of X using the flow field 
results presented in Figure 10. this time considering the efects 
of the fluctuations on the particles. In each case, 20 particles 
were released a t  the entrance of the calculation domain (not 
shown in the figure), a t  a single location y, D above the bottom 
symmetry plane. These figures show that the importance of the 
fluctuations diminishes as X increases, as predicted by the argu- 
ment leading to Ji!q. 27. However, examination of Figure 14c 
reveals that even though a given fluctuation does not affect the 
motion of the particle significantly when X - 10 (as indicated by 

A 0.1 

Figure 14. A comparison of partlcle paths for two In-line 
tubes showlng the effect of different values of 
X on the particle response to the turbulent 
fluctuations. 
fluid Ropl conditions comopond Io  those of Figure 10. Left- and 
righthand plancs shown arc at (r/D) - 15.8 and 25.4, respec- 
tively. 
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the relatively smooth trajectories), the random cumulative ef- 
fects of the fluctuations result in different trajectories for dif- 
ferent particles released at  the same starting location. It is also 
interesting to note that, for X Q 0.1, some of the particles hit both 
the first and the second tube, a behavior not predicted when the 
effects of the fluctuations are ignored (see Figure 11). However, 
for X = 0.5 and 10 the overall patterns of the deterministic and 
fluctuation trajectories is strikingly similar even though the 
individual particle trajectories differ. 

Figure 15 shows a comparison between particle fluxes over 
the first of two in-line tubes for the conditions of Figure 10 with 
A - 0.5 and 10. The theoretical maximum for particles with X - 
m is also shown. The effects of the turbulent fluctuations were 
considered by means of the SSF model with 40 particles being 
released at  each of 100 equally spaced locations between the top 
and the bottom symmetry planes, for a total of 4,000 particles. 
Particle impacts were added over 10° increments on the tube 
surface and, as for the deterministic case, the flux to the tube is 
observed to decrease with decreasing A. 

The effect of temperature on the particle flux for two in-line 
tubes corresponding to the conditions of Figure 10 is shown in 
Figure 16a. Multiple reboundings are not present in this case 
since, following the first rebound, the fluctuating velocity field 
carries a particle away from the tube surface. The correspond- 
ing erosion comparison is shown in Figure 16b, where higher 
erosion rates arc predicted for the fluctuating case than for the 
non-fluctuating. This is attributed to the higher particle veloci- 
ties induced locally by the fluctuations. 

Turbulentflow and particle parhs in a tube bank 
Figure 17a shows the streamlines for the flow past a tube in a 

rectangular tube bank with Re - 25,600 and ( L I D )  - 2.0. Par- 
ticle trajectories for different X are illustrated in Figures 17b, c 
and d. The trajectories have been calculated for nonfluctuating 
flow conditions for X = 0.1, 1.0 and 10. (corresponding to par- 
ticle diameters of 9.26, 29.3 and 92.6 gm, respectively). Three 
flow field cycles are computed for each A. In the first cycle, the 
particles are released at  y - ya D with a velocity equal to the 
fluid velocity at that point. For each of the two sutwquent 
cycles, the particles reenter the calculation domain at y locations 
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Flgure 15. Particle nuxes to the surface of the first of two 

in-Hne tubes with ( L , / D )  - 5. 
Row hehi C O n d i W  m p m d  to ihase of Figure 10. 
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Figure 16. Temperature effects on the particle flux to the 
surface of the first of two In-line tubes and on 
its erosion, for the same particle size and inlet 
velocity: d, - 9.15 gm, tl, - 19.2 m/s. 

a. Angular distribution uf flux to the surfacz 
b. Angular deptndcna of surface. erosion. 

corresponding to the previous y locations on the exit plane, and 
with the corresponding particle velocity at  the exit plane. As 
expected, for low X a particle is diverted and never hits the tube. 
However, with increasing X the particle trajectories become 
complex due to tube reboundings that induce crossings of the 
symmetry planes. 

Concluslons and Recommendations 
A numerical procedure has been developed and tested that 

calculates 2D, steady, constant property flows in nonorthogonal 
body-fitted curvilinear coordinates. [The entire code is listed 
and documented in %huh (1987) and is available on tape or 
IBM PC diskette from the authors at the University of Califor- 
nia, at EECrke1ey.J It has been applied to predict laminar and tur- 
bulent flows past one and two in-line tubes, and past a tube in an 
infinite tube bank, For the turbulent flow cases, a tweequation 
(k - e) model was used ihat relates the Reynolds stresses to the 
strain field via an isotropic turbulent viscosity. A logarithmic 
law-of-the-wall relation was used to connect the shear stress a t  
the tube wall with the velocity in the turbulent part of the flow. 
Although prone to error in the vicinity of the separation p i n t  on 
the tube, the turbulence model has yielded results in good quali- 
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1 . I,, 
Figure 17. Flow field and particle paths for flow In a tube 

bank with Re - 2.56 x lo4 and ( L I D )  = 2. 

a. Streamline contour intervals are 0.025 and 0.1 for the bulk flow 
and 0.001 for the rtcirdating flow. 
b. c, d. Trajectory of a panicle released between two tubes with: a. 
A - 0.1: b. A - 1.0; and c. A - 10.0 

tative agreement with the test cases examined. Testing in the 
laminar flow regime has yielded results in excellent quantitative 
agreement with the measurements and calculations of others. 

The assumption of one-way coupling has allowed the predic- 
tion of particle speeds and trajectories for dilute noninteracting 
particle-laden gas flows for some of the tube configurations 
examined. For this, a deterministic particle equation of motion 
formulated in Lagrangian coordinates was used. The calcula- 
tions yield the necessary impact velocity information from 
which to evaluate particle flux to, and erosion of, tube surfaces. 
The predictions show that particles in flows with A < 1 follow the 
streamlines fairly closely, while those with A > 1 do not. As a 
result, the latter induce higher rates of wear than the former and 
are more likely to rebound from several consecutive tubes in a 
tube bank. Because the value of A decreases with increasing gas 
viscosity, particles in flow fields at high temperatures are 
expected to follow the streamlines more closely and, as a result, 
erode less. 

The effect of the turbulent velocity fluctuations was explored 
using a simplified SSF model. Calculations show that the effect 
of the fluctuations is very important for A < 1, since these par- 
ticles are very responsive to changes in the flow field. Over long 
times, the history of the fluctuations c a n  also affect the trajecto- 
ries of inertial particles (A > 1). 

For fixed Reynolds number, the characteristics of the com- 
puted fluid flow fields show a strong dependence on the spacing 
between tubes, especially in the mean flow direction. Thus, in 
closely spaced tube configurations the front of a tube is shielded 
from direct particle impacts by the tube ahead of it. The opti- 
mum tube spacing in a tube bank represents a compromise 
among the wear, pressure drop and heat transfer requirements 
of the bank. The present numerical procedure provides a valu- 
able design tool for investigating arbitrary tube configurations 
and Row conditions of practical interest. 
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Notatlon 
A - convectiondiffusion coefficient, Eq. 15; also used as area 

A, - projected area of the particle 
d - contravariant base vectors 
a, - covariant base vectors 
b - source term in general convection-diffusion equation, Eq. 14 

C, - constant for the dissipation term in the turbulent kinetic energy 

C, - drag coefficient for the particle, EQ. 18 
C, - local cell mass imbalance 
C, - constant for the generation term in the dissipation of turbulent 

C, - constant for the dissipation term in the dissipation of turbulent 

C, - constant for the turbulent viscosity equation, Eqs. 12 and I3 
D .. diameter of a tube 

dp - particle diameter 
e, - normal restitution coefficient 
e, - tangential restitution coefficient 
F - nondimensional particle flux over the tube surface, F - (Np,/ 
f - correction factor for the Drag Coefficient, Eq. 19 
C - generation of turbulent kinetic energy, Eq. 9 
g - square of the Jacobian 

8') - component of the contravariant metric tensor 
gii - component of the covariant metric tensor 

4 - Jacobian 

equation, Eqs. 7 and 13 

kinetic energy quation, Eqs. 8 and 13 

kinetic energy equation, Eqs. 8 and 13 

N O W  

g - acceleration due to gravity 

i - i n d e x i  - I. 2, and 3 for three dimensions and i - 1 and 2 for 

i - unit base vector for the artesian coordinate system 
j - index-j - 1.2, and 3 for three dimensions and j - 1 and 2 for 

two dimensions 

two dimensions - unit base vector for the cartesian coordinate system 
k - turbulent kinetic energy 
L - distance between the centers of two tubes in a rectangular infi- 

L, - longitudinal distance between the centers of two tubcs in a rcc- 

L, - transverse distance bctween the centers of two tubes in a rectan- 

nite tube bank with equal longitudinal and transverse spacing 

tangular infinite tube bank 

gular infinite tube bank 
L ,  - characteristic length of the flow field 
L, - integral dissipation scale 
m - erosion proportional to the fluid velocity to the power m 
mp - mass of the particle 
N p  - number of particles that hit the tube in a given angle interval of 

No - number of particles released at the entrance of the calculation 
the tube surface 

domain between the bottom symmetry plane and YI D 
P - pressure 
P - source term in the elliptic grid generation equation that controls 

Q .. volume of material removed per unit time per unit area by N 

Q - source term in the elliptic grid generation equation that controls 

the verticle lina 

particles each of mass m,, Eq. 30 

the horizontal lines 
Re - Reynolds number, (pu ,D/p )  

Re, - particle Reynolds number, ( p  1 U - UJ dp/w) 
r - vector location of a point. I - x i  + y j  
t - time 

tEoor - lifetime of a turbulent eddy 
S, - source term for the convection-diffusion, Eq. 15  
S, - source term for the point of interest in the convection-diffusion 

U' - contravariant velocity component 

U - vector velocity of the fluid 

u - x component of the fluid vector velocity 
u' - velocity scale of the turbulent fluctuations 
u_ - free stream velocity for single tubes and two tubes in tundem; 

average velocity at the minimum cross section, &, for infinite 
tube banks 

equation 

U,, - reference velocity 

U, - vector velocity of the particle 

u, - x component of the particle vector velocity 
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u;U - x component of the particle vector velocity after rebound 

v? - y component of the particle vector velocity 
up’ - y component of the particle vector velocity after rebound 
w, - particle velocity component nonnal to the boundary 
d” - particle velocity component normal to the boundary after 

w, - pamcle velocity component tangential to the h n d a r y  
./, - panicle velocity component tangential to the boundary after 

x - Cartesian coordinate location 
y - Cartesian d i n a t e  location 

v - y component of the fluid vector velocity 

rebounding 

rebounding 

Greek letters - particle impact angle relative to surfacc normal 
r - general diffusion constant, Eq. 14 
A8 - angle interval on the boundary surface 

6 - small distance or number 
t - dissipation of turbulent kinetic energy 
f - another name fort’ 
9 - another name for 5‘ 
8 - angle on the boundary surface, Figure 5 
I( - Von b r m a n  constant 
X - nondimensional particle response time, or momentum quilib- 

rium constant, E?q. 21 
g - dynamic viscosity 

p, - effective dynamic viscosity, Eq. 11 
p, - turbulent viscosity, E q  12 - i th  curvilinear coordinate 
p - density of the fluid 

pp - density of the particle 
ut - constant in turbulent kinetic energy equation, Eqs. 7 and 13 
a, - constant in the dissipation of turbulent kinetic energy equation, 

T - particle response time, r - (pP&,/l8p) + - arbitrary variable, u, v,  P, k, and E, Eq. 14 
# - wear model canstant, Eq. 30 

Eqs. 8 and 13 

Subscripts 
E - value at the point to the cast of the control volume 
N - value at the point to the north of the control volume 
pr - particle 
S - value at the point to the south of the control volume 
W - value at the point to the west of the control volume 
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Nomenclature 

Roman symbols 

Ai Convection-diffusion coefficient. i =N , S , E ,  W ,  P node locations. 

A+ 

U7' Contravariant base vectors: u7=VQ. 

Constant in Van Driest relation for mixing length. 

a l i  x -components of contravariant base vector at: a%a l i  e; +a l j  e;. 

a l i  y -components of contravariant base vector a?: ai=a l i  e; +a li e;. 

a 2i x -components of contravariant base vector a& u&P e; +a2i e;. 

a2i 

b 

y -components of contravariant base vector aq: &az e;+a2iej. 

Source term in the general convection-diffusion equation. 

C1, C2, CD 

D 

Turbulence model constants. 

Diffusion coefficient in curvilinear form: D=(Grgii). Also diameter of tube. 

e; 

e; 

F 

G 

gij 

Unit base vector in x -direction for Cartesian coordinate system. 

Unit base vector in y -direction for Cartesian coordinate system. 

Convection coefficient in curvlinear form: F =(dg p ~ i  1. 

Generation of turbulent kinetic energy (defined in text). 

Component of the contravariant metric tensor. 

The Jacobian of the x-y to c-q transformation. 

g I2term 

h Heat transfer coefficient. 

Cross terms involving g l2 and g21. Treated as a source term. 

i Index -- i = 1 and 2 for two dimensions. Equations with indices are written using the 
Einstein summation convention. 

j Index -- j = 1 and 2 for two dimensions. Equations with indices are written using the 
Einstein summation convention. 

k Turbulent kinetic energy. 

I Turbulent mixing length. 
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Nu Local Nusselt number. 

- 
Nu Mean Nusselt number. 

P Non-periodic component of pressure. Also production of turbulent 
kinetic energy (defined in text). Note that P =- G 

PVt * 

Pr Prandtl number. 

Pr, Turbulent Prandtl number. 

Re Reynolds number (Re'T). UD Periodic boundaries: u=umaX. 

Non-periodic boundaries: u =ujdot. 

S, Source term with no $p dependence in the convection-diffusion equation. 

S p  Source term with linear $P dependence in the convection-diffusion equation. 

T Temperature, 

T,* Local reference temperature (defined in text). 

U x-component of the fluid velocity (a mean quantity for turbulent flow). 

U' Contravariant velocity component: ~ i = i ? ' . ( ~ e ;  +ve;). 

Vi, Uj Components of Cartesian velocity vector. For turbulent flow Ui or Uj refer to the 
mean velocity. 

ui, uj i or j component of fluctuating part of turbulent velocity field, 

V y -component of the fluid velocity (a mean quantity for turbulent flow). 

X Cartesian coordinate location. 

Y Cartesian coordinate location. 

y+ Non-dimensional distance from the wall in turbulent flow: y+=Y [ - 1; I ]  +. 

Greek symbols 

a Thermal difisivity. 

cr+ Effective thermal diffusivity: ~ = a + a t .  

at Turbulent thermal difisivity. 



- 3 -  

ap Parameter to specify the linear, non-periodic part of the pressure: p = x  

General diffusion constant. 

Dissipation of turbulent kinetic energy. 

Curvilinear coordinate location. ([=C1). 

Curvilinear coordinate location. (q=c2). 

Non-dimensional temperature. Also angle around tube from stagnation point. 

Von Karman constant. 

Used in solving for 8. (Defined in text). 

h from last iteration. 

Kinematic viscosity. 

Effective kinematic viscosity: v,=v+vr. 

Turbulent kinematic viscosity. 

Used in solving for 8. (Defined in text). 

Density of the fluid. 

Summation 

Source term of the non-dimensional energy equation. 

Turbulence model constants. 

Shear stress at the wall. 

General (arbitrary) variable. 

Subscripts 

E , W , N , S 

Eb , Wb , Nb , Sb Value at the control volume boundary to the east, west, north, 

Value at the point to the east, west, north, or south of the Control volume. 

or south of the control volume. 

P 

Other hymbols 

W 

Grid point of interest in the control volume. 

A large number, set to 1030 in this work. 
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m=(a ,b ) 

I I Absolutevalue 

I p 

Maximum value of the values a and b. 

Evaluated at the point P. 



Introduction 

The aim of this  project has  been 10 i.valuate coniput;itionally. for a variety oi 
flows and tube contigurntions. erosion by particles of tubes in a cross-flow. This work was 
begun by hlichael Schuh et al. [ 1 . -? I ,  who succedcd in calculating laminar and turbulent 
How across single tubes. tube pairs, and tubes in in-line banks (these configurations are 
shown i n  Figure I 1; and from this information calculated isothermal particle 1r:ijectories. 
Huxes,  id erosion. The computer codes developed by Schuh et al., called CLEW, consist- 
ed of Lhrcc parts: GKID, a curvilineltr grid generalor to set up the computational domain; 
FLOW, a code for calculating both laminar and turbulent flow around tuhes; and P.ARTI- 
CLE, a code l o r  calculating particle paths, fluxes, 'and erosion. 

In the present work the calculntion procedure has k e n  extended :ind modified to 
predict lar11iniu and [urbulcnt How and heat transfer around tubes. uicl particle paths in 

non-isothermal 11ou.s. The code in its present form, now called CLEW-T. consists, as he- 

fore, ol threi. pal-1s: GRID, the. curvilinear grid generator; FLOW-T. ;I code for calculiitiiig 
I;miriar and turbulcnt ilow and heat tronsfer; and PARTICLE-T, ;I code for calcu1;itirip par- 
ticle paths, 1lu.xcs. ;uid erosion in Hows with heat transfer, allowing for variation o l  viscosi- 
ty (and thcrct'ore drag) with temperature. The majority of the changes and additions were 
made in FLOW-T. Thcre were two major modifications here: h s r .  the turbulence models 
were changed l o r  better resolution of the boundary layer region; second. a heat transfcr 
code was ir~rplcn~c.nted which was able to calculatc on a ciuvilincar grid the heat transler 
from single tubes, tube pairs, and (most imporranrly) tubes in banks. The only sipitic:mr 
changes to PARTICLE-T were the inclusion of a tzmperature-varying viscosity, and a tem- 
peraturc in1erpol;ction scheme for cvaluating 1empc.r;ituri.s ;it points not on 1he grid nodes. 

Ca Icu la t io n p r oc e d u re 

Finite dilfcrence forms of the steady, two-dimensional, constant property equa- 
tions for momentum and energy are solved on non-staggered, curvilinear coordinates. Note 
that the solutions are steady solutions, which in reality do not exisr for flow around 
cylintlers ;it Reynolds nuriibers in excess of 40 [ 3 ] .  The results here can be reguded as 
averaged solutions with respect to the unsteady vortex-shedding phenomenon o f  cylinders. 
The curvilinear coordinates allow specification of boundary condirions on complex shapes 
or on shapes which would otherwise require the simultaneous use of two types of coordi- 
nate systems (such as rectangular and cylindrical). 

The procedure for calculating particle trajectories in a non-isothermal How fol- 
lows this sequence: 

1 .  Set up thc calculalion domain and generate the curvilinear boundary-fitted coordi- 
nates. (Use GKID). 

2. Solve the momentum equarions (making use of continuity and the turbulence 
model) to find the distribution of velocity components and pressure. (Use FLOW-T). 

3. Solve the energy equation (with the turbulence model) to find the temperature dis- 
tribution anti heat transfer. (LJse FI-OW-T). 
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4. Calculate the particle trajectories resulting from the drag force acting on the particle. 
(Use PARTICLE-T). 

Note that each step makes use of the calculations performed in the previous steps. In par- 
ticular, the energy equation is solved for a given llow field (forced convection). The parti- 
cle trajectories are then calculated for the same given velocity field, but now assuming a 
variation of viscosity given by a functional dependence o n  the calculatcd temperatures. All 
calculations reported here are for flows of air. 

The fluid phase momentum equation to be solved is the const'ant-property 
Navier-S tohes e q uat ion : 

I/, 2U' - = - 1  
[ v e ; ; )  as, p a t ,  31, 

where v ,  is the effective kinenlatic viscosity uhich includes turbulent effects (discussed 
below). Thc cnerby equation employed is the constant-property ener,y cqualion for a non- 
dissipating medium: 

where (1,. is the tfftctive thcrnial tliffusivity, and incluiles the effects of turhulcnce (nlso dis-  

cussed bel0M.j. 
'Thcsc two-diniension;il elliptic con~cction-diff.usion equations for monientutn 

and energy requirc boundary conditions on all four planes oC the computational dornain: the 
inlet and outlet planes and the top and bottom symmetry planes (the bottom symmetry plank 

includes the tube surface). The same boundary regions also apply to (he elliptic k and t- 
convection-ditfusion equations, which are solved in conjunction with the momentum equa- 
tions during the computation of turbulent flows. 

a non-periodic case and 3 periodic 
case. For rhc non-periodic case the values of the variables are spccilied at the cntrancc 
plane, while :i fully developed situation (in which the derivatives of the variables with 
respect t o  ,v bccorne zero) is specified at the outlet plane. For the periodic case the values 
of the variables at the entr'mce plane are set equal to the values of the variables at the exit 
plane. while a constant (specified j pressure drop across the calculation dornain is used to 
force a forward flow. In both cases, periodic and non-periodic, wall boundary conditions at 
the tube wall are given, while the remainder of thc lower boundary and the entire upper 
boundary are taken to be planes of symmetry where the transverse velocity and the dcriva- 
tive of all variables with respect to y equal zero. Thcsc boundary conditions iue shown in 
Figure 2. The tube boundray condition for the velocity is simply the no-slip condition, 
U=l.'=O. The tenipcrature calculations assume a constant tube wall temperature, 7 = : T , ,  . 'The 
wall boundary conditions for the R arid E variables of turbulent kitietic cncrgy and dissipa- 
tion of turbulent kinetic energy are not as simple. These will be discussed in connection 
with the discussion of turbulence models below. 

Thcrc arc two general cases considered: 
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is a necessary prcliniinary step for establishing it valid procedure for heat trnnsfrr and tem- 
perrrturc calculntic~ns. 

The timc averaged i-component monicntum equation for turbulent, constant pro- 
perty flow in Caritxian coordinates is 

where U and P are the niean values of  velocity and pressure, and U is the Ructuating value 

of velocity. We use the notion of a turbulent kinematic viscosity, vl, to relate the turbulent 

stress, z t , I t I .  to the [tiean velocity gradient: 

JV, a V I  
and 

A\ r)v 
Then, ncglecting terms and using continuity, the time averitped momentum 

equation can tw re-wrirten as 

3_ 

3 
where kb’,, h a s  been ‘tbsorbcd in the pressure term. In order to use this equation LIS a 

basis lor calcu1,iiion i t  is necessary to know the field variation of the turbulent momentum 
diffusivity. v,. For this wc invoke the iilrbulence ftiodcls described below. 

In ttic region n c u  the tube wall the Prandtl-Taylor mixing length hypothesis [6, 
X ]  is employed. For n two-dimensional shear flow this states that 

where I is the mixing length evaluated from the Van Driest relation [7] 

y is the coordinate perpendicular lo the wall, and 
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A f = X  , 

In the regions where the X - - E  model is used, the turbulent momentum diffusivity 
is evaluated from 

where c;, is a constant of proportionality (C,,=O.O9) [ I ,  81. Values of X and F itre d e w -  
mined from the numerical solution of the P and E transport equations [SI: 

where or ,  o,, C , ,  cy2 ,  and CL, are empirically determined constants. G is the generution of 

turbulent kinetic energy, h : 

The near-wall boundary conditions for k and e- are determined by matching the 

respective esprcssions for v, at the interface of the two calculation regions, where the wall 

boundary layer nieets the core flow. This interface is taken to he at ?+=io. Setting v, in 
the Fr'mdtl-Taylor calculation domain equal to v, in the k - - ~  calculation domain and assum- 
ing that production of turbulent kinetic energy equals dissipation of turbulent kinetic 
energy, i.e. 

where 
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givcs the k and F values at y+=50 (see Arnal [9]): 

The L -t boiiric1:iry conditions xre shown in Figure 3 .  
For turhulcrit heat transfer calculations we use thc notion of ;I turbuieni Prandt 

n u n  ber , 

where CI, is tiw rurbulent thermal dil'fusivity. Following Arpaci rutd I-arscn [ lOl we \:&e 
PI., -4.9. 

Tiic tinis itveragcd energy equation for lurbulent,two dimensional, constant pro- 
perty, nc)ri-dissil,atirle flow is 

where u :tnd T are the mean valiics of velocity and temperature, and 
values. I f  we dctine the turbulent thermal diffusivity according to: 

and I arc' fiuctuating 

then the time averaged energy equation bcconics 

with 
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Values o f  ~ 9 ,  are calculated throughout the flow field during the momentum equation solu- 
tion procedure, using the Prandtl-Taylor mixing length model n e x  Ihc wall, and using the 
two-equation X - - E  model i n  the core. Values of a, are therefore known before the hear 
transfer c:ilcuIations are begun. 

With the turbulent modelling of the heat transfer thus implemented, the next 
major difficulty has becn to solve, on curvilinex coordinates, for the heat transfer in banks 
of tubes. 

Periodic heat transfer on curvilinear grids 

The method employed to calculate heat transfer for the periodic case (tube in ;L 

tube bank) is based on the paper by Patankar et al. IS]. Their procedure uses ;t gencraliza- 
tion of the idea of fully developed flow and heat transfer to include configurations with 
periodically changing boundaries. For a boundary which varies periodically in the x- 
direction they define 

where 7; is the wall temperalure, and T ( . r , y )  is the temperatiire of the fluid. 7': is a local 
reference temperature defined so that it will be 3 function of .r only. The use of the abso- 

lute valuc (of 15') in the definition of Tc* prevents possible division by zero i n  a recirculating 
flow. h is ;i non-dimensional paranieter defined for convenience in working with the non- 
dimensional energy equation given below. In Cartesian coordinates the non-dimensional 
enerjy equation is written as [SI: 

(31 j 
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where 

( 2 2 )  

In a region o f  periodically varying boundaries, 8, and therefore also A ,  will be periodic 
quantities, with one period corresponding 10 the lengrh of the calculation domain [SI. This 

ener,y equation has two unknowns: 8 and A. A second equation is therefore needed. this 

coming from the definition of T.r*: 

To solve for 0, then, i t  is necessary to also solve for A .  However, k does not 
appear explicitly in equation ( 2 3 ) .  An equation for h(x) is obtained by integrating the non- 
dimensional energy equation with respect to y.  In finite difference form the equation for 
A ( u )  is obtained by summing the columns of grid nodes in the y-direction. The finite 
difference solution of the non-dirnensional energy equation is folmd by followiiig the itera- 
tion scquencc given by Patmhar et al. [SI: 

1. Initialix the variables: set 8=1.0 and h=O 0 everywhere. 

2. Solve the finite difference equation for e arid let @'=e. 

4. Solve the tinite difference equation for A .  

5.  Check for convergence. If the sum of the residuals is greater than the specifed con- 
vergence valuc return to step 2. and continue to iterate. 

When the corivcrgcd solution is found i2 will bc equal to one for a l l  .r, and equation ( 3 j  

will he s:iticfed. The indirect use of the second equation, equation (33 ) ,  is cmul;ilogous to the 
indirect use o f  the continuity equation to solve for pressure in the momentum equations. 

Now, 
however, the periodicity occurs in the <-direction, 'and the equation for h is found by 
integrating with respect to q (which translates in finite difference form IO summins the 

colunins o f  grid nodes i n  the q-direction). We tficrel'ore rtrdetine rC* arid A so that they will 

be furlctiorrs uf  < only: 

I n  ;I curvilinear coordinate system thc method is essentially thc S;LIIIC. 
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The energy equation i n  curvilinear coordinstes is written [ 1 1 ] 

-3 + f i 

where L ~ ‘ = O ’ . ~ ~ ~ ~ , + \ ~ ’ $ ~ )  [ I ] ,  a’ arc the contravari:int base vectors ( a ’ = V i ’ )  , and 4<q and (g~‘’ 

are the metric coefhcienls of the curvilinear coordinares [ 121. Using the above definitions 

o l  8, Zc*,  and ii thc curvilinear form of rhr energy equation can be re-written as [ 1 I ]  

where 

(29j  

This non-dimcnsional energy equation can be solved using the periodicity of 6, as a boun- 
dary condition on the inlet and exit planes of the computational domain. The solution pro- 

cedure follows the sequence given above. Because TI* has been redefined here for curvi- 
linear grids, howuvsr, the parameter Q, which is used during the iteration process to guide 
the variables lownrd the proper solution, must also be redefined. The definition of R is now 

motivated hy rhc t’ollowinF equality, which comes directly from the definition of T,*: 
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This equality must be satisfied when convergence is achieved. To force this condition to 
hold, then, we deline 

in analogy with the earlier Cartesian definition of iZ, and use the iteration sequence from 
Patanka: 

1. InitioliLe the variables: set e=  1.0 and ji dl.0 everywhere. The tlow field variables 

come from the previous solution of the momentum ilnd k and t- equations. 

2. Solve the linitc dif€erence equation for e. Let e'=@. 

1. Solvc the linitc tliflerence equariun Cor A. 

5 .  Check for convergence. If the sum of the residuals is gre:iter than the specified con- 
vergence value return to step 2 and continue to iterate. 

Q will everywhere equal one when the converged solution is found. 
Note that this method assunies periodicity of the non-dimensional temperature 

for all regions of the Ilow. In reality there will be a developing region where the assunip- 
tion of periodicity will nor be valid. I f  wc look at tubes fx enough downstream, howcvcr, 
this effecr will he negligible, especially for c(2nligurations which have short thermal 
entrance lenglhs (such as heat trmsfer in  banks of lubes). 

In the periodic calculations it is necessary, upon linding a converged solution 
for 6 ,  the non-dimensional teniperarure, to evrtluate the actual (dimensional) temperature 
distribution a1 some region within the tube bank. Viscosily can then be tlikcn as a function 
of temperature in calculating particle trajectories through the flow. 

The method used to evaluate actual temperatures is similar to that given by 
Patankar [SI. I n  the presenl work, howcver, the method is modified to make use of the cur- 
vilinear lormulation o f  the energy equation, with the variables dctintd above. A solution of 
this equation gives values of e and A everywhere i n  thc cornputationat domain. Integrating 

the definition of i with respect to g gives the expression for T,*(<): 
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; :=O is the inlet plane of the periodic domain. We specify the local reference temperature 

7':iO) ut  this plane as a parnmcter of thc problem. Now 7':(<) and O ( ; , q )  arc known every- 
where i n  the rcgion of interesl. The tempcraliire T(.r.>. )=7 ' (<.q)  is obt:tineii froni  he 
detinition of 6 :  

For the non-periodic case the dimensional energy equation is used, with houn- 
dary conditions given by a specified inlet temperature at the inlet plane and a fu l ly  
dcveloped Icnipcrnture profile at rhe exi[ plane. T h e  solution is found by itcrating u r i ~ i l  con- 
vergence is achieved. There is no need to calculate k or R. 

Discretization of the equations 

Computations are pcrformed in the < - q  domain. The curvilinear coordinates i n  

real (Cartcsim .v - j , )  space ;uc mapped into j - ~ l  space where the unit grids have ;in :UCA 

equal to one, md sides of length one (121. The grid nodes, where the values of d l  vari- 
ables are specitied, ;ire located ;it the intersections o f  the grid lines (see Figure 1). 'The cal- 
culations arc Ihcrcfore performed on :I non-stagscred grid. Boundary values are given ;II 

the boundary grid points which, for the non-staggered grid, lie directly on thc bouriduy 
lines. 

The generalized convection diffusion zquation in curvilinear coordinates is writ- 
ten [ I ,  131 tor an arbitrary scalar quantity Q with the source tern1 b 

Ex par id i ng this g i v es 

( 3 5 )  

Here, as before, 



and 

and 4 and $1 are the metric coefficients. i and j take on the values I or 1 for the two- 

dimensional calculation domain. For convenience the symbols g = j  ' and q = g 2 ,  are also 
used in the text. 

Deline 

so that 

This allows the cross-terms involving .y" and ,g" to be treated as source terms. 
To discretize this equation we follow the method given by Pst'mkar [ 3 ]  and 

integrate i t  over a unit control volume (see Figiirc I ) .  The discretized form of the cquatiori 
requires the evaluation of derivatives at the control volume boundaries. I f  we assume a 
piecewise-linex profile for the variable and use central differencing to evaluate the deriva- 
tives we obtain the desired form of the discretized eyu:ttion. Valucs of Ihe various paratne- 
ters, as well as the variables, at the control volume boundaries arc obtaincd lrom the 
piecewise-linear profile assumption. The source term h +g 12t~rrn  is assumed to be constant 
throughout the control volume. The discretized form of the equation is [I]:  

where 
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By continuiry. and using the curvilinear relation from Thompson [12]  for thc divergence, i r  
can be shown rhar 

A,=A, +A,+A,-tA,-Sp . 

Detine the convection terms by 

and dcline the diffusion lcrms by 

Then rhc above can bc written 
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where 

Now we redcline the A coeBicients using the hybrid scheme. This scheme prevents diver- 
gence of the code by modifying the finire differencing method. In the derivation above i t  j.; 

assumed that the value of 0 at a control volume boundary is given by the weighted average 
of the values o f  9 at the two grid points adjacent to the control volume boundary. At high 
Reynolds numbers, however, this assumption is not valid; the values of 4 at the control 
volume boundary will be very near to the values of q at the grid point jusr upwind of this 
boundary. T h e  upwind scheme uses these upwind grid point values ar the control volurrie 
boundary and dispenses with the riveraging. In the hybrid scheme the finite differencing 
method is varied according to the relative magnitude of convective and diffusive cff'ccts. 
When the corivectivc terms, F ,  ;uc lrcrgcr than twice the diffusive terms, 2 0 ,  Ltic uprrtind 
scheme is used. 11 the diffusive cffects are larger, or if convection and d usion arc o n  the 
siinic order of magnitude ( F < 2 D ) ,  h e n  the Gnile diflercnciiig method is as given above: thc 

value of 4 at the control volume boundary is taken to be the weighted average of the values 

of 9 at the grid nodes adjacent to the control volume boundary. The hybrid scheme is 
implcrncnted by adjusting the A coeficients as follows: 
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The only term which remains to be spccitied is the source term b + ~  13rrrm. 

Integrating over the unit control volume (which leaves the source terms unchanged for the 
case of the assumed stepwise profile) and then using central differencing to evaluate !he 

tlerivativcs pivcs the result for ,g 12rrrnl: 

'The tlisc~rcti~cd l'orm of the source term b depends on the coniinuous forni 0 1  h .  Wc are 

principally c-onccr~ied with three cases: 1. the niorncntum equations, in which h is rc'lalerl 

to the pressure gradient; 2.  the k and F equations for turbulent kinetic energy and dissipa- 
tion of turbulcnl kinetic energy, i n  which b comcs from the generation and loss of turbulent 

energy and dissipation of turbulent energy (101; and 3. the e n e r a  equation. in which h 

resulls from the non-dimensionalizition of the periodic forni of thc energy equation. 

Consider first the (/-momentum equation. In Cartesian coordinates the equation 
to bc solved is 

where 

p( .r ,y)  is the total pressure, which is equal to the periodic pressure P (  Y,!) plus a pressure- 

drop term --,O.vl, The pressure-drop coefficient p is specified as an input to the problem. 

'The How rate in a periodic calculation is determined by thc magnitude o f  p .  For the non- 
periodic case p-0. The I'-momentum equation is similar, but does not contain !he 13-term: 
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( U ' p V - p , V x . ) ,  -t P,,=O . 

In  curvilinear coordinates these momentum equations become. respectively, 

- 
[V'K ( p U '  u -P. .S"Us,) ls '+tvg.P)i ' - ( l ' i lP)5 '=~~ . 

and 

(51) 

( 5 3 )  

2 P 
d t 0 \ 

The - 

by Thompson [ 121. For a general viuihle 0 :  

and !If terms in curvlinerir form come from rhe expressions for derivatives given 

The last equality in both equations conies from the relations 

(57j 

Applying central differencing in the G-r ,  space to the terms of thc equations for '!?' and 
J.t 
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This gives Ihe discreti/ed form of the source term for the I/-momentum equation. 

For the \ -mornenrum equation, 

Sp=O for the momentum equations, so S,,=b+g 12fcrtn. 

tion of turbulent kinetic enerEy E ;ue given in curvilinear form as [ 1 )  

The convection-diffusion equations for lurbulent kinetic energy X and dissipir- 

and 

The source term for the k-equation is then 

For the €-equation the source term is 

r - F  E 3  
b=+gCl -G---&C2p- X k 

( 6 5 )  

k' 
From the relation given earlier, v,=C,, ---, these brcome, respectively, 

E 
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and 

Discrctizing its before gives, simply, 

321 d 

G is the generation of turbulent kinctic energy. In Cartesian coordinates this is 

G is evaluated at the grid point P, so in discretized form we have to evaluate: 

To this end, the derivatives of the velocities are ewluated from the derivative expressions 
from Thompson given above. 

From the expressions for the source terrris b we see that S,, and S p  for the k and 
E equations, respectively, are 
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Fi ally we m st consider the energy equation. In Cartesian coordinates the 
non-dimensional energy equation is 

CT is the source term which results from non-dimcnsionalizing the periodic energy equation. 
In curvilinear coordinates, 

where 

For the Computations we let h2=7_AA,,-h,~ where h is the current value of h (to be solved 

for) while A,, is the value of  h from the last iteration. This keeps the finite difference eyua- 

tion for h linear in  A (no h' term): 

Using the srepwise prof le  assumption for this source term, with central differencing to 
evaluate the derivative of A ,  gives 
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h -- Q h p  + P h  -4- Kh, +s , 

Here wc have used the metric faclots dl' and 0 ' 1  defined by Schuh [ 1 J as 

with the definition of U [ I ] ,  

3 

ul=aI .(UEix+Ve;)=LI1'U+u'JV , 

For the non-dimcnsional energy equation, then. 

SP=QAp+P& +RAE+ g 12term , 

and 

S 

QP 
s p =  -- . 

( 5 2 )  

The cquation for A ,  which is solved together with 8, comes froin summing the 

equation for e over  it11 j nodes (cumming in the q direction). The equation for 6l can be 
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written 

so that 

energy equation for e .  
For the non-periodic dimensional energy equation in curvlinenr coordinates, 
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the source term h is are. Then 

S,=g 12term , 

s p = o  I 

Implementation of the boundary conditions. 

There are four types of boundary conditions around the calculation domain, as 
shown in Figure 2. These are: 

1. thc tube surface, whcrc thc variables are hcld at specified v d u c s ,  

2. the fop ;uid botlorn synirnelry pliines whcrc: ?* =U arid V=O, 
3 Y 

b? Q, 
3. the fully developed exit plane ( f o r  the nnn-pcriodic case) where :-;-=:O, and 

4. the periodic case in which the values of the vxiablca at the inlet planes are marched 
r1.v- 

to (set equal t o )  the values at the exit plane. 

At the irilet plamc of thc non-periodic flow region the values of the variables rue specified as 
parameters of the problem. The non-periodic inlet plane grid nodes are therefore not part of 
the solution doniain. All boundary values are given at the boundary grid points, which lie 
directly on [he boundary lines for the non-staggered grid. 

At boundaries where the variables are fixed at specified values, the A 

coefficients for the boundary points are mod i f id ,  and the variables are set to the required 

values. For a boundary grid node the finite difference equation of a general v'uiahle @ at 
the point is 

For a bottom boundnry such as the tube surface .As is zero. Likewise, for ii top boundary 

A,,, is zero. This is an equation which will be solved for q P .  We require, however, to fix Q~ 
to a particular specified vaIue gP,*,.,,,. This is done by setting the variable, cocfticicnts, and 
source terms as follows: 
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Here we have used the terms S, and S,, which are components of the total source term: 

S, is the source term with linear dependence on qP.  S p  can be absorbed into the .Ap 

coefficient to give 141: 

S, is the source tern1 without linear dependence on c p p .  

number. The CLEW-T codes use ==lo'''. 

In practice, M is a very Iarpc 

symmetry is imposed at the top ,and bottom boundary plrtnes by modifying the 

and d, coellicicnts. At ;I symmetry plluie the node above a boundary node will h a v e  the 

sane values of Ihc variables as the node below the boundary node. ;.e. o,,=Qs. Likewise. thc 

convection and diffusion coefficients for the u p  arid down directions will have ec-lual vslucs 

at  a symmetry boundary node, i.e. .A,v=A,. For ;I top symmetry boundary node. then. thc. 

finite ditYcrence equation rcaiis 

whilc for a bottom symmetry boundary node the bite difference equation is 

We therefore modify the A coefiicients at the symmetry boundaries as follows: f o r  ;I lop 
symmetry boundary 

and for a bottom symmetry boundary, 

As=O (101)  
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A,y=3,1, . (102) 

To accomodatc the iniplementation of the inlet and exit boundary conditions the 
grids are generated so that they will be Mi-right symmetric about the center of the calcula- 

tion domain and Cartesian for the last three columns of grid nodes. The grid is N + I  

columns long, but the finite difference equations are only solved in the region from i=2 to 

; = N .  The  i = l  and i = N t  1 colurnns of p-id nodes are used to set the inlet and exit boundary 
conditions. Note that although the irilet ;md exit pliuie are nor solved for by the tri-diagonal 
matrix algorithm, their values do affect the values of the variables at the adjacent grid 

columns through thc AE auld AH. coefficients at if2 arid i = N .  

For the non-periodic calculations the inlet variables at i = l  are imposed as 
parameters of nhc problem. Thc fully developcd exit condition is iniposcd by copying Ihc 

values of the vuriablcs in thc i t N  colunin into the i=N+1 colunin. For the periodic calcula- 
tions the periodic boundary condition is imposed by setting the variable values in the lirst 
two columns of nodes equal to the variable values in the last two columns 0 1  nodes. This is 
done by copying the i = 2  column values into the i=N-tI  variables. and copying the i=N 
values into the i -  1 variables. In addition, the cyclic tri-diagonal matrix algorithm is uscd Io 
solve the matrix of finite difference equations from i=2 to i = N  during periodic calculations. 

For the marching of the k and E values at ?+=SO the method of modifying the A 

coef!icicnts is the sane its that for setting the boundary values at the tube surfrice. For the 

k and . E  .equations, however, the boundary condition is at ! + = S O ,  nor at the tube surface. 
The values to be specified as boundary conditions come from the Prandtl-Taylor niixing 
length model with the Van Driest relation for mixing length, ias discussed earlier. The 
matching equations arc . 

I  

Cr' 

and 

3 - 
&"f?P , 

where 

At grid nodes where !+<SO the h and F variables are kept at thcsc values. The nodes just 

below y+=50 become the boundary nodes for the k and F equations. The nodcs further 

below the y+=50 line arc not uscd. are evalunted lkom the dtscretkcd 
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form of the curvilinear derivative expressions as discussed earlier in connection with the 
discretization oI" the source ternis for the momentum equations. 

Heat transfer results 

Most of the turbulent flow calculations have been performed for the case of a 
tube in a tube bank. Fortunately, for this case the difficult probleni of predicting the point 
of transition to turbulence ceases to exist. At Reynolds numbers of 40, vortex shedding in 

the wake of a cylinder begins. At about Re=150 the shed vortices begin a transition to a 
turbulent state, and for Reynolds numbers greater than 300 the shed vortices <are fully tur- 
bulent [ 3 ] .  At still higher Reynolds numbers (on the order of 1000) the wake region is 

fully turbulent immeclialely behind the cylinder [ 131. At Reynolds numbers above 10' the 
boundary layer on the cylinder becomes turbulent before separation II-I]. The flow in a 
bank of tubes will therefore be in a turbulent state for Reyolds numbers gre:iter than about 
1000. Tubes away from the entrance to the bank will see a state of fully developed tur- 
bulence. so that it is not necessary to attempt to calculate a point of turbulent transition on 
such downstream tubes. The calculations performed here assume fully developed turbulent 
flow at the inlet to the calculation domain. It is worth noting that most practical applica- 
tions involve banks of tubes rather than single tubes or pairs of tubes, so that the conditions 
simulated here have very practical applications a i d  implications. 

Notwithstandinp, one turbulent calculation was performed for a tube not in a 
bank. This calculation was for an approaching turbulent flow at a Reynolds number based 

on tube diameter of 100,000. The single tube R~>=100000 case was run as part of the code 
verification procedure. for comparison to experiinenld values of Nusselt number obtained 
for this configuration. 

Plots of the flow fields for a single tube, in-line pairs of tubes and a tube in a 
bank have been given in Schuh [l] .  Heat transfer results for single tubes are presented here 
on plots of Nusselt number (Nu) versus increasing angle from the stagnation point on the 

tube (e) .  For tubes in banks the results are given as --, where NG is the mean Nusselt 

number over the tube. This is the way the experimental results for tubes in banks are 
presented in the literature 1151. This method of presenting the results also overcomes any 
ambiguiries in the definition of Nusselt number. Specifically, the Nusselt number is dclined 

as Nu= - - ~ ,  where h is the heat transfer coefiicient which satisties the relation q=izAT.  In a 

tube bank i t  is not clear what temperature difference the AT should refer to. if i t  is defined 

as AT=Thlrlt-TWo,, then the appropriate definition of a bulk temperature in this complex, re- 

circulating flow is unclear. If, on the other hand, it is defined as AT=TL,,,c,-TW,a,, then (for 

the constant tube wall temperature case) the heat transfer coeHicient 11 will not be the same 
for tubes nearer the front of the bank as it will be for tubes further from the front. To over- 
come this difficulty all experimental and numerical results for tubes in b'mks are presented 

as r. For sin&le rubes the absolure Nusselr number is giveri, where the Nusselt number is 

detined as Nu= - - --, with D representing the diameter of the tube. Isoiherrns are also shown 

for both the single tube and the tube bank configurations. 

Nit 

N u  

hD 

k 

Nu 

Nu  
/7D 
k 
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Laminar calculations were performed during the development of the calculation 
procedures and codes for comparison to the experimental results of others. These checks 
were perl'ornicd to assure that the method of solving for teniperatures a id  hcnr transfix is 
valid and accurate. Turbulence models were thcn introduced for higher Reynolds number 
flows. Schweitzer [12] gives a more detailed discussion of the laminar results. 

The laminar heat transfer from a single tube at Rc=120 was calculated for a flow 
of air entering with a free strcam temperature of 320 K. The tube wall temperature was 
fixed at 300 K.  The streamlines and isotherms from this calculation are shown in Figure 5 .  
Figure 6 shows a cornparison of Nusselt numbers from the calculated results with the exper- 
imental results of Eckert 1161. Thc plots show Nusselt number iLS a function of angle from 
the stagnation point at the front of the tube. The calculations compare extremely well for 
all points on the tube except for the very front and rear. The deviation from a smooth 
curve (and from thc experimental results) at these points is due to the extreme distortion of 
the curvilinear grid at these comers. The distorted grid introduces convergence dil'ticulties 
and errors in interpolating values and evaluating derivatives. Errors in the Nusselt number 
plots can be seen on all of the calculated results at the front and rear of the tubes, although 
the relative magnitude of this error varies considerabley. Sometimes the result is over- 
prediction of heat transfer at the stagnation points (as in the Re=l?-O case), while at other 

times the result is under-prediction of heat transfer at these points (as in the Re=105 case). 
The case of a t u b e  bank in a laminar tlow of air at Rr=350 was calculated also. 

In this tube bank the ratio of distance between tube centers to tube radius is given by 
L N u  
--.=1.5. The norrrialized Nusselt numbers ( -1.::::) for this llow are shown in Figure 7, 
D Nu 
together with the experimental results from Zhukwckus [ 151. <and the calculiircd reculls 
from Wung and Chen [17, 181. The tigurcs compare well qualitatively, but the curves do 
show some differences. The largest discrepancies occur near the front and rear of the tube, 
where the oscillating vortex shedding of a real flow would be expected to give higher heat 
transfer rates. This may account for the under-prediction of heat transfer by calculation. 

N u  

NLI 
The resulting lower mean Nusselt number raises the peaks of the curve of =, so that the 

curve maintains the correct shape, but becomes higher and lower in magnitude at its 
extremes. The calculation by Wung and Chen, which is also based on a steady-now model, 
suffers from the same problem. It is interesting then to note that the magnitucies of the 
present calculations are very close to those of the calculation by Wung and Chen. 

Figure 8 shows a plot of the Nusselt numbers for a single tube in a turbulent 
free stream of air at a Reynolds number of 100,000. The calculations can be comparcd with 
the empirical data from Achenbach [14]. The data from Achenbach is for an approaching 
laminar flow, while the calculated results are for an approaching turbulent flow. Taking the 
minimum Nusselt number point as the point at which separation occurs, the calculation 
shows separation at about 100 degrees from the stagnation point, while the data from 
Achenbach shows separation at about 85 degrees. The greater momentum of the turbulent 
boundary layer in the calculations delays the separation point 15 degrees. Ln addition, the 
levcls of turbulence in thc calculations and !he experiments arc not the s c a m ,  and thc values 
of the Nusselt numbers are thereforc different. This difiicuity is compounded by the fact 
that Achenbach fails to define the heat transfer coeffiecient uscd in the detinition of the 
Nusselt number. It is therefore not possible to compare the experimental and calculated 
results exactly. The significance is that the shapes of the curves cornparr well, although the 
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distortion of  the curvilineu grid at the front and r e x  of the tube affects the cdcu13tcd 
Nusselt numbers, causing under-prediction of heat transfer at the front and rear stagnation 
points. Given these shortcomings, howcver, i t  is worth noting that the calculations do give 
qualitatively reasonable results in terms of the general shapes of the plots. Perfect qinntita- 
tive comparison cannot be expected in such a high Reynolds number regime, where levels 
of turbulence in experiments are not well controlled, and are not reported with she experi- 
mental results. 

Figure 9 shows the calculated isothernis for a Re=140,000 llow in ;I tube bank 
L 

D 
with an aspect ratio 0 1  ~ ~ =2.0. Figure 10 gives particle trajectories for this tlow. 

Particle trajectories 

Particle trajectories are calculated with the procedure developed by Schuh and 
Schuler 121. Their method was modified by the addition of n temperature-varying viscosity 
for the carrier Iluid, air. and ,an interpolation procedure for evaluating the temperatures o l  
points not on the B i d  nodes. For isothermal calculations the viscosity is lixed at the value 
it would have for some intermediate temperature. If, for example, the highest temperature 
in a calculation were 515 K ,  with the lowest temperature being, say. 400 K .  then the 
viscosity would be held at the value of viscosity for air at, say. 500 K. Flux and erosion 
calculations were riot perfonlied for tubes in banks because of the arbitrary naturc of the 
imposed particle release points. 

Particle trajectories for the Re=130,000 tube bank How of Figure 9 we shown in 
Figure 10. Here, the dashed trajectory shows the calculated particle path for a parficle in thc 
non-isothermal flow, to be compared with the solid trajectory which shows the particle path 
for the same particle in an isothermal Ilow. The configuration is an in-line tube bank. with 
a tube spacing lo tube diameter ratio of two. The effect of temperature-varying viscosity in 
the non-isothennal flow is small but apparent. The cooler air near the tube surface, with its 
lower viscosity, is not quite as effective as the isothermal flow at deflecting the particle 
froni its path. The result is that the particles in a non-isothermal Row arc not entrained in 
the bulk flow between the cylinders as quickly as are the particles in the non-isothernial 
flow. 
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Figure 5. SawmIirm and isothentls for single tube, R-120. 
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Figure 9. Isotherms for tube bank (%=2.0), Re=14oooO. 

Figure 10. Particle trajectories for tube bank (%=2.0), Re=14oooO 

Dashed line -- non-isothermal trajectory. 

Solid line - isothermal trajectory. 
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Summary 

Solid particle deposition on one and two in-line tubes has been mea- 
sured. Experiments were conducted in a vertical duct containing the tube(s) 
oriented perpendicular to  the mean flow. Dilute particle concentrations 
corresponding to 40 or 97 pm glass beads, at mass loading ratios less than 
0.007, were investigated. Air approaching the tube(s) at 18.5 m s-l and 1.4% 
turbulence intensity was used as the carrier fluid. Various differences 
observed in the circumferential depositions for the two bead sizes are attrib- 
uted to the fivefold difference between their respective inertia numbers. In 
the case of two in-line tubes, the wake of the first substantially alters the 
deposition characteristics of the second. Some photographic evidence of this 
effect was obtained. 

1. Introduction 

The erosion of material by solid particle impact is a serious problem in 
chemical plants, coal combustion equipment and heat exchangers when 
operated in contaminated environments. Of special interest here is the study 
of dilute particle suspensions flowing normal to a tube bank. Such flows 
exist in the convective zone (or free-board) of a fluidized bed combustor and 
in primary superheaters, reheaters and economizers of coal-fired boilers. 
These systems present complex erosion problems of great practical conse- 
quence and considerable fundamental interest. 

In contrast to  the relatively large number of experimental and compu- 
tational investigations conducted to  clarify the single-phase flow and heat 
transfer characteristics of tube bank configurations, little work of compar- 

*On leave of absence as Harrison Professor of Mechanical Engineering, University of 
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able extent has been done to improve 
ing particle impact erosion problems. 

the understanding of the correspond- 
While interesting in their own right, 

numerical studies of particles impacting single tubes, such as have been 
performed by Tilley [l], Healy 121, Laitone [3], and Vittal and Tabakoff 
(41, are of limited value for rendering predictable the erosion of tubes in 
tube banks. Similarly, the experimental data available, particularly those 
pertaining to particle motion in turbulent flow, are of limited use for ad- 
vancing fundamental insight of important basic mechanisms. This is because 
in attempting to simulate systems of practical {industrial) interest, various 
factors such as temperature, particle size and concentration, material proper- 
ties and fluid flow conditions (especially turbulence, unknowingly) are 
frequently varied simultaneously. Thus often the experimental task is 
reduced to simply obtaining a correlation for erosion, in terms of the inde- 
pendent variables, that is highly specific to the system under investigation. 
See, for example, Tsai et 121. 151, Bauver et al. [6], Gilmour et  al. [7] and 
the various references therein. 

The measurement of erosion, particularly as a quantity for guiding and 
testing numerical model developments for predicting particle trajectories in 
two-phase flows, is not as fundamental a measurement as particle deposition. 
In the erosion process, the properties of the materials involved, the topo- 
graphy of the surface being eroded and the particle shape, and interactions 
between approaching and rebounding particles affect the erosion measurand 
(mass or volume of material removed, depth of penetration etc.). To deduce 
from erosion measurements the characteristics of particle flow is extremely 
difficult. 

By constrast, regardless of how erosion takes place or the particle- 
surface mechanisms that control it, the particles must first arrive at the sur- 
face. Therefore particle deposition on the surface, a quantity considerably 
easier to predict (and to measure), is the preferred measurand in this study. 

To our knowledge, an in-depth study of particle-laden erosive flows in 
tube banks has not yet been performed. This is not surprising given the 
complexity of the problem. It is the purpose of this work to overcome partly 
the knowledge gap by performing an experimental investigation of a simpler 
flow configuration using a very simple measurement technique. 

In the experiment, attention is focused on the flow of air at high speeds 
through a vertical duct with two in-line tubes of discretely variable spacing 
aligned normal to the flow. (The single-tube configuration is also docu- 
mented as a reference standard.) The air carries a dilute concentration of 
glass beads of mass loading l? < 7 X and of mean (gaussian distributed) 
diameter of either d ,  = 97 p m  or d ,  = 40 pm. (Here I' equals mass particles/ 
mass air.) The speed and turbulence intensity of the air approaching the 
tubes have been held constant at 18.5 m s-' and 1.4% respectively, for the 
data provided here. (The turbulence intensity is defined in Section 4.) 
Experiments at 5% turbulence level were also performed but the results 
obtained were not considered reliable enough to be included in this work. In 
addition to  the particle deposition measurements, flow visualization experi- 

I . 
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P 

ments were also performed using an argon ion laser light sheet to illuminate 
the glass beads. 

2. Experimental apparatus 

,4 schematic of the experimental apparatus is provided in Fig. 1. -4ir at 
high speed is drawn from a stagnation chamber into a vertical duct of square 
cross-section (hydraulic diameter D = 10 cm) by a continuously variable 
speed, axial flow, Lansom blower. Measurements of the air velocity through 
the duct are obtained with a static pressure pitot tube connected to  an oil 
manometer. The air speed used in the experiments was 18.5 m s-' , although 
higher speeds could be achieved. The blower was sound proofed for ease of 
operation. 

A four-to-one contraction at the duct inlet is followed by two fixed 
screens of discretely variable spacing used to generate the turbulent air flow 
condition. The screen characteristics are as follows: width of grid element, b 
= 3.175 mm; distance between grid element centres, M = 6.845 mm. Two in- 
line tubes of diameter d = 2.42 cm are located downstream of the screens in 
the vertical duct. The spacing between the tubes is discretely variable and the 
first, upstream tube, is placed at x = 8.80 duct diameters downstream from 
the last screen. The axes of the tubes are aligned normal t o  the main flow (as 
well as to  two facing side walls) and contained in the duct centre. 

Particles of either diameter d, = 97 pm or d, = 40 pm (approximately) 
are introduced into the duct flow by gravity feed from a hopper whose n i a s  
flow us. time has been previously calibrated. The flow of particles is control- 
led by the size of the orifice through which they pass. The particles fall onto 
two successive orbitally vibrating screens (isolated from the vertical test 

Part ic le Laden 
11 Gas FLOW 

P a r t i c l e  Hopper 

-Stagnation Chamber 

Additional 'aLoWer '"let Fl l ter ing Unit 
Manifold / 

-- FLOW Test Section 

-Par t i c le  F i l te r  BOX 

- Vibration Younts 

Fig. 1. Schematic of experimental apparatus and flow test section. 
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section) which. distribute them evenly over the duct cross-section. ,4 filter 
box downstream of the duct test section removes most of the particles from 
the flow. A cyclone separator removes those particles that have been 
comminuted and have escaped the screens in the filter box. Additional filters 
at the end of the diffuser connected to  the blower ensure that very small 
particles that might damage the blower are removed. The filtered air from 
the blower is exhausted to the atmosphere. 

3. Measurement procedure 

Of the two tubes placed in the test section, one is constructed from 
steel and is perfectly circular while the other is machined from aluminium. 
The cross-section of the latter is shown in Fig. 2 where it is seen that 36 
shallow grooves of triangular cross-section are evenly distributed around the 
periphery of the tube. Crisco shortening (hydrogenated palm and soya oil) 
is carefully packed into the grooves and serves to trap any particles that 
strike a groove cross-section. After an experimental run, the Crisco-particle 
mixture is carefully removed from a groove and placed on a pre-weighed 
screen. The, Crisco is then melted using a heat lamp and removed by carefully 
washing with a warm mixture of isomer hexanes (C6HI4). The mass of 
particles remaining after washing is dried and then weighed on a Mettler 
balance to within +4 X lo-’ g. In this way, the circumferential distribution 
of particles deposited in the grooves around the aluminium tube during an 
experiment can be determined. Although laborious, the procedure is simple, 
accurate and inexpensive. 

m 

100 mm I 

* 127 mm A 

Fig. 2. Side and end views of machined aluminium tube with triangular grooves for 
capturing particles. 

The tubes are positioned at their respective locations by insertion 
through snug-fitting holes in two facing walls of the test section. By aligning 
two marks, one on a tube and one on a wall, the relative orientation is main- 
tained between a tube and the flow. For experiments involving a single tube, 
the aluminium tube was always used. For experiments involving two tubes, 
the aluminium tube was always the second (downstream) tube. The walls of 
the vertical duct are constructed from thick transparent Plexiglas, 9.5 mm 
thick, for ease of optical access. 
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4..Experimental results 

The measured results are shown in Figs. 3 - 6. The experimental condi- 
tions are given in the figure captions, The quantity 

is the per cent streamwise turbulence intensity based on the bulk average 
velocity UB through the duct; Red (-dUB/v) is the Reynolds number of the 
flow based on the tube diameter d and ReD (-DU,/v) is the Reynolds 
number of the flow based on the duct diameter D. The quantity v is the 
fluid (air) kinematic viscosity taken at 25 "C. 

In eqn. (l), (s)1'2 is the r.m.s. of the air flow velocity fluctuations. 
This can be determined from a knowledge of the grid characteristics and the 
bulk average velocity as explained in Nandascher et al. [ 81. 

The curves in Fig. 3 represent the'total particle mass captured by a 
single tube as a function of the particle mass injected into the duct. This 
shows that by the time 10 g of particles (97 pm in diameter) have been 
injected into the duct, for the experimental conditions investigated, a "sur- 
face saturation" condition has occurred with the tube having captured about 
0.57 g of particles at this time. These data suggest that after one or two 
layers of particles are embedded in the grooves, further embedding is 
inhibited, presumably by rebounding of the particles from encrusted portions 
of the tube surface. The figure also suggests that particles, 40 pm in diameter, 
saturate the surface of the tube faster than the larger particles, 97 pm in 

_ _ _ -  d , = L O p  $ (  _.--- 

ac--- a IO za-iio La <o Qo io  i 
Mass o f  particles injected IGrnrnsI 

Fig. 3. Total particle mass collected on a single tube as a function of the m u  of particles 
injected into duct. Relevant conditions are: x i D  = 8.8; Red = 28 500; Reo = 117 000; 
i2= 1.4%; UB = 18.49 m s-1; r = 6.81 x 
Fig. 4.  Circumferential distribution of normalized particle deposition on the surface of a 
single tube. Conditions are as specified in Fig. 3 .  Total mass collected: e, 0.5318 g (97 
pn);  m, 0.1464 g (40 ,urn). 
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Fig. 5 .  Circumferential distribution of normalized particle deposition on  the surface of the 
second of two in-line tubes spaced 5d apart. Conditions are as specified in Fig. 3. Total 
mas collected, 0.1125 g. 

Fig. 6. View of particle flow past two solid smooth cylinders (black disks) spaced 5d 
apart. Flow is from top to bottom. The centre black disk is a plug. dp = 97 pm. Condi- 
tions are as specified in Fig. 3.  

diameter. This is to be expected because it can be shown that the smaller 
particles (40 pm in diameter) have more than twice the coverage area of the 
larger particles (97 pm diameter) for equal mass fluxes. The conclusion is 
that particle deposition measurements using this technique must be limited 
to low values of the total particle phase mass to avoid a bias in the periph- 
eral distribution of the deposition measurement. The maximum run time 
that avoids the surface saturation condition must be determined experi- 
mentally as a function of the flow and configuration conditions. The total 
injected particle phase mass is a function of the size of the particles used. 

Figure 4 shows the circumferential distribution of particle deposition, 
y, to a single tube normalized by the particle deposition measured at 8 = 0", 
yo, on the tube. These data are especially interesting for three reasons: (1) 
for both particle sizes they show a maximum deposition at 0" (correspond- 
ing to the stagnation point on the tube); however, a projected area (or 
cosine) fall-off between 0" and 90" is only shown by the larger, more 
inertial, particles; (2) they show a small, but measurable numher of particles 
impacting the tube past the +90" locations; (3) they show that the larger 
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particles (97 pm diameter) are more likely to impact the tube than the 
smaller particles (40 pm diameter). The third result is to  be expected because 
of the large particle inertia number, A, for the 97 pm particles; X9,/XW = 
5.88. The particle inertia number is defined as 

where pp is the particle density, p the air viscosity and the remaining vari- 
ables are as defined above. 

The first of the above three points illustrates the fact that the small 
particles deviate from the trajectories of the larger, more inertial, particles 
and should not be expected to display the same cosine dependence. This is 
important because the ductile metal erosion of tubes is dependent on 
particle impact angle; see Bauver et al.  [6]. The second point illustrates the 
possibility of particle re-entrainment in the wake regon of the tube, where 
some particles are redirected towards, and embedded in, the tube's rear 
surface. 

Results for the deposition of particles on the second of two in-line 
tubes are shown in Fig. 5. The conditions stipulate particles 40 pm in dia- 
meter and tubes spaced 5d apart from their centres. The protective influence 
of the upstream tube was noted in two ways: (a) by a reduction in the total 
particle deposition on the second tube relative to the first (not evident from 
the plots because of the choice of normalization); (b) by the reduction in 
relative deposition to  the second tube around the 0" location as a result of 
the protective influence of the wake from the first (upstream) tube. The 
mass of particles, 40 pm in diameter, deposited on the second of two in- 
line tubes spaced 2d apart from their centres was too small to be measured 
by the present technique. 

A typical flow visualization result is shown in Fig. 6. The conditions 
stipulate particles 97 pm in diameter and solid smooth surface tubes spaced 
5d apart from their centres. Three black disks are visible in the photograph. 
The centre disk is a plug. The top and bottom disks are the ends of tubes. 
The dark bars emanating to the right of the tubes are shadows created by the 
laser light sheet. The halo above the upstream tube is formed by particles 
rebounding from the tube surface. The extent to which the upstream tube 
shields the downstream tube from impacting particles is clear from this long- 
term exposure. 

The photograph also illustrates why we consider the deposition measure- 
ments with the 97 pm particles, to the second tube in an in-line tube arrange- 
ment, to be inaccurate. Some of the particles striking the upstream tube 
rebound from the test section wall and are redirected towards the second 
downstream tube. The particles, 40 pm in diameter, did not exhibit this behav- 
iour. Therefore the results given in Fig. 7 for the deposition of particles on 
the second of two in-line tubes spaced 2d and 5d apart using particles, 97 p m  
in diameter, should be considered with caution. 
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1 L, 

Fig. 7. Circumferential distribution of normalized particle deposition (dp = 97 pm)  on the 
surface of the second of two in-line tubes spaced as indicated. Conditions are as specified 
in Fig. 3. Total mass collected: 0.3555 g (2d ) ;  0.3422 g (5d). Cylinder spacing: 0 ,  2 d ;  a ,  
5 d .  
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