






































































































































































































































































































8.2.2 Description of problem 

The burner bank at Ratcliffe is fed from several mill s; these mill s tend to have two outl et 

pipes that travel most of the distance to the burner before splitting just before the burner wall 

into three pipes which each fed a burner. This construction method means that the network 

has a lower pressure drop than six separate pipes running to the burner wall. The original 

pipe layout had the pipes going into the horizontal and then splitting. It was decided to reroute 

the pipes and bring the split into the vertical , figure 8.1 and figure 8.2 show thi s change. The 

work was to concentrate primarily on two vertical geometries altered in thi s way. 

Figure 8.1 - Original Configuration at 

Ratcliffe power station 

Figure 8.2 - New configuration implemented at 

Ratcliffe power station 

Experience amongst station engineers has shown that a long vertical ri ser tends to improve 

the powder balance. After initial investigation into the splits, based on rotor-probe sampling, 

the split was still not within the power station operator desired tolerance. Whilst substanti al 

improvements had been made by moving the split into the vertical , the operator not onl y 

wanted to improve the existing split, but to have a measure of control over them. 

The splits before the installation of any device are given below in table 9.1. The split is 

presented over all six outlets from both trifurcator runs . The desired value would be 16.6% for 

each outlet. 

8.2.3 Solutions 

A number of poss ible solutions were considered. Any solution would need to take account of 

less favourable flows, improve the present flow, not increase pressure drop substanti ally and 

would a llow a degree of control. A degree of control was desired as whil e the current design 

worked on the current operating conditions, a change in coal type or inl et velocity could 
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substantially shift the pulverised fuel split. Several CFD cases were run on the pipeline to 

locate the position of the rope in the vertical riser. After the long vertical riser the rope was 

relatively dispersed and the secondary flow patterns were relatively weak compared to the 

mainstream velocity. 

Table 8. J - Pre-device splits at Ratcliffe power station 

Trifurcator 1 Tri furcator 2 

Outlet A B C D E F 

Split pre device 14.75% 20.82% 14.74% 18.33% 19.65% 13.01% 

Deviation from Desired -1.85% +4.16% -1.86% +1.73% +2.99% -3.65% 

The design of the control deice would be limited, as the operator did not require an online 

system. What was required was a system that could occasionally be checked and then altered 

at the burner face. Several devices were tested in CFD to see if they improved the split, 

figure 8.3 shows a graph summarising the various devices tested in CFD. 

One idea suggested was a set of movable deflecting blades that would create spin of the 

particles. It was believed that spin would improve the particle mixing. From experimentation 

in the quarter scale rig and CFD conducted at the University of Nottingham, it was discovered 

that inducing spin only made the particle rope more concentrated and less likely to split. 

The concept of having moving blades developed into positioning blades close to the 

trifurcator split to deflect the power from outlet to another. This is the basis of the control gate 

device, a CAD depiction of one is shown in Figure 8.4. Figure 8.5 shows black and white 

photographs of the actual control gate blades. 

In addition to the installation of a control gate, a low-pressure drop device had to be 

considered to aid the split. The S-V ARB was considered to be sufficient and ideal for a 

variable rope position in the vertical plane. The new layout was constructed with the 

trifurcator, followed by a control gate, followed by a VARB. Table 8.2 shows the splits from 

the power station following the installation. 

8.2.4 Current Situation 

The current situation is that the vertical installation is still installed and working very well. 

However, the cost of re-routing the pipes was too expensive. So a design was needed to work 

with the original horizontal pipe work. 
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Figure 8.3 - CFD predicted data for devices to be installed at Ratcliffe 

Figure 8.4 - CAD depiction oftlte control gate Figure 8.5 -Actual control gate blades 

Table 8.2 - Post device installation at Ratcliffe power station 

Trifurcator 1 Trifurcator 2 

Outlet A B C 0 E F 

Split post device 15.97% 14.99% 16.31 % 17.76% 18.79% 15. 16% 

Deviation from Desired -0.69% -1 .67% -0 .35% + 1.1 % +2.13% -1 .5% 
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8.3 Didcot Power Station 

8.3.1 Problem 

Oidcot power station in Oidcot Oxfordshire is a sister station to Ratcliffe power stati on and 

possesses the same pipework. A study was undertaken for Oidcot power station to investi gate 

implementing the H-VARB device supplied by Greenbank Terotech. The layout of the pipe 

work is the same as at Ratcliffe on soar before the split was taken back into the vertical shown 

in figure 8.1. The study was computationally based and used CFO software. 

Four pipe routes were investigated, based on measured data for Didcot mill s E and G. Two 

routes from each mill were investigated. These were; G Mill A side, G Mill B side, E Mill A 

side and EMili B Side. Three of the pipe routes were simi lar, G Mill B side, E Mill A side 

and EMili B Side, whilst G Mill A side had a different layout. 

8.3.2 Approach 

The measured data obtained for Oidcot Mills E and G, both A and B Sides was checked for 

precision using CFO of the four pipe routes. The specified running conditions and particle 

size information were used for these simulations. From the CFO it was possible to see where 

the high particle concentrations were and positions for the H-V ARB can be recommended to 

disrupt these concentrations. Split trends are consistent between CFO and Measured data. 

These are shown in table 8.3. 

Table 8.3 - This table shows the measured and CFD predicted splits. 

E-Mill A-Side 8-Side 
E4 E5 E6 E7 E8 E9 

Measured Split 24.5 49.5 26.0 32.9 44.1 23.0 

CFD Split 5.5 70.8 23.6 21.9 40.6 37.5 

G-Mill A-Side 8-Side 

Gl G2 G3 GI0 GIl G12 

Measured Split 50.7 29.8 19.5 23.5 45.2 31.3 

CFD Split 39.9 35 .1 25.0 17.8 59.1 2 1.1 

8.3.3 Solution 

The recommendations are to install a standard 30° incline H-V ARB, with 2 16ml11 offset. 

This would then be followed by a control gate for fine tuning of the sp lit; the contro l gate 
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would be fitted with flat blades. The H-V ARB devices would be positioned with the 

deflecting face positioned in front of the outlet with the highest concentration of particles. 

The installation of the H-V ARB device took place in February 2006 and the improvements to 

the split gave the new splits to with in ±3%. This has lead to the installation and future 

installations at Didcot and the sister stations at Ratcliffe and Ferrybridge. 

8.3.4 Current situation 

The installation at Didcot is still ongoing at the time of writing. However, the installation at 

Ferrybridge is complete. Ferrybridge is again a exact copy of both Ratcliffe and Didcot. The 

installation at Ferrybridge has no flow meters to measure the coal balance. There is however 

data showing that the lost on ignition carbon in ash has been reduced by 6% from 12% to 6% 

for the units that the H-V ARBs were installed on. This represents an improvement in both 

combustion and efficiency. The reduced carbon in ash means that the ash is more saleable to 

cement manufactures and the station requires less coal to generate the same amount of 

electricity delivering a double benefit. Following the successes at Ferrybridge and Didcot, 

Ratcliffe power station and looking to install four boiler sets of the device in 2007. 

8.4 Nanticoke Power Station, Ontario 

8.4.1 Description of Nanticoke 

Ontario Power Generation's coal-fired thermal generating station in Nanticoke, Ontario is the 

largest of its kind in North America. Eight 500-MW generators produce a total of 4,000 MW 

of power at this 30-year-old generating station. The station has serious NOx, SOx and 

efficiency problems for sometime and are looking for any method to improve efficiency and 

reduce both NOx, and SOx. 

8.4.2 Description of Problem 

Nanticoke possesses a vertical splitter in the form of a quadrafurcator. Upstream of the 

quadrafurcator there is a small vertical riser preceded by a horizontal to vertical 90° bend. 

This leads to a strong rope forming in the bend due to the centripetal and inertial effects. This 

rope goes up the riser and then enters the quadrafurcator. The quadrafurcator consists of a -+­

way junction in the vertical with a splitting pyramid dividing them. Figure 8.6 shows the 

outlay of the outlets. 
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Figure 8.6 - Layout of the outlets of the quadrafurcator 
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Figure 8.7- Quadrafurcator showing splitting pyramid 
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Figure 8.8 - Geometry of Nanticoke 
scenario 

Such a splitting device assumes either a perfectly homogenous mi xture or that the partic le 

rope to strike the centre of the splitting pyramid as shown in Figure 9.7. With such a tight 

bend and dense rope this is unlikely to happen . The current solution to the problem is the 

installation of a shallow Venturi straight after the bend in the vertical ri ser. The cu rrent splits 

are shown in Table 8.3. 

8.4.3 Solution 

The proposed so luti on to the problem was to install a H-VARB device in the ve t1i ca l ri er in 
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the geometry and to install a control gate in front of the splitting pyramid. The geometry of 

the H-VARB solution is shown in Figure 9.8. The proposed solution has been tested in a 

similar trifurcator situation and has lead to a maximum over minimum ratio of 1.1 without 

control gates. 

8.4.4 Current Situation 

As of June 2006 a trial installation for the device was installed and trials have taken place. 

The installation utilises the H-V ARB ™ device, a control gate, a special Quadrafurcator 

designed by Greenbank Terotech and a set of the PfMaster sensors supplied to OPG by 

Greenbank Energy in the USA. 

Currently, the best distribution for side 1 is 11 % RMS deviation and for side 2 is 10% RMS 

deviation. The guarantee asks for 12.5% RMS deviation. In terms of deviation from the a 

desired balanced split of +/-2% across all 8 burners. All that is required now is fine tuning of 

the control gates. It has been suggested by the station that if the trials are successful that a 

boiler set will be ordered early 2007. 

The station have said openly that they not only see an improvement in efficiency from the 

improved distribution, but that the improved distribution will lead to better flame stability at 

low loads and prevent the need for co-firing the station with natural gas at these low loads. It 

has also been said that following completion of the trails a full boiler set will be ordered at the 

start of 2007. 

8.5 West Burton Power Station 

8.5.1 Description of West Burton 

West Burton is a 2,000MW coal-fired power station that stands on a 410 acre site in north 

Nottinghamshire, nine miles north-east of Retford. The station runs 24 hours a day. The 

station has a tangentially fired boiler and the pipe network is designed to reduce the level of 

wear in the pipes and bends. 

8.5.2 Description of Problem. 

West Burton is an unusual vertical splitting case, in that the vertical split takes place in the 

direction of gravity. West Burton is a comer fired burner, this means that the burners all face 
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inwards from a comer; this is shown in figure 8 9 Thi s ]'s the T fired fi . . . - con Iguratl on. Thi 

leads to better combustion of products and efficiency of the boil er. 
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Figure 8.9 - The T-Fired boiler configuration 

However, this configuration does lead to a very complicated pipe network as shown in fi gure 

8.10. This leads to an unfortunate choice of split, which involves a bifurcation with riffle after 

a 90° bend. In addition there is very little room for modification. 

'::": ':\1--
-- . .... .-\-

--= ; 

" Figure 8.10 - Pipe layout for West Burton power 

station 

The work was undertaken to investigate the phenomena where a riffle box located in the West 

Burton power station was not splitting equally. A sample bend is shown in fi gure 8.11. 

Normally riffle boxes give a split between a perfect 50:50 split and a 45: 55 split, whi ch is 

often referred to as a classic riffle box split. The Rotor Probe tests carried out are shown in 

Table 8.5. This shows that the imbalance is greater than expected splits. 
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Figure 8. J J - Sample bend in West Burton power station 

Table 8.5 - Rotor probe tests carried out at West Burton power station 

Actual tertiary splits 
Burner H G H G F E F E 
Test 11 Test 2 high 28.53% 71 .47% 0.00% 0.00% 28.26% 71.74% 0.00% 0.00% 

Test 31 Test 4 med 49.26% 50.74% 42.64% 57.36% 34.30% 65.70% 32.42% 67.58% 

Test 5/6 Low 51 .53% 48.47% 29.57% 70.43% 29.27% 70.73% 40.02% 59.98% 

Burner 0 C 0 C B A B A 

Test 11 Test 2 high 40.37% 59.63% 42.92% 57.08% 42.79% 57.21 % 38.97% 61 .03% 

Test 31 Test 4 med 34.18% 65.82% 48.32% 51.68% 51 .68% 48.32% 41 .57% 58.43% 

Test 5/6 Low 45.57% 54.43% 43.76% 56.24% 57.98% 42.02% 46.32% 53.68% 

8.5.3 CFD Approach 

A CFD study was undertaken to investigate the cause of the imbalance and consider 

alternatives to the current configuration. The investi gati on through comp utation flu id 

dynamics focused on one parti cul ar branch of the pipe network, that part that related to 

burners E and F. After refin ement of the grid the pipe run was split into th ree sections, these 

sections of the pipe network were I inked together through solution matching. 

The three sections were considered : The quadrafurcator, the pipe run and the bifurcator. The 

focus was on the splitting in the fin al bifurcator so the quadrafurcator was ignored and 

so lutions onl y dea lt w ith hori zontal pipe run and the bifurcator. The CFD data gave a 

predi cti on w ithin 1 % of the actual data co ll ected fro m the power station for one o f the 

operating conditi ons. T he t ight bend means that there is no homogeneity in the parti c le 
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stream. Whilst the standard riffle will u II k ' h sua y wo r WIt ropes, the distance between rope 

formation and the riffle is very short. 

The difference in splits between different operating conditions will be due to different rope 

positions entering the final bend. A change of a few mms in the pipeline can move the rope 

area from over one or two riffles to maybe 3 or 4 altering the split at the bifurcator. Figure 

8.12 shows the rope enteringjust a few riffles before the split. 

8.5.4 Solution 
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Figure 8.12 - CFD of the internals of a rifflebox 

Several solutions to the situation were modelled. These were solutions that have been used in 

other cases and situations in the past, not all of them would have been suitable for the pipe 

configuration or construction envelope. These included expansions, Venturi and offsets. 

The success of these solutions varied and was not always what was expected. The range of 

solutions modelled is detailed in the report. The worse split achieved was 9% :91 %, thi s was 

for the bifurcator rotated 90°. Whilst the best split achieved was 47%: 53 % . Thi s was from 

simply installing an expansion just before the riffle. 

So in conclusion it was discovered that the poor split is caused by the stratifi cati on of the 

powder in the bend . The lack of any distance between the last bend and the splitting box is the 

major cause of thi s. A trial installation is planned for early 2007. 
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8.6 Conclusion. 

The use of these examples of industrial deployment has highlighted the contributions that 

PhD work light this makes towards the progress of industry. These deployments have 

allowed intimate knowledge of current practices, process tolerances and the needs and wants 

of power station operators and the range of forces acting on them when choosing a device. In 

addition the installation of these products are a result of this research show that the device is 

not only a success in the test conditions but also in full-scale industry. 

In conclusion, these case studies demonstrate the positive contribution made to the industry 

through this thesis and demonstrates the achievement of one of the aims of this thesis, the 

production of a commercially viable product for the coal-fired power station industry. 
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Chapter 9 

Conclusions 

9.1 Preface 

An extensive investigation into pneumatic conveying and powder balance has been undertaken in 

this work. The work was multi-facetted, looking at product design, experimental testing, 

computational testing and industrial case studies. All this work combined has produced four 

viable products for the solution of powder balance in pneumatic conveying pipelines. 

This chapter details the conclusions that can be drawn from the work and how they translate into 

both useful knowledge for the power generation industry and into viable products. 

9.2 Aims completed 

The aims of this thesis, as laid out in chapter One: Introduction, have been successfully 

completed. These aims were decided upon to not only develop devices and products, but also 

procedures and techniques that could be applied to future investigation. 

The first aim of this work was to create a validated computation fluid dynamics (CFD) model a 

pneumatic conveying pipeline. This validated model could then be applied, with adaptation, to 

industrial scale scenarios and used in industrial case studies. This was achieved two viable 

models were selected from the turbulence modelling available and validation from both the 

quarter scale rig and industrial case studies was achieved. 

The achievement in CFD modelling has been an understanding of the requirements for meshing 

domains and being able to quickly and effectively setup and run cases based on their required 

level of accuracy. The case studies chapter demonstrates how some of these models have already 

been ,pplied with success to industrial scenarios. 

Another aim of the work was to develop several devices to attempt to solve the problem of 

powder imbalance at splitter boxes in pneumatic conveying networks. Four devices: The Offset; 

The Expansion; The Control Gate and the Active system have been developed for a range of 

different scenarios. It has been demonstrated that through development it is possible to tailor 
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th I l' . ese so u Ions to varIOUS real problems. The case studies section demonstrates how some ofthese 

devices have already been applied with success to industrial scenarios. 

9.3 Devices 

9.3.1 Preface 

The main achievement in the eyes of the author is the successful development of several devices 

to suit certain scenarios. This provides a toolbox of possible configurations for a range of 

scenarIOs. 

9.3.2 The Offset Device 

The Offset device, whilst developed for a single bend and the standard secondary flow patterns, is 

remarkably adaptable. From the experimentation with the Offset installed into a double bend -

spinning rope scenario (scenario two) it can be seen to provide an adequate level of particle 

dispersion. When combined with a device like the Control Gate, the Offset device can be installed 

into almost any scenario. However, to do so would require either accurate computation or 

numerical modelling or empirical knowledge of rope position (e.g. based on erosion patterns, 

mass imbalance). 

The use of CFD in combination with empirical data will allow successful placement of the Offset 

device in an industrial scenario and allow it to be positioned so as to provide a reasonable split for 

a range of conditions. 

9.3.3 The Expansion Device 

The Expansion device has been developed for spmnmg ropes. Spinning ropes tend to be 

providing much worst powder balances in the quarter scale test facility than nonspinning ropes. 

The Expansion device was able to improve the powder balance significantly over a straight test 

section. 

The Expansion represents a universal device for spinning ropes that when used in combination 

with the Control gate. It is only important to try to locate the device as far from the split as 

possible to allow the vertical riser to take full effect on the powder and naturally disperse it. 
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9.3.4 The Control Gate Device 

The Control Gate device was developed as a fine tuning device to placed in addition to the other 

devices. Though initial tests with in on its own proved in effective, once the rope core had been 

disputed and powder was spread across the cross section of the pipe the Control Gate worked well 

to balance the powder at the splitter box. 

9.4 Future Work 

9.4.1 Preface 

The work presented in this thesis whilst extensive is not inclusive of all possible optimisation and 

investigation avenues. This thesis represents a stepping-stone to further areas of research. The 

author will explore some of these, others by other members of the research group in future 

projects. 

9.4.2 Optimisation of Devices. 

Whilst some optimisation was undertaken in the course of this thesis on the various devices, it 

was not extensive, mainly due to the cost per unit of producing scale models of devices for testing 

and the time that production took. 

A senes of parametric studies into angles for the Expansion device and a more extensive 

investigation into angles and heights of the Offset device are needed to truly optimise the device. 

Optimisation will involve parametric studies carried out on CFD in an attempt to reduce the 

number of experimental models that need to be manufactured. 

9.4.3 Testing of relegated designs. 

In the course of this work several ideas were developed and then discarded so as to focus on a 

small number of devices. With development these devices might prove to be as effective or more 

effective as the devices described in this work. 

9.4.4 Horizontal Testing 

In pneumatic conveying pipeline networks not all splitting boxes are positioned in the vertical 
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direction of flow. The horizontal split is technically more difficult to achieve, as the biasing effect 

of the gravity will attempt to skew the split. Whilst horizontal splits are rare in power stations, 

they are usually the most troublesome. 

The quarter scale rig can be configured into a horizontal set up and the existing devices could 

represent the basis for horizontal mixing devices. This alternative would represent a lengthy 

project in itself, but it would prove whether the devices discussed in this work are completely 

universal. 

9.5 Conclusion 

The work undertaken in this thesis was to example powder balancing in vertical splitter boxes. 

This has been successfully undertaken and has led the development of several devices for use in 

the power generation industry and several computational and numerical techniques and tools that 

can aid their installation. The thesis has been successful in all its aims and in its overall objective. 

From the above sections it can be seen that there is extensive work that can be carried on from 

this thesis. Whilst some of this possible future works are extensive they would add valuable 

knowledge and devices to the field of pneumatic conveying. 
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Appendix A 

Grid Independence Study. 

Grid Independence is a key factor in CFD. Grid Independence is vital to a CFD cases 
in computational modelling the fineness of a grid can lead to different results. Th~ 
idea of a Grid Independence is to continuously refine the fineness of the model and 
r~n the intend~d c~se foc~sing on physical results that can be observed. Usually only a 
smgle field varIable IS used m the comparison, such as pressure or velocity profile. 

Normally the grid is continually refined and has the solution rerun in the solver until 
the difference in solution between the old and the new mesh is with in 99% (i.e. there 
is no discemable change in the result from refining the mesh). The value used in this 
thesis is the velocity profile over the outlet of the pipe. Other factors can be used. the 
author of this thesis 

The procedure is as follows: 

1.) Choose a course mesh regime for the selected mesh. 

2.) Run the case with all the correct factors until completion. 

3.) When the case is complete take a line across one of the outlets of the mesh. 

4.) Take the velocity values across that line and plot them against their 
co-ordinates. 

5.) Refine the mesh spacing of the mesh. If a particularly course mesh, halving 
the spacing size is a good step. If the mesh is quite fine perhaps reducing the 
mesh spacing by a single digit is sometimes enough 

6.) Run the case again. Take a line and retrieve a list of velocities at co-ordinates. 

7.) Compare the values at the co-ordinates. Repeat until the average difference 
between velocity results is within 99%. 

After this procedure is completed the result is said to be Grid Independent. One 
problem with the procedure is that one has to weigh the computational power 
available to solve the process and the problems with having cells so small that you are 
attempting direct simulation. CFD is a modelling method, various corollaries used in 
the basis of CFD break down if direct simulation methods are used with standard CFD 
codes such as the RSM and k-E methods. These are detailed in "An Introduction to 
Computational Fluid Dynamics: The Finite Volume Method" by H.K. Versteegand W. 
Malalasekra. These are both references in the references section. 



Appendix B 

Settings for CFD simulation 

The settings used for all the CFD simulation in this work are presented below. This 
section does not go into the theory behind the models or the application. This is 
adequately covered in the FLUENT users guide and in "An Introduction to 
Computational Fluid Dynamics: The Finite Volume Method" by H.K. Versteegand W. 
Malalasekra. These are both references in the references section. 

This section exists mainly as a reference for future users of FLUENT to replicate the 
results of the thesis if so desired. For all the cases in the thesis are 

These are the standard co-efficients of the Reynolds Stress Model in Fluent. 

CMu 
C 1 - Epsilion 
C2 - Epsilion 
Cs 
C1-PS 
C2-PS 
C1' - PS 
C2' - PS 

= 0.09 
= 1.44 
= 1.92 
= 0.22 
= 1.8 
= 0.6 
= 0.5 
= 0.3 

TKE Prandtl Number = 1 
TDR Prandtl Number = 1.3 

The cases utilised the Standard Wall functions and the Wall Boundary Conditions from 
the k-Equation. The turbulence specification method used is hydraulic diameter and 
turbulence intensity factor. The calculation for the Turbulence Intensity factor is 
shown in Equation A.l, RE is the Reynolds number of the flow. The calculation for 
the hydraulic diameter is shown in Equation A.2. 

(0.16 * REo.125 )* 1000/0 Equation A.l 

4 * Perimeter / Diameter Equation A.2 
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ABSTRACT 

A one-quarter-scale rig of coal fired power station pipe work, with optical access in steel 
pipes, has been constructed at The University of Nottingham. Flow visualisation of the dispersed 
powder shows concentrated regions of particles in cross sections. This uneven dispersion 
determines the division of powder at junctions in the pipe-work, which causes reduced control of 
furnace operation. 

Using image analysis techniques - established and developed - the concentration of the 
particles can be quantitatively assessed. This can then offer a means of controlling the 
dispersion by use of simple deflection devices within the junction. 

Previous work in the field by Huber and Sommerfeld [1 J viewed the cross section of glass 
pipes in circuit of diameter 80 mm. Velocities up to 30mls and solid loading up to 2 kg of 
spherical glass beads (mean diameter 42J.Drl) per kg of air were achieved. Video images using 
continuous wave laser illumination were analysed and calibrated to give mass flow of powder per 
unit area. Yilmaz and Levy [2 J used discrete point visualisation using a fibre optic probe in a 
154 mm-diameter pipe circuit using pulverised coal with typical size distribution used in power 
stations. Both papers indicated the importance of the formation of 'ropes' due to pipe bends. 

In the Nottingham based rig, air velocities up to 18 mls can be achieved with solids 
loading up to 170 gls. The powder used in the rig was cenospheres (hollow glassy spheres) 
having mean density of 700 kglm3

, which allowed dynamic similarity between rig and power 
station to be reasonably well achieved. 

In this work the powder, post-splitter, was inspected using visualization and the bulk 
splitting of the mass was measured in weigh hoppers. Inspection of the images captured by CCD 
camera shows arrested particles since the pulse duration is in the order of 5 ns. By appropriate 
choice of a threshold level, the data gained from the images gave a comparable measure of the 
bulk mass split to the weigh hopper measurements. 

After four horizontal bends and one vertical bend in the circuit, the wall bound nature of 
the dispersion was clearly seen and spiralling motion described by other researchers was 
observed [3]. The dispersion was analysed in a two-way splitter with glass walls. In addition, a 
simple deflection device in the two-way splitter was found to be capable of altering thc 
distribution of powder in the downstream pipes. This paper describes attempts to achie\'c split 
control using feedback to the deflection device from the optical information after processing by 
customised image processing software. 



1 INTRODUCTION 

. This paper des~rib~s the ongoing work. at ~he University of Nottingham investigating 
pulv~nsed. fuel co?veymg m the. po",:er generatI?n mdustry. Pneumatic transport of pulverised 
fuel IS bemg studIed at The UmversIty of Nottmgham using a purpose-built test rig. Hollow 
'glassy' spheres of the same order of size as pulverised fuel are circulated in relatively lean air 
suspension in a pipe system that is one-quarter scale of the typical power station. Two ~nd three­
way splitters are included to simulate splitting at the station. Viewing sections have been 
?evelop~d that allow .laser anemom~try to be performed before and after the splitter. Of specific 
mterest IS the formatIon of the partIcle 'rope' as the stream of air and particles travels through 
bends and the subsequent effect of the 'rope' on bulk distribution of the transported solid. Laser 
sheets illuminate the particles such that in sufficiently lean conditions, individual particles can be 
identified and analysed to produce information about size, distribution, and velocity. 

The current work describes development of a simple device with feedback control the 
distribution of powder to pipes downstream of a two-way junction (bifurcator) in the pipework. 
The feedback loop employs laser sheet images on the cross section of each downstream leg. The 
images can be processed to give an indication of the mass split and that information provides a 
signal to control the movement of a single inclined plate at the base of the bifurcator across the 
cross-section. The plate deflects the concentrated section of the stream of particles rising into the 
bifurcator and can be moved to such a position that the mass split becomes equal. This paper 
details the bulk mass split for different positions of the splitting plate and the development of 
signal from the laser sheet images. 

2 PREVIOUS WORK 

Transmission of pulverised solids in air is standard procedure in chemical engineering 
plants. Several modes of transport have been identified that are distinguished by the air to solid 
mass ratio and the transport velocity as described in the early paper by Zenz [4]. The 'phase 
diagram' showing pressure drop for varying gas velocity and air to solid rate ratio was 
established. Distinctly different characteristics are observed as the air to solid ratio is decreased; 
in horizontal conveying the solid phase is prone to settling on the pipe wall so that saltation can 
occur and in vertical pipes slugs of solid agglomeration form. Power stations use pneumatic 
transport to deliver pulverised coal to the furnace between 1.8 and 3 kg/s air to kg/s solid and air 
velocity in the order of 25m/sec. The phase diagram indicates that this is dilute phase flow, away 
from the region of saltation. The suspension is sufficiently dense to prevent explosion and lean to 
allow analysis using optical techniques. 

Since coal is conveyed from ground level mills to several positions on furnaces at some 
height above, bends in pipe-work are inevitable, and thus the established 'roping' effect occurs. 
The effect of a single vertical pipe bend was analysed using CFD by Levy and Mason [5]. They 
showed that two counter-rotating vortices form, which promote remixing of the particles after 
they have been thrown by centrifugal action to the outer pipe wall. Schallert and Levy [3] report 
that in a test rig, the effect of two bends on the rope is that following the second bend a stationary 
spiral is formed. They measured the spiral on the rig and predicted it by CFD. 

Yilmaz and Levy [2] demonstrated the use of the time of flight method of particle velocit) 
and concentration measurement. Velocity was determined from two closely streamwise 
positioned fibre optic probes using continuous wave l~ser light and th~ conc~ntrati?n \>as 
determined by the obscuration of laser light over small dIstance by companson WIth calIbratIOn 
data. The data obtained usefully shows the overall pattern of the rope. 
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TH E VISUALISATION AND CO TROL OF PCL\'ERI ED COAL 

CO~\,EYI~G . 

Huber and Sommerfeld [6] performed tests in a test ri g hav ing 80mm pipe bore using glass 
beads having mean size by number distribution of 40llm . Laser li ght sheet from a continuous 
wave laser was used to get video images of the two-phase flow in cross sections. Each frame of 
the CCD camera was 0.04 s duration. Images were processed to show particle concentration . 

3 METHODOLOGY 

A test rig, constructed by Greenbank Terotech Ltd, has been comm iss ioned at The 
University of Nottingham. It is purpose-built to simulate the transport of coa l laden ai r in the 
power station. The rig is further described by Giddings et al [7]. For these experiments the 
bifurcator is fitted as the splitter and the line 2 is not operational. Weigh hoppers, 'vv ith 
displacement measured by L VDTs, for line 1 and line 3 are used to measure the powder del ivery 
rate to the two legs of the bifurcator. The output signals are measured via a 6024£ National 
Instruments card with Labview processing. Measurements are al so taken of the airflow in the 
two lines from orifice plates downstream of the cyclone powder separators. The fl ow rate of air 
in the experiments described here was 16 m/s in the 6" inlet pipe and the powder fl ow rate was 80 
g/s giving an approximate solid to air ratio of 0.2. Following the bifurcator the pipe diameter is 
nominally 4" diameter. A schematic of the entire pipe-work of the test ri g and a photograph of 
the experimental test section are illustrated in Fig 1. 

2 CCO cameras 

~ 

Ai 

Light sheet opti c 

Fig. 1 - 1;4 scale Rig at the University of Nottingham and camera setup , 

A Nd:Y AG 150mJ pulsed laser is used to generate laser li gh ~ sheet. at 532 nm at 1.5 Hz ,pul e 
-Co Th I' ht sheet is placed so it crosses both post-splitter view ports and il luminate Lrequency. e Ig . . I d " d h 
b h t· s when powder is flowing The liaht sheet IS honzonta an posltlOne suc ot cross-sec Ion . b , 
that it passes through both pipes with equal inte~s i y. FO,r eac,h down tr~am pipe. a ~odak 
Megaplus 1M pixe l CCD camera is set up to view the ill uminated s~ctl o n at an an,b le , of 
approximately 45 ° to the horizontal. Both cameras have equ,a l aperture setting and eq ual le\ In g 
area, thus giving equal exposure to the ill um inated cross secti on of powder. 
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The cameras are connected to a Dantec Dual processor which contains the image 
capturing hardware. The images captured by the Dantec system are then processed using custom 
software produced in-house at the University of Nottingham to clarify the distribution of powder 
in the pipe and to provide a numerical indication of the relative density of powder in each pipe for 
comparison. Each image is an 8 bit grey scale bitmap, with 0 to 255 intensity value for each 
pixel. In the software routines the whole image is inspected pixel by pixel, histogram 
equalisation is performed to highlight areas that are not visible due to low intensity, and the 
intensity levels divided in to ten ranges, which are coloured blue (cold) through to red and white 
(hot) to indicate relative levels of particle concentration in the image. This gives us pictures 
positioning the particulate. To assess the split, from the raw pixel data all the pixels \vith an 
intensity value above a 100 were summed together and taken as a value of the split. 

In the bifurcator splitting box is a single plate attached to an assembly that allows it to be 
moved across the path of the flow. The plate can therefore be placed at a range of positions in the 
splitting box. The moving assembly is attached to a stepper motor which is computer driven. 

The bifurcator design is based on a established power station bifurcator, intended to be used 
with internal devices to control the rope. The devices are not included in this work. Instead, a 
non-standard control technique is presented. At the base of the bifurcator is a throat section, 
which reduces the pipe bore to nominal 5". This directs the rising stream of particles that rise in a 
spiral on the wall of the vertical pipe below toward the pipe centre line. The plate is inserted 
immediately above this, to one side in the position that the rope is known, from previous 
experiments, to reside during operation. In the experiment, weigh hopper readings and 
photographic images were taken whilst the plate was translated across the bifurcator. 

4 RESULTS 

Results are listed in the form of analysed light sheet photographs and weigh hopper 
reading from the same test period. Fig. 2 shows the actual split results from the weigh hoppers. 

Dimensionless % split by mass 

Position Line 1 Line 3 

0.28 51 49 
0.26 58 42 

0.23 58 42 

0.20 55 45 

0.18 55 45 

0.15 52 48 

0.12 50 50 

0.10 50 50 

0.07 50 50 

Fig. 2 - Readings from the weigh hoppers 

With the naked eye you cannot see a measurable difference between t~e images .. Fig. 3 
shows a bad split (on the left) and a good split (on the righ~). From obse:vatlOn of the Images, 
quantification is not possible, hence further image proces.smg ~as. reqUIred to. produce some 
numerical value. With the selection of pixel threshold, an mvestigation was carne.d out, but the 
value of a 100 was chosen as Fig. 4 shows that there are a large number of pIxels bel~\\ a 
hundred that are not illuminated. After choosing the threshold a count of the number of p~xels 
was taken from the image from each leg. These were added together as the total ~umber of plx~ls 
and percentages were taken from them for a measure of the amount of powder In each leg. 1 he 

results for this are shown in Fig. 5. 
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Dimensionl ess % sp lit by pi xel 
Position Line I Line 3 

0 .2 8 55 45 
0.26 53 47 
0.23 67 33 
0.20 65 35 
0. 18 52 48 
0. 15 6 1 39 
0. 12 50 50 
0. 10 - -
0.07 49 5 1 

. I I e O',\fe l' b)1 fo r the splits by the laser sheet \ isualisat ion Fig. 5- NUllleri ea va U b 
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Fig. 6 - Actual (by mass) and predicted (by pixel) values of split ratio obtained at various plate positions 

5 DISCUSSION 

From the results it can be seen that the position of the plate across the bifurcator does 
affect the bulk mass splitting (fig 2). There are two areas where a 50-50 split appears from the 
plate position. As images that looked at the rope formation in the pipe before the bifurcator were 
not taken as part of these experiments, the reasons for this observation are uncertain. Future work 
will investigate this phenomenon. 

In these results, when an 8% difference is referred to it is only demonstrating a difference 
4% ofthe mass flow rate between the two bifurcator legs. Thus the measuring technique must be 
sensitive to this reasonably small difference. 

The results of visualization did not show a clear distinction, as expected from the above 
point. The required sensitivity was produced by the numerical analysis of the intensity of the 
pixels in each image. 

From the image processing data in fig. 5 it can be seen that whilst the image data does not 
follow the bulk mass split precisely, it does indicate the correct bias of the split. The comparison 
between the split by weigh hopper and the split by pixel number is clearly presented in fig. 6. 

The results contained within show the potential for real life application (i.e. in the power 
station industry). Implementation as feedback control device would require coupling the image 
processing system to the motor. Further work and investigation is intended into the level of 
threshold to select before pixel counting or averaging the results over a number of taken images. 

6 CONCLUSION 

This paper presented an experimental procedure by which laser sheet visualisation is used 
to capture images of the powder in the bifurcator legs, post-splitter. These images \\crc 
processed to give a measure of the amount of material going down each leg from the histogram 
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distribution of pixels intensity values. The histogram showed that there is a great number of 
pixels with intensity values below the visible level. After eliminating these. the remaining pixels 
provided the numerical measure of power density in the light sheet. The numerical results were 
compared with measurements taken from weigh hoppers attached to the individual legs of the 
bifurcator. Reasonable agreement was observed. 

The tests ran show that it would be possible to use the numerical value from the laser 
sheet visualisation to produce a control signal to drive the motorised plate. In this way feedback 
can be produced to control the split. Further work is intended on the image processing to produce 
a more precise prediction of the split. 
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Appendix D 

Tables of results for experimentation 

1.0 Scenario 1 

T bl 1 S r a e - Sp It by mass flow rate through the e;eometry of 30° Offset 
AFR Mass Flow (kg/ms·

l
) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maxmin 

3: 1 0.1082 35.30 32.07 32.62 3.2'+ 1.10 
4:1 0.0921 36.59 26.71 36.70 3.84 l.37 
5: 1 0.0712 27.67 22.47 49.86 5.00 ..., ...,..., 

I ............. I 

6:1 0.0615 28.13 20.98 50.89 5.81 2.'+2 

Table 2 - Split by mass flow rate throuf!h the geometry of 20° Offset 
AFR Mass Flow (kg/ms·l) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maximin 

3: 1 0.1651 22.11 48.82 29.07 2.11 2.21 

4:1 0.0967 26.47 43.95 29.58 3.68 1.66 

5:1 0.073 19.86 37.67 42.47 4.89 2.14 

6:1 0.0648 18.67 32.87 48.46 5.52 2.60 

Table 3 - Split by mass flow rate through the f!eometrv of 40° Offset 

AFR Mass Flow (kg/ms·l) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maximin 

3: 1 0.134 21.49 27.09 51.42 2.62 2.39 

4: 1 0.086 31.51 22.91 45.58 4.17 1.99 

5: 1 0.0756 25.53 17.72 56.75 4.74 3.20 

6:1 0.065 26.00 16.15 57.85 5.53 2.22 

Table 4 - Split by mass flow rate throuf!h the f!eometry of 50° Offset 

AFR Mass Flow (kg/ms·l) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maximin 

3:1 0.1133 29.13 24.89 45.98 3.11 1.85 

4:1 0.0927 36.14 23.19 40.67 3.84 1.75 

5:1 0.0744 22.58 17.07 60.35 4.79 3.54 

6: 1 0.067 20.75 16.42 62.84 5.33 3.83 

Table 4 Split by mass flow rate throuf!h the f!eometrv of Expansion 

AFR Mass Flow (kg/ms· l) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maximin 

3:1 0.1145 14.24 47.77 37.99 3.11 3.36 

4: 1 0.1016 19.00 50.39 30.61 3.52 2.65 

5: 1 0.0773 12.68 38.55 48.77 4.67 3.85 

6: 1 0.0624 14.58 33.17 52.24 5.81 3.58 



2.0 Scenario 2 

Table 5 - Results for Expansion in double bend scenario 
AFR Mass Flow (kg/ms-

I
) Split I (%) Split 2 (%) Split 3 (%) Actual AFR i\lax min I 

3:1 0.1036 24.32 34.17 41.51 3.51 1. 71 
4:1 0.0933 27.76 35.37 36.87 3.77 1.3.+ I 

5:1 0.0766 24.41 33.03 42.56 .+.70 1.74 
6:1 0.0598 19.57 36.79 43.65 5.94 2.:23 

Table 6 - Results for the Venturi Expansion in double bend scenario 

AFR Mass Flow (kg/ms -I) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maximin 
3: 1 0.1301 31.82 58.19 9.99 2.30 5.82 
4:1 0.0844 33.89 55.81 10.31 3.5.+ 5 . .+ 1 
5:1 0.0711 36.01 54.29 9.70 4.20 5.59 
6:1 0.0503 28.83 60.64 10.54 5.94 5.75 

Table 7 - Results for Expansion Venturi in double bend scenario 

AFR Mass Flow (kg/ms- I
) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Max/min 

3:1 0.0928 21.55 36.75 41.70 3.22 1.94 

4:1 0.0749 20.43 38.45 41.12 3.99 2.01 

5: 1 0.0556 16.91 39.57 43.53 5.37 2.57 

6:1 0.046 15.22 39.13 45.65 6.50 3.00 

Table 8 - Results for Position 0° Offset in double bend scenario 

AFR Mass Flow (kg/ms- I
) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maximin 

3:1 0.1495 22.81 27.16 50.03 2.38 2.19 

4:1 0.1148 21.43 25.44 53.14 3.1 2.48 

5: 1 0.0949 20.34 24.66 55.01 3.75 2.70 

6:1 0.04749 23.77 34.32 41.90 7.5 1.76 

Table 9 - Results for Position 30° Offset in double bend scenario 

AFR Mass Flow (kg/ms- I
) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Max/min 

3: 1 0.1342 21.54 39.12 39.34 2.61 1.83 

4:1 0.1042 20.06 41.46 38.48 3.39 2.07 

5:1 0.0971 21.83 42.64 35.53 3.67 1.95 

6:1 0.0694 26.51 36.74 36.74 5.14 1.39 

Table 7.10 - Results for Position 60° Offset in double bend scenario . 
AFR Mass Flow (kg/ms- I

) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Max/min 

3: 1 0.1412 22.17 48.80 29.04 2.49 2.20 

4: 1 0.1006 20.38 50.89 28.73 3.52 2.50 

5: 1 0.086 25.12 45.81 29.07 4.15 1.82 

6: 1 0.0622 24.28 38.59 37.14 5.80 1.59 



Table 11 - Results for Position 900 Offset in double bend scenario 

AFR Mass Flow (kg/ms- I
) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR I \la\.; min 

3: 1 0.1421 19.35 40.32 40.32 2.49 I 2.08 I I 

4: 1 0.1076 20.54 45.72 33.74 3.31 '.23 'I 

5:1 0.0818 18.46 42.79 38.75 4.39 ' " 
I 

_.J_ 

6: 1 0.067 20.45 32.09 47.46 5.37 '.3 -, 

Table 12 - Results for Position 1200 Offset in double bend scenario 

AFR Mass Flow (kg/ms- I
) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Ma\.; min I 

3:1 0.1129 23.65 14.26 62.09 3.34 4.35 l 

4:1 0.1096 19.80 14.87 65.33 3.49 -U9 
5:1 0.0899 19.35 14.46 66.18 4.'2 4.58 
6:1 0.0372 41.13 34.95 23.92 9.90 1.72 

, 

Table 13 - Results for Position 1500 Offset in double bend scenario 

AFR Mass Flow (kg/ms- I
) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Max/min 

3:1 0.0627 42.11 37.00 20.89 5.57 2.02 

4:1 0.067 18.66 25.67 55.67 5.31 2.98 

5: 1 0.0416 25.00 37.50 37.50 8.67 1.50 

6:1 0.0313 23.64 41.53 34.82 11.55 1.76 

Table 14- Results for Position 1800 Offset in double bend scenario 

AFR Mass Flow (kg/ms -I) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maximin 

3: 1 0.14135 12.52 25.61 61.87 2.49 4.94 

4:1 0.108 11.30 31.20 57.50 3.31 5.09 

5:1 0.0841 8.68 33.17 58.15 4.27 6.70 

6:1 0.0721 6.93 32.45 60.61 4.99 8.74 

Table 15 - Results for Position 2100 Offset in double bend scenario 

AFR Mass Flow (kg/ms- I
) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maximin 

3:1 0.1515 15.18 46.80 38.02 2.26 3.08 

4: 1 0.1238 13.09 56.79 30.13 2.82 4.34 

5: 1 0.1022 12.82 61.45 25.73 3.45 4.79 

6:1 0.0814 14.00 59.71 26.29 4.35 4.26 

Table 16 - Results for Position 2400 Offset in double bend scenario 

AFR Mass Flow (kg/ms- I
) Split 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maximin 

3: 1 0.165 17.21 56.48 26.30 2.11 3.28 

4:1 0.1341 16.63 63.09 20.28 2.64 3.79 

5: 1 0.0943 15.69 64.79 19.51 3.82 4.13 

6: 1 0.0719 16.13 62.31 21.56 5.03 3.86 



Table 17 - Results for Position 2700 Offset in double bend scenario 

AFR Mass Flow (kg/ms- I
) Split 1 (%) ~lit 2 (%) ~lit 3 (%) Actual AFR Max min 

3: 1 0.1285 16.26 48.72 35.02 2.73 3.00 I 

4:1 0.1171 15.03 52.26 32.71 3.03 3A8 
5:1 0.0825 17.21 52.12 30.67 4.30 3.03 
6:1 0.0684 20.91 40.50 38.60 5.21 1.94 

Table 18 - Results for Position 3000 Offset in double bend scenario 

AFR Mass Flow (kg/ms- I
) Split 1 (%) Split 2 (%) Sl~lit 3 (%) Actual AFR 1\1 a:-; III i 11 

3:1 0.0888 21.40 31.98 46.62 3.88 2.18 
4: 1 0.0884 21.83 32.24 45.93 3.90 2.10 
5:1 0.081 26.79 28.89 44.32 4.27 1.65 
6:1 0.0699 22.89 31.76 45.35 4.97 1.98 

Table 19 - Resultsfor Position 3300 Offset in double bend scenario 

AFR Mass Flow (kg/ms- I
) ~lit 1 (%) Split 2 (%) Split 3 (%) Actual AFR Maximin 

3:1 0.0983 26.35 24.42 49.24 3.53 2.02 

4:1 0.096 28.02 26.56 45.42 3.66 1. 71 

5:1 0.0881 30.31 22.93 46.77 4.01 2.04 

6: 1 0.0735 25.44 23.54 51.02 4.84 2.17 
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