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MODI reproduces the gas flow field inside a basic separation unit; 
M0D2 describes the behaviour of the liquid phase (particle 'trajectories, 

reentrainment and creep phenomena); 
M0D3 describes the behaviour of a basic separation unit; 
MOD*! quantifies the measure of maldistribution across a full size 

separator; no need to model this with the earlier mentioned fluid 
dynamic codes; 

M0D5 combines the predictive powers of M0D3 and M0D4 and should therefore 
be able to describe the behaviour of an actual scaled separator over a 
broad range of operating conditions; 

EXP1 a. provides the fluid dynamic code with necessary physical information 
to start with (starting conditions) and 

b. provides the experimental data to validate MODI with (gas flow 
field measurements) 

EXP2 identifies and quantifies phenomena related to the liquid phase 
(reentrainment, creep, particle trajectories); 

EXP3 provides the experimental data to validate M0D3 with (operating 
characteristics of a basic separation unit over a broad range of 
operating conditions); 

EXP4 a. provides physical information (starting conditions) for M0D4; 
b. provides the experimental data to validate MOD'* with; 

EXP5 provides the experimental data to validate M0D5 with (operating 
characteristics of an actual scaled separator over a broad range of 
operating conditions); 

LIT represents the information acquired through literature investigation 
used for validating and supplementing models. 
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Front cover: An unrealistic simulation of the gas flow field inside a reverse 
flow cyclone (see section 7.5). 

Innerside of front cover: Project structure and nomenclature (see chapter 4). 
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ADDENDUM TO: "A NEW APPROACH TO THE DESIGN OF GAS-LIQUID 
SEPARATORS FOR THE OIL INDUSTRY", 

by R.A. Swanborn 

It has not been stated clearly in chapter 6, section 6.3.2., 
block RFC-EXP3 and RFC-EXP4 that the determined characteristics 
of (single)cyclone type E and of (multi)cyclones type B and C, 
all of which have been designed by Paladon Engineering Ltd., 
should not be considered as representative for the 
characteristics of the equipment that is presently designed by 
this company for commercial purposes. 

The cyclone separator-designs that have been tested in this study 
have been put at our disposal by Paladon, but concern preliminary 
development versions that are different from the commercial 
equipment of this firm both with respect to geometry and 
principle of operation. The cyclones tested were a design 
specifically being considered to overcome erosion problems in 
high sand loading applications only. 

Some of the most important negative characteristics with respect 
to other designs as tested in this study, can be explained 
directly by the presence of extra features, not accommodated in 
the conventional commercial designs, but obviously not yet of the 
optimal geometrical form in the tested versions. 



"To some, science is an exalted goddess, 
to others a cow which provides them 
with butter" 

B. Russell, 1928 



Aan mijn ouders en Ella 
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SUMMARY AND CONCLUSIONS 

The most important gas/liquid separations that take place in oil field 
operation have been investigated. 
An inventory has been made of the conditions under which the separations 
have to take place and which requirements have to be fulfilled. 
The presently available separator types have been evaluated with respect to 
the suitability to fulfil the requirements listed above. 

It appeared that many separator types were not specifically designed for 
high pressure gas/liquid separation (rather for either atmospheric 
gas/liquid or high pressure gas/dust separation). 
It also appeared that in many cases the behaviour of the separator could not 
be reliably predicted under the conditions of the practical application. 

For this reason efforts were concentrated on developing improved designs and 
generally valid design rules for improved and existing separator types. 
The separator types under investigation were mainly axial, reverse flow and 
vane type separators. 
Each of these separator types makes use of the inertia of the mist particles 
to effect their separation. 
The principles of operation are schematically depicted below. 



To develop improved designs and improved design equations, physical and 
mathematical models were set up tha t descr ibe the phenomena ins ide the 
separator over a wide range of operating conditions. 
These models are on one hand based on numerical so lu t ion schemes t h a t 
descr ibe the behaviour of a fluid in motion, and on the other hand on rules 
that describe the gas/liquid interactions specific to these separators. 
An ex tens ive experimental program accompanied the development of these 
models to ensure their val idi ty . 

With these models two new separator designs were developed, that both show 
considerably improved operat ing c h a r a c t e r i s t i c s wi th r e s p e c t to the 
t rad i t ional high pressure gas/liquid separators. 
A new axial cyclone design was developed and tested of which the throughput 
i s not longer confined by the t r a d i t i o n a l mechanism of l imitat ion. This 
resulted in a drast ical ly improved size/throughput r a t io . 
Also a new vane design was developed and t e s t e d , which shows the same 
improved size/throughput ra t io . 

An important conclusion that was drawn from the design equations that were 
derived from the models was the fact tha t t r a d i t i o n a l l y the influence of 
opera t ing pressure i s nearly always misjudged. I t i s underestimated in case 
of one type of axial cyclone separator and overestimated in case of most 
o the r cyclone and vane type sepa ra to r s . This was a lso demonstrated by 
experimental r e su l t s . 
In near ly a l l cases this misconception has lead to separators of which the 
size i s not optimal for application, an important requirement for offshore 
o p e r a t i o n s . Therefore, p r a c t i c a l ru les were given how to account for 
operating pressure in the design of the separator types under investigation. 



SAMENVATTING EN CONCLUSIES 

Dit proefschrift begint met een opsomming van de belangrijkste plaatsen in 
olie/gas produktiesystemen waar gas/vloeistofscheiding plaatsvindt. 
De bedrijfsomstandigheden waaronder de diverse scheidingsoperaties 
plaatsvinden, worden geanalyseerd en de eisen aan de scheidingsoperaties 
worden geinventariseerd. Hierna worden de beschikbare separatoren 
geëvalueerd zodat een overzicht kan worden gegeven van de tekortkomingen die 
de huidige stand der techniek met zich meebrengt. 

Het blijkt dat de meeste in gebruik zijnde separator typen niet specifiek 
voor hogedruk gas/vloeistof scheiding ontworpen zijn, doch eerder voor hoge 
druk stofscheiding of atmosferische gas/vloeistof scheiding. Tevens blijkt 
dat in veel gevallen het gedrag van de separator onder bedrijfsomstandig
heden niet nauwkeurig voorspeld kan worden. 
Daarom richt het verdere onderzoek zich voornamelijk op de ontwikkeling van 
nieuwe separator ontwerpen en algemeen geldende ontwerpregels voor de nieuwe 
en traditionele separator typen. 

De drie separator typen die onderzocht worden, zijn de axiaal cycloon, de 
reverse flow cycloon en de vaneplaat afscheider. Het werkingsprincipe van 
elk van de drie berust op traagheidsafscheiding en is onderstaand 
schematisch afgebeeld. 



Om verbeterde separator ontwerpen en ontwerpregels te ontwikkelen worden 
fysische en mathematische modellen geformuleerd die de verschijnselen in een 
separator beschrijven voor een ruim bereik van bedrijfsomstandigheden. 
E n e r z i j d s b e s t a a n deze modellen u i t mathematische oplosmethoden die 
gasstromingsvelden voorspel len , anderzi jds u i t t o e g e s p i t s t e f y s i s c h e 
modellen die de gas/vloeistof interact ies in een scheider beschrijven. 
De modelontwikkeling gaat gepaard met een experimenteel programma om de 
b e t r o u w b a a r h e i d van de modelvoorspellingen te a l l en t i j d e te kunnen 
verif iëren. 

Vanuit deze modellen worden twee nieuwe separa tor typen ontwikkeld die 
aanz ien l i jk verbeterde k a r a k t e r i s t i e k e n vertonen in v e r g e l i j k i n g met 
t radi t ionele hoge druk gas/vloeistofseparatoren. 
Een nieuwe axiaal cycloon wordt ontwikkeld en getest waarvan de c a p a c i t e i t 
n i e t langer door het t radit ionele mechanisme wordt begrensd. Dit resul teer t 
in een aanzienlijk verbeterde capacitei t /grootte verhouding. 
Er wordt ook een v e r b e t e r d e vane ontwikkeld die dezelfde verbeterde 
capacitei t /grootte verhouding vertoont. 

Een be langr i jke conclusie die getrokken wordt u i t de nieuw ontwikkelde 
ontwerpregels i s dat de invloed van de werkingsdruk b i jna a l t i j d fout 
beoordeeld wordt. Deze invloed wordt onderschat in geval van èèn type axiaal 
cycloon en overschat in geval van de meeste andere soorten cyclonen en 
vanes. Dit wordt ook aangetoond met experimentele resultaten. In bijna a l le 
gevallen le id t d i t misverstand tot separatoren die niet de optimale groot te 
voor de toepassing hebben, een belangrijke vereiste voor offshore operaties. 
Daarom worden voor de drie onderzochte separa tor typen prakt i sche rege ls 
gegeven hoe de opschaling naar hogere werkdrukken uitgevoerd d ient t e 
worden. 
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1. INTRODUCTION 

The offshore activities in the oil- and gas-industry have grown strongly in 
the last fifteen years. As a consequence the demand for equipment suited for 
application on the spatially restricted drilling and production platforms 
has increased. 
Somewhat comparable with the influence the space programmes of the sixties 
had on the electronic industry, the offshore activities have given an 
impulse to the development of an assortment of products and techniques which 
are characterized by efficiency, reliability and little maintenance. 
As an example of the diversity within this assortment, one can see on the 
one hand the specially developed concrete construction techniques that were 
applied during the erection of the platforms in the Gullfaks field and on 
the other hand the very compact and robust rotating process equipment 
(especially turbines and compressors). Many research and development efforts 
have preceded these novelties. 
This study for optimization of gas/liquid separators was also born under the 
signs described above. 

Together with oil/water separation, gas/liquid separation is an important 
process operation that is essential on an offshore production platform. 
The well fluids are purified of liquid and contaminations that have been 
produced from the reservoir. 
To prevent erosion, plugging and corrosion of valuable process equipment it 
is of great importance that sand and water are separated in the earliest 
possible stage of the production. 

The process equipment that is used for these operations is of considerable 
size and weight and has for a long time been subject to optimization 
attempts. One of the problems encountered in this field is the fact that the 
behaviour of the multiphase flow under the prevailing circumstances is 
complex and very difficult to predict, even in the mechanical separators 
under discussion in this report which are usually quite simple in their 
geometry. 



- 2 -

Where q u a n t i t a t i v e desc r ip t ions of the properties of th is type of process 
equipment are def ic ient , empir ical designs f l o u r i s h . The value of these 
empirics i s high, as i t i s based on decennia of o i l field experience. 
However, these relations are much less suited for design opt imiza t ion when 
they are stretched beyond their original range of application. 
A complication that occurs when at tempting to quantify the behaviour of 
these multiphase flows i s tha t under high pressure the properties of the 
mixture may d i f f e r considerably from those of the same mix tu re under 
a t m o s p h e r i c c o n d i t i o n s . This e f fec t requi res expensive experimental 
equipment to conduct experiments under ac tua l circumstances and equally 
equal ly expensive computing equipment and software to carry out numerical 
flow simulations. 

As, up to now, only r e l a t i v e l y small companies have been involved in the 
design and fabrication of a large part of this part icular separation equip
ment, much of the necessary, expensive, research in th is field has been 
neglected. Many examples are found of incorrectly sized separators. This has 
induced some b e t t e r f inanced o i l r e l a t e d i n d u s t r i e s to. t ack le these 
problems. Presently, some large research ins t i tu tes (particularly in Norway 
and the United S ta tes ) are conducting very thoroughly structured research 
programmes to investigate the multiphase flow behaviour under the mentioned 
conditions. 

The research project described here has been set up more modestly. 
S h e l l . I n t e r n a t i o n a l e Petroleum Maatschappij B.V., the Ministry of Economic 
Affairs of The Netherlands, Sombroek Zaandam B.V. and Stork Ketels B.V. were 
w i l l i n g to finance a research p ro jec t that aimed at gaining more insight 
into the phenomena that r e s t r i c t the capacity and efficiency of gas / l i qu id 
separation in natural gas production. 
I t i s expec ted t h a t recommendations can be fo rmula ted for a more 
s i g n i f i c a n t and uniform design procedure and, moreover, that completely new 
separator des igns , s p e c i f i c a l l y su i ted for app l ica t ion offshore can be 
suggested. 
The sponsors of the project have the commercial rights of new designs. 
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In figure 1.1 the logical structure of this report is presented. 
It comprises the results and conclusions reached in the first four years of 
this study. A continuation of the project for three years has been started. 

INVENTORY OF PRACTICAL r—£ 
REQUIREMENTS I 

LITERATURE SEARCH 

k 
d nu 

INTRODUCTION 

I 3 I—i INVENTORY OF PRACTICAL 
POSSIBILITIES 
FORMULATION OF RESEARCH 
OBJECTIVE 

EXPERIMENTAL RESULTS 

MODELLING RESULTS 

~J^ PRACTICAL RESULTS 

Figure 1.1 Structure of this report 

In chapter 2 attention will be paid to the different conditions practical 
separators have to operate under. This will help to specify the tasks of a 
separator. 
Chapter 3 will give an overview of present technology with its possibilities 
and limitations. The discrepancy between the requirements of chapter 2 and 
the possibilities of chapter 3 will form the basis of chapter 4, in which 
the objectives and strategy of the present research project will be 
formulated and elaborated. 
Chapters 5. 6 and 7 will mainly deal with the different types of 
investigation that have been carried out in order to gather the information 
necessary to reach the formulated objectives. Chapter 5 will give the 
results of a literature search, chapter 6 the results of experimental 
investigations and chapter 7 the results of modelling efforts. 
In chapter 8 this information will be translated to practical terms. Design 
procedures that are better suited for application under the prevailing 
conditions will be proposed. Three novel separator internals will be 
introduced, of which two will be tested. They will combine the advantages of 
several existing separator designs. 
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2. CLASSIFICATION OF PRESENT GAS/LIQUID SEPARATION APPLICATIONS 

2.1 Introduction 

This chapter gives an overview of frequently encountered applications of 
gas/liquid separators. The overview comprises separators in offshore and 
onshore production systems. Onshore separator locations are included because 
off- and onshore production systems are integrated. This way it will be 
possible to highlight some specific differences between both types of 
separators. A basic general production flowsheet is described in section 
2.2, so that in section 2,3 the typical gas/liquid separation operations 
that take place in the different variations of this basic flowsheet can be 
catalogued according to operating conditions and required properties. 

2.2 Basic description of a gas production system 

As already mentioned, produced gas contains liquid and solid constituents. 
The removal of these forms the most important process step before delivery 
can take place. The liquids almost invariably consist of water and 
hydrocarbons that are gaseous under reservoir conditions but condense during 
production due to the decrease in gas pressure and temperature. However, oil 
may be coproduced from the reservoir. 
Solid particles have to be removed because of erosion problems. The removal 
of water is necessary because: 
a. in presence of C02 and HjS (two other possible constituents of natural 

gas) water forms a highly corrosive mixture; 
b. under certain conditions water together with hydrocarbon components can 

form "hydrates", flaky solids, which could cause plugging. 
The extent to which the natural gas should be free of water is usually 
expressed in terms of the water dew point of the gas. This is the 
temperature at which water starts to condense from the gas. 
For obvious reasons hydrocarbon condensates are not allowed in sales gas. 
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They form, however, less hazards during preliminary production and 
processing than water, so that in many production systems natural gas and 
its hydrocarbon condensates are allowed to coexist much longer. 
For sales gas the specifications of liquid hydrocarbon contents are also 
often expressed in terms of dew points. The specified dew points usually 
relate to the minimum occuring temperature of the sales gas (approximately 
between -3°C and -8°C). 

Normally the removal of the liquids from produced gas is carried out in 
two steps. 
The first step, the so-called wellhead separation, takes place under high 
pressure. With this operation the solids should be removed from the gas to 
prevent erosion of the equipment further downstream. Together with the 
solids the bulk of the already condensed liquids will be removed from the 
gas. Behind this separator often some flow or pressure control valve will 
regulate the gas flow to its desired value. 
This results in a decrease in pressure and temperature, which will in most 
cases cause condensation of more liquids, both water and hydrocarbons (the 
latter because of retrograde condensation). This explains why the liquid 
separation efficieny of the wellhead separator is not considered critical. 
In this stage the gas is often cooled to effect the condensation of even 
more liquids, after which the second separation step will take place. With 
this step the gas will be brought to the specifications required for 
delivery to the sales gas network. This applies to both the water (of which 
the removal is called "dehydration") and the liquid hydrocarbon content 
(which will be referred to as "condensates scrubbing"). 
This second separation step usually consists of several interdepending 
individual separation and treating steps. It'is in some cases difficult to 
compare with the straight forward wellhead separation, for instance because 
of the addition of chemicals, like glycol, to the gas flow to assist in the 
process. 
There are several basic dehydration/scrubbing processes. The most popular 
are described in section 2.3-3-
When describing the "basic" gas production system in relation to possible 
applications of gas/liquid separators one important distinction must be 
made: whether gas is produced on- or offshore. 



-7-

Obviously, offshore operations will impose extra demands on the design 
procedure as to size and weight of a separator, which results in extra 
constraints. An other important aspect is that the form of the basic 
flowsheet for offshore production/processing may differ fundamentally from 
the simple onshore flowsheet. Because the water content can be very 
harmful to the gas pipe line it should be removed as soon as possible. 
This means that the dehydration of the gas on a production platform has to 
be sufficient to prevent water condensation during pipeline transportation 
to onshore facilities. 
As extra undersea pipelines are very expensive, the liquid hydrocarbons 
condensed sofar will be transported with the gas in one pipeline to be 
separated again onshore. This implies that the second separation step, which 
separates simultaneously the water and the condensates, must be split up 
into an offshore and an onshore part. 
A schematic explanation of the above is given in figures 2.1A and 2.IB. 

produced 
natural gas 

1 f 
wellhead 

separation 
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^S 
" condensate \ 
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produced 
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Fig. 2.1A Simplified onshore produo- Fig. 2. IB Simplified offshore produc
tion flowsheet tion flowsheet 
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2.3 Inventory of separator locations 

2.3.1 Introductory remarks 

As described in the previous section, two different criteria characterize 
the location of a separator: 
- whether the separation step takes place up- or downstream in the process 
flowsheet (wellhead separation or scrubbing/dehydration); 

- whether the gas is produced on- or offshore. 
The characterization of each location takes place by defining the inlet 
conditions and the requirements of the separation operation. 

The inlet conditions are determined according to the following properties: 
1. Physical properties of gas phase; especially gas density that is mainly 

determined by operating pressure and gas composition. 
2. Physical properties of liquid phase; especially surface tension, 

viscosity and density. 
3. Drop size distribution of liquid phase; 
k. Gas to liquid ratio; 
5. Occurrence of possible fouling agents (sand, wax) in gas. 

The requirements according to: 
1. Separation efficiency (with respect to mists, slugs and solids); 
2. Turn down ratio; 
3. Allowable pressure drop; 
4. Possible size constraints. 

After characterization of all the individual locations tables 2.1 and 2.II 
in section 2A give a summary of all inventories. 

2.3.2 Wellhead separation 

The conditions under which wellhead separation must take place are often 
extreme. Gas pressures may range up to 600 bar and erosive solid particles 
may shorten the lifetime of the internals considerably. The liquid in the 
gas consists of water and hydrocarbons, of which the droplet size depends to 
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a great extent on restrictions upstream in the piping (choke, sharp bends 
etc.). Under certain conditions formation of slugs may occur, for instance 
where the production line runs across the sea bottom. The amount of liquid 
in the gas flow depends greatly on the composition of the gas and difference 
in conditions in reservoir and separator. The liquid separation efficiency 
is not of critical importance when directly downstream of the wellhead 
separator equipment is situated that causes condensation of more liquids, 
either deliberately (heat exchangers) or not (choke valves). An extra 
separator section is usually installed after the wellhead separator to 
prevent liquid overloading of the next process operations. 
The most important operating conditions are: 
- The form of the liquid loading may vary from mist to slug; 
- Both solid (sand) and liquid (water and hydrocarbon) particles may have to 
be separated; 

- Pressures may range up to 600 bar, depending on the gasfield; temperatures 
up to 80-100"C; 

and the most important separator requirements: 
- Ability to separate particulates from high density gasses; 
- Well able to separate slugs; 
- Good separation of solid material. 

2.3.3 Scrubbing 

For good order it is repeated that the word "scrubbing" will be used as the 
general term for thorough separation of liquids from the gas flow. 
"Dehydration" refers specifically to the removal of water from the gas. 
From the following it will be clear that some dehydration processes can not 
resort under gas/liquid separation as they rather achieve a gas/gas 
separation. They are described in this chapter because these dehydration 
processes are nearly always accompanied by one or more gas/liquid separation 
steps, necessary for successful operation. 

The two basic forms of scrubbing/dehydration are: 
1. Cooling the gas beneath the specified dew point and separating the 

condensed liquids from the gas (gas/liquid separation); 
2. Drying the gas with desiccants. 
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ad 1. Scrubbing/dehydration by gascooling 
This dehydration method is better known as Low Temperature Separation (LTS). 
The gas is cooled down to such a temperature that after separation of the 
condensed liquids the gas will remain dry even at lower pressures above the 
specified dew point. The advantage of this method is that in one separation 
step both water and hydrocarbon condensates are recovered. 
There are two common ways of lowering the gas temperature: 
1) By using the cooling that occurs when the gas is expanded adiabatically; 
2) By refrigerating the gas mechanically, a method which is used when the 

well pressure is already too low for the above cooling method. This 
method has become popular in onshore operations in The Netherlands. 

In both cases large heat exchangers are necessary to make efficient use of 
the refrigeration. In the second case large quantities of energy are 
consumed by the mechanical refrigeration. Depending on the thermodynamics of 
a given gas, separation temperatures down to approximately -25° C may be 
necessary to fulfil the requirements for sales gas. These low temperatures 
are necessary, as the separation takes place at considerably higher 
pressures than at which the gas will be transported in the distribution 
network (see for instance figure 2.2). 
When too low temperatures are reached before the separation step hydrate 
formation can occur in the gas. Therefore, an (hydrate-)inhibitor (in most 
cases diethyleneglycol, DEG) is injected at, or upstream of, the heat 
exchanger. A possible configuration is shown in figure 2.3-

p4 
r—| heatexchanger \*—I DEO 

refr igerator 

-±_ 
cold separator I 

cold separator 

L-J 

glycol/water 

N condensate 

heatexchanger 

T 
Fig. 2.2 Example of a phase loop Fig. 2.3 Simplified set-up of LTS process 
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In most cases a second, tandem (filter) separator is situated directly 
downstream of the "cold" separator as a measure against possible 
malfunctioning of the latter. The separation efficiency of this filter 
separator must be as high as possible, because the gas is supplied to the 
sales gas network directly after this separation step. 

Summary of the operating conditions and required properties: 
Main separator 
Operating conditions: 1. Form of liquid loading: ranging from mist to slug, 

depending on upstream flowsheet and piping; 
2. Liquid loading: consisting of glycol/water and 

hydrocarbons; 
3. Pressures: ranging from approximately 70-90 bar; 

temperatures: down to approximately -25°C. 
Required properties: 1. High/Very high efficiency on mists; 

2. Very high efficiency on slugs; 
3. Low pressure drop. 

Tandem separator 
Operating conditions: 1. As the liquid offered to this separator is carried 

over from the cold separator, it will generally be 
low in concentration and very fine; 

2. See above; 
3. See above. 

Required properties: 1. Very high efficiency on mists; 
2. Low pressure drop. 

In both cases a low pressure drop is required because the gas delivered to 
the sales gas network has to meet a certain minimum pressure. The inlet 
pressure of the separator has to be chosen as close as possible to this 
mininum pressure, because the condensation of hydrocarbons increases with 
decreasing pressure (retrograde condensation). 

ad 2. Dehydration by making use of desiccants 
Two types of desiccants may be applied: liquid or solid. Solid desiccants 
(calcium chloride, silicagel) are used when extremely low water dew points 
have to be reached, and/or when only small amounts of gas have to be 
processed. Generally, solid desiccants have lower drying capacities than 
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liquid desiccants. This is the reason why initial and operating costs of a 
dehydration system based on a liquid desiccant are lower. As the role of the 
gas/liquid separation step is only modest in a solid desiccant dehydration 
process, the following section is focussed on liquid desiccant processes. 
The by far most popular dehydration process (especially offshore), glycol 
absorption, is described next. 

Dehydration by glycol absorption (liquid desiccant) 
The popularity of this process is due to its compactness, robustness and 
easy operation. Gas is brought in contact with glycol (in most cases 
triethyleneglycol, TEG) in a contacting tower. The glycol absorbs only water 
vapour from the gas and is regenerated. 
A simplified flowsheet is depicted in figure 2.4. For the size and energy 
consumption of the glycol regeneration section it is very important that the 
gas is free of condensed liquids when it enters the contacting tower. Free 
hydrocarbons will hinder water vapour absorption. 

water 

\ 
glycol 
regeneration 
section lean glycol 

rich glycol 

three-phase mixture 
from well head 

glycol/water 
separation 
section 

contactor 
section 

*:preseparator.^ 

wmmm. 

dried gas 

free water S 
condensates 

Figure 2.4 Flowsheet of glycol dehydration unit 
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Water and condensate will strongly increase the energy consumption of this 
regeneration section. An inlet separation section is situated directly 
upstream of the contacting tower to eliminate these liquids. The specific 
design of this inlet separator depends on the amount and form of the free 
liquids in the gas and thus on the upstream flowsheet and gas properties. 
Downstream of the contacting section (in the top section of the contacting 
tower itself or in a separate vessel) a second separation section is 
situated to catch entrained glycol/water solution. Glycol loss is one of the 
parameters that influences the economics of this process. The inlet 
separator will be referred to as absorption separator I, the entrainment 
separator as absorption separator II. 
For both separators a summary of the operating conditions and the required 
properties is listed below. 
Absorption separator I 

Form of liquid loading: ranging from mist to slug; 
Liquid loading: consisting of water, hydrocarbons 
and glycol or methanol as hydrate inhibitors 
(depending on process, see next section) may be 
present; 
Pressures: ranging from 70-100 bar; temperatures: 
approximately from 25-40°C. 
Very high efficiency on mists; 

2. Very high efficiency on slugs; 
3. Low pressure drop (except for offshore applica

tions, see next section). 

Operating conditions: 

Required properties: 1. 

Absorption separator II 
Operating conditions: 1. 

Required properties: 

As this liquid is carried-over from the contacting 
section, it will generally be a mist; 
Liquid loading consists of glycol/water; 
See above. 
High efficiency on glycol mists; 

2. As for pressure drop: see above. 

In the previous section the operating conditions in up- or downstream 
positions have been described. In the next section the influence of on- or 
offshore operation is elaborated. 
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2.^.k Offshore gas winning 

The usual North-Sea gas treatment consists of wellhead separation followed 
by glycol dehydration. The hydrocarbon condensates separated sofar are 
brought back in the gas flow and separated again onshore. There, the first 
separation is carried out by massive slug catchers to accommodate the 
accumulated slugs, often followed by a second coarse separation step before 
the gas is brought to specifications by, in many cases, LTS. Two common 
alternatives exist: glycol dehydration takes place on the platform on which 
the wellhead separator is situated (situation I, table 2.II), or dehydration 
takes place on a central processing platform to which more production units 
are connected (situation II). In the latter case hydrate formation is 
possible, as sea water temperatures range down to 3°C. Therefore, to prevent 
hydrate formation methanol might be injected in the gas flow seasonally, or 
DEG permanently. In this way free liquids in the pipeline may build up to 
slugs. In case of a combined production/processing platform (situation II) , 
the, inlet conditions of the dehydration section will be much more 
favourable, because no glycol will be present as hydrate inhibitor and 
probably no slugs will have built up upstream. 
For the wellhead separator only constraints with respect to size and weight 
are added to the requirements for an onshore separator. This could influence 
requirements concerning turndown ratio as well: when the reservoir pressure 
declines, volumetric gas flow increases and causes the need for a larger 
capacity. This problem is usually solved much easier onshore by placing a 
second separator in parallel. 
The inlet conditions of the two alternative situations described above are 
summarized in table 2.1. 

2.̂ .5 Onshore gas winning 

Onshore the situation is much like figure 2.1A, in which in one single 
scrubbing step both the water- and the hydrocarbon dew point are brought to 
specification (situation III). It is possible to inject a hydrate inhibitor 
between wellhead- and dehydration-section when low temperatures are 
expected. When longer stretches of pipeline run between these sections slug 
formation may occur. 
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2.4 Evaluation of separator inlet conditions and requirements 

In this section the information presented in 2.2 and 2.3 i s summarized. 

^Separator location 

In let conditions 

Operating pressure (bar) 
Liquid sorts 
Liquid to gas kg/106Nm3 

DSD 
Fouling agents present 

Well head separator 

100 - 600 
hc,w 

1000 - 6000 
m.sl 
poss. 

Pre-separator TEG 
onshore offshore 

s i t . I s i t . I I 

- 70 - 100 
hc.w.g hc.w hc.w.g 

500 - 1000 
ra,sl(?) m m,sl(?) 
poss. poss. poss. 

Post-separator TEG 
onshore offshore 

- 70 ~ 100 
w,g w,g 

100-500 100-500 
m m 

LTS (onshore) 
(or separator of 
s imi lar function) 

- 70 
hC.W.n 

100-1000 
m,sl(?) 

g = glycol he = hydrocarbon m = mist si = slug w = water 

Table 2.1 Inventory of the inlet conditions of the separator locations 

^Separator location 

In let conditions — 

High sep. e f f . on: 
mist 
slug 
sand/wax 

High turndown rat io 
Low allowable press.drop 
Small size 

Well head separator 

onshore offshore 

d 
C 

c 
d c 
nc nc 
d c 

Pre-separator TEG 
onshore offshore 

s i t . I s i t . I I 

c * c c 
c c c 
c c c 
d e c 

nc/d nc nc 
d e c 

Post-separator TEG 
onshore offshore 

c »• c ' 
NA NA 
NA NA 
d c 

nc/d nc 
d c 

LTS (onshore) 
(or separator of 
s imi lar function) 

c*« 
c 
c 
d 
c 
d 

nc = not c r i t i c a l NA = not applicable d = desirable c = c r i t i c a l * d . f l " lOu 

" d50 " lv 

Table 2. II Inventory of the corresponding requirements 

With the information presented in this chapter it will be possible to 
roughly characterize the inlet conditions of a certain type of separator and 
the requirements it should fulfil. Not all possible flowsheet configurations 
with respect to gas/liquid separators have been described, but the majority 
of applications is covered. 
It appears that in practice it is very difficult to quantify the form of the 
liquid phase in the pipelines more precisely. Often the size and arrival 
frequency of slugs are difficult to predict. Moreover, the exact droplet 
size distribution of a mist is an unknown factor. As most separator 
performances depend to a large extent on the form of the liquid phase, this 
lack of knowledge can introduce a considerable uncertainty in the design 
procedures of separators. 
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3 . PRESENT TECHNOLOGY 

3-1 In t roduc t ion 

This chapter g ives an overview of present i n d u s t r i a l s epa ra t ion t e c h n i q u e s . 
A t t e n t i o n i s paid t o p r i n c i p l e s of opera t ion , ope ra t ing c h a r a c t e r i s t i c s and 
p r e s e n t l y a v a i l a b l e d e s i g n p r o c e d u r e s . As t h e r e a r e many d i f f e r e n t 
s e p a r a t i o n d e v i c e s (which can , a l o n e o r i n combination, form a p r a c t i c a l 
separa tor ) most of t h e l i t e r a t u r e s e a r c h e s t h a t form the b a s i s of t h i s 
chapter are descr ibed i n separa te appendices to keep t h i s overview readab le . 

The general s t r u c t u r e of chapter 3 i s given in figure 3-1- This figure also 
gives an overview of the different separation devices that will be 
discussed. 

3.1 INTRODUCTION 

3.2 BASIC SEPARATION MECHANISMS 

3.3 SEDIMENTATION 

3.3-2 Knock-out vessel 

3.4 INERTIA 

3.4.2 Mesh type 
3.4.3 Vane type 
3.4.4 Cyclone type 

3.5 DIFFUSION 

3.6 PRACTICAL FORMS OF SINGLE AND MULTIPLE STAGE SEPARATORS 

3.7 EVALUATION OF PRESENT TECHNOLOGY 

Figure 3.1 General struetwce of chapter 3 

The three basic physical separation methods are described briefly in section 
3.2. The practical applications of each separation method are characterized 
extensively in sections 3 • 3~3 - 5• Figure 3-2 gives the form of the charac
terization of each separation device mentioned in figure 3•1• 
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PRINCIPLE OF OPERATION 

Literature search 
THEORETICAL BACKGROUND 
(appendix) 

1. Separation efficiency 
2. Maximum capacity 
3. Pressure drop 

Literature search 
DESIGN PROCEDURES 
(appendix) 

1. Separation efficiency 
2. Maximum capacity 
3. Pressure drop 

CHARACTERISTICS OF SEPARATION DEVICE 

OPERATING CHARACTERISTICS 

a. Separation efficiency 
b. Throughput per unit volume (size) 
c. Pressure drop 
d. Ability to separate non-liquid 

constituents 
e. Turndown ratio 
f. Capital and operational costs 
g. Other 

AVAILABLE DESIGN PROCEDURES 
AND EXPECTED RELIABILITY 

Influence of 
1. Operating pressure 
2. Liquid loading 
3. Physical properties of 

liquid 
on 

a. Separation efficiency 
b. Maximum capacity 
c. Turn down ratio 
d. Pressure drop 

Figure 3.2 Form of the characterization of the separation devices described 
in 3. 3, 3.4 and 3. S 

Fi r s t , the general operating principles and possible practical variations of 
the design are described. Subsequently, the opera t ing and design charac
t e r i s t i c s are summarized according to the enumeration given in figure 3-2. 
The two l i t e r a tu re searches on which the above character iza t ions are based 
a re given in appendix A under corresponding section numbers. One l i t e ra ture 
study is made of the theoretical background of the principle of operation of 
each separa t ion device, the other of the available corresponding practical 
design procedures. The expected re l i ab i l i ty of these design procedures i s 
ind ica ted in the t ab l e s tha t summarize t h i s information further in this 
chapter. The val idi ty of most of the design procedures i s es tabl i shed in 
section lA. 
After characterization of a l l l is ted separation devices , sec t ion 3-6 wi l l 
descr ibe the most important p r a c t i c a l separa to rs which are composed or 
consist of the ea r l i e r described elements. Finally, section 3-7 wi l l give a 
summary of the c h a r a c t e r i s t i c s of the nowadays most popular separa tor 
designs. 
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This section will be concluded with the definitions of some of the operating 
characteristics that will be used to judge the capabilities of separator 
devices on: 

Separation efficiency 
The definition of efficiency of a gas/liquid separator is simple and 
unambiguous. If a gas/liquid mixture (characterized by * , * ., droplet size 
distribution (dsd) and physical properties) is separated, the separation 
efficiency is defined as n = ♦ _/* 1 , in which ♦ _ is the flow of separated 
liquid (figure 3-3)• n depends on * v l ' dsd, physical properties of 
o r ig ina l mixture and separa tor geometry. A good physical model of the 
behav iour of the separa tor (or design procedure) should quantify the 
influence of each variable on n . Design equations, however, usua l ly apply 
only under certain circumstances and are specific for a certain geometry. 

FEED 

09,0v1,dsd 
SEPARATOR 

CLEAN GAS 
0j ,0,3,dsd 

LIQUID 
0 ï 2 

Figure 3.3 Nomenclature of separator operation 

Through-put per unit volume (size) 
Some separator geometries can handle larger gas flows at a certain size than 
others. Especially for offshore applications this plays an important role. 

Turndown ratio 
The turndown ra t io , defined as the r a t i o between minimum and maximum gas 
flow a t a c e r t a i n minimum s e p a r a t i o n e f f ic iency , i s important when 
variations in gas flow are expected. 

Pressure drop 
The pressure drop depends on the same variables as separation efficiency. 
In cases in which the pressure drop across the separator is critical, it is 
necessary to be able to predict it. In most cases empirical correlations 
exist that are specific for a certain geometry. 
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Ability to separate non-liquid constituents 
In chapter 2 it appeared that sometimes non-liquid particles (sand, wax) are 
offered to separators. Some separators possess a geometry that is not suited 
for the collection or drainage of these constituents. Apart from direct 
consequences with respect to the separation efficiency of these components, 
exposing the separator to these substances can lead to plugging of internal 
parts. This leads to deterioration of the separation characteristics with 
respect to liquids as well. 

Capital and operational costs 
This characteristic evidently has a strong influence on the determination 
which solution will be chosen for a certain application. However, the 
financial context of this technology strongly depends on factors which lie 
outside the scope of this report. Therefore, in the next sections only 
general recommendations are given if a choice has to be made between 
technically equivalent alternatives. 

3.2 Basic gas/liquid separation mechanisms 

In general, a droplet is considered to be separated from the carrier gas 
when it comes in touch with obstacles in the gas flow or when it reaches one 
of the walls (or other limitations) of the space in which the mixture flows. 
The captured droplet coalesces in a liquid film on either obstacle or wall, 
and is then drained. The different separation mechanisms that will be 
described hereafter aim at creating a relative velocity of the droplets in 
respect to the gas. This way droplets are concentrated at specific locations 
of the separator, where they are captured and drained as described before. 

The different separation mechanisms are based on: 
a. sedimentation (gravity settling); 
b. inertial forces; 
c. diffusion; 
d. e lec t ros ta t ic forces; 
e. ultrasonic agglomeration. 
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Although all five mentioned principles have been applied successfully and 
although ultrasonic agglomeration could offer some very distinct advantages 
in designing very compact separators, only the first three are of importance 
in the present gas/liquid separation technology of the oil and gas industry. 
For this reason only these mechanisms will be paid attention to in the rest 
of this report. Before the different practical applications of these three 
separation mechanisms will be described, some general theoretical background 
of each is given below. 

ad a. Sedimentation (gravity settling) 
When lowering the velocity of a gas/liquid mixture sufficiently, droplets 
can experience considerable influence of gravity and will settle down. 
If it is assumed that the gravity force is only opposed by the drag force 
and that for Re < 1 Stokes' Law will apply, the relative settling velocity 
can be quantified according to equation 3-1. 

(P! g a 
P g l 8 u (3-D 

ad b. Inertial forces 
The velocity vector of a droplet in a non-rectilinearly moving gas flow" will 
generally not be identical to the velocity vector of the gas flow at that 
location (at least when p / p..). The stronger the variations in velocity 
and direction of the gas and the larger the mass of the droplet, the larger 
the relative movement of the droplet in respect to the gas flow (see fig. 
3.4). When only drag forces are taken into account the following derivations 
will illustrate the qualitative statements above. 

The drag force on the particle: 

FD(t) - J- n é2
D C D.| pg(vg(t) - v p(t)) 2 (3.2) 

The acceleration of the particle under influence of 
this drag force: 

Figure 3.4 
Inertia of particle 

dv 
d ^ = r d ^ p ^ p J ^ D - ^ g 

K cn.(v„(t) - vp(t)r (3-3) 
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When v (t) is known the trajectory of a partiele can be determined. It can 
then be predicted under which circumstances a droplet will be captured. 

ad c. Diffusion 
Under influence of the impacts of the surrounding gas molecules, very small 
particles (d < 1 um) will show random movement variations (better known as 
Brownian movement). The relative trajectory that the droplets travel under 
influence of this effect is usually very small. It is quantified as follows: 

't RT K t 
X = ƒ = Einstein and Smoluchowski (3-'t) 

m 3 n u N D 
P 

i n which K = Stokes Cunningham Correc t ion path; v a r i e s between 1 ( p a r t i c l e s 
of 10 um) t o 3"5 . depend ing on t e m p e r a t u r e ( p a r t i c l e s of 
0 .1 pm) 

N = Avogadro's number 
R = gas cons tant 
X = length of pa th 
t = time 

These three separation mechanisms serve distinctly different purposes. 
Sedimentation is mainly applied in situations in which it is necessary to 
(pre-)separate large volumes of coarse liquid elements. This method is 
hardly useful for mist separation. Inertial separation on the other hand is 
mainly applied in situations in which fairly low volumes of mist have to be 
separated and is not suited to handle high liquid loadings. Diffusional 
separation is applied when it is necessary to collect even the finest 
droplets to achieve a very high separation efficiency. Only very low liquid 
loadings can be offered to a separator based on this principle. 
The following sections describe practical applications of these three 
separation principles. Each description is structured according to figure 
3.2. One should bear in mind that for many separations in practice 
requirements have to be fulfilled that can not be offered by only one of 
these three mechanisms. Therefore, the designs described in the following 
sections should rather be regarded as modules which can form a complete 
separator, sometimes alone but most often with other modules. 
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3-3 Sedimentation 

3.3-1 General aspects 

Sedimentation (gravity settling) is the simplest and oldest form of 
gas/liquid separation. It is mainly used as a means to separate coarse 
liquid elements (slugs and large droplets) from the gas flow. 
In section 3-3.2 attention will be paid to the following two applications: 
1. When mist particles in the gas are not considered detrimental to further 

gas handling processes (for instance in feed lines to flare-stacks) a 
separator might be based only on gravity separation. 

2. Gravity settling is also often used for preseparating the bulk of the 
liquid in a gas, so that hereafter the gas flow is suited for mist 
separation. This concept leads to compound separators in which the first 
stage relies on gravity separation. 

3.3.2 Knock-out vessels 

1. Principle of operation 
Two basic separator types exist that make use of gravity settling: 
- Simple separators for coarse separation purposes; 
- Compound separators, in which the gas must be prepared for the mist 
extraction stage. 

As the most important geometrical variables have to be determined in an 
analogous way for both types, no further differentiation will be made in 
this section. In later sections attention will be paid to separators that 
accommodate more stages. 

Usually a separator making use of this principle, called "knock-out vessel", 
is a large empty horizontal or vertical vessel (figures 3-5 and 3-6) in 
which upon entrance a large reduction in gas velocity will take place. 
In a vertical vessel the droplets, that have a terminal settling velocity 
larger than the upward gas velocity, will be separated. 
In a horizontal vessel the droplets that reach the gas/liquid interface 
inside the vessel in the time the gas passes through the vessel will be 
separated. 
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tf^Z *\ Hit 

t=d % 
Figure 3.S Horizontal separator Figure 3.6 Vertical separator 

In both cases the separated liquid is collected in the lower part of the 
vessel. The liquid drainage velocity is chosen so that entrained gas bubbles 
are permitted to escape to the surface. In the design of a knock-out vessel 
it is very important that the two-phase flow is evenly distributed across 
the cross section of the separator. For this purpose a large variety of 
mostly proprietary inlet device designs exists (fig. 3-7). 
A second purpose of the inlet devices is to separate liquids by inertial 
effects that are created by the turnings imposed on the gas flow. One issue 
not to be overlooked in this respect is the fact that sharp turnings of the 
gas flow, especially those caused by baffle plates or inversed cones and as 
such meant to invoke large inertial forces, may adversely affect the 
functioning of the separator. Droplets may be shattered and redispersed in 
the gas flow at droplet sizes possibly smaller than those offered to the 
separator. 

Figure 3.7A Inlet devices 1 and 2 
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Figure 2. TB Inlet devices 3 and 4 

2. Characteristics of knock-out vessels (see appendix A 3^3-2) 
2.A Operating characteristics 
- separation efficiency 

flow per unit volume 

turn down ratio 
pressure drop 

ability to separate non-
liquid constituents 
installation and operational 
costs 

: low for mists; d50 ~ 150 um for water/air 
under atmospheric conditions 

: low; for vertical separators the load 
factor A amounts to 0.07; for horizontal 
separators to 0.15 
(A = v • ƒ ^ H 

gmax PJI - P 
: no theoretical lower limit to gas velocity 
: low; determined mainly by size and shape 
of in- and outlet nozzles 

: reasonable 

: as required surface area increases strong
ly with i n c r e a s i n g p r e s s u r e (v 
-1/2 gmax 

), costs will show same tendency (for g 
a given constant volume rate) 

2.B Availability and reliability of design procedures 
In table 3.1 the availability and expected reliability of different design 
correlations are summarized. 
For these separator types or -modules the determination of the turn down 
ratio and pressure drop is either trivial or not of interest. 
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separation eff. 
availability 
exp. reliability 

max. capacity 
availability 
exp. reliability 

as a function 
of geometry 

+ 
+ /-

+ 
+ 

as a function 
of oper. press 

+ 

+ 
+ 

as a function 
of liq. loading 

-

as a function 
of liq. property 

only density 
♦/-

only density 

Table 3.1 

3-4 Inertial separation 

3.4.1 Introductory remarks 

To clean the gas stream from smaller particles than can be achieved 
economically by gravity separation, the mist is subjected to inertial 
forces. At present three practical separator types used for mist collection 
are based on this separation mechanism. They are described in the next three 
sections. The structure depicted in figure 3-2 and described in section 3-1 
will be used. 

3.4.2 Inertial separation by mesh type separators 

1. Principle of operation 
The most common way to induce variations in the gas flow direction is to 
place wire mesh in the gas flow. The wire mesh consists of multiple layers 
of blankets consisting of asymmetrical interlocking loops of wire. 
As the gas containing entrained droplets passes through a wire mesh, the gas 
easily finds its way round the wires, while the droplets, which are heavier, 
can not take the turns and impinge on the wires (fig. 3-8). 

Figure 3.8 Principle of wire mesh separation 
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The separated droplets form films around the wires that run down through the 
mesh pad. At the underside of the pad the films break up into large droplets 
that fall back against the gas flow. The most common metal mesh type used is 
approximately 0.3 ™> in diameter, the average porosity is approximately 97% 
while the total height of the pad usually has a value of 100 mm. 
The two most popular possibilities of application of a mesh pad are depicted 
in figures 3-9 and 3-10. 

t? ^ 

Figure 3.9 Vertical mesh pad Figure 3.10 Horizontal mesh pad 

The following descriptions and conclusions will all relate to the vertically 
flowed through meshpad (figure 3-9)• They are also indicative for the 
horizontally flowed through version. 

2. Characteristics of meshtype separators 
2.A Operating characteristics 
- separation efficiency 

- flow per unit volume 

- turn down ratio 
- pressure drop 
- ability to separate non-
liquid constituents 

- installation and operational 
costs 

high; dso ~ 5 Pi 
low; if v 

gmax 
r Pl " Pg A J *■ then 

Pg 
A * 0,11 for most applications 
1/3 (1 bar, droplet sizes > 10 um) 
low, AP ~ 5 mbar (water/air, 1 bar) 

very poor 

relatively high because of large required 
plan area 
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2.B Availability and reliability of design procedures 
In table 3-II the availability and expected reliability of different design 
correlations are summarized. 

as a function 
of geometry 

as a function 
of oper. press 

as a function 
of liq. loading 

as a function 
of liq. property 

separation eff. 
availability 
exp. reliability 

max. capacity 
availability 
exp. reliability 

turndown ratio 
availability 
exp. reliability 

pressure drop 
availability 
exp. reliability 

+ 
+/-

? * 

? * 

crucial design information 
Table 3. II 

3.4.3 Iner t i a l separation with vane-type separators 

1. Principle of operation 
Vane-type separa tors general ly cons i s t of a s e r i e s of narrowly spaced 
uniformly tortuous plates positioned in paral le l to the direction of the gas 
flow. The gas flow has to make more or l e s s sharp turns through the free 
spacings between the plates (fig. 3-H)- The entrained droplets will not be 
able to follow these changes of direction and w i l l impinge on the p l a t e s . 
The l iqu id film which i s formed t h i s way i s drained from the separation 
chamber. 

Figure 3.11 Principle of vane type separation 
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Designs for vertically flowed through vane-type separators 
For vane-type separators that flow through vertically, designs exist in 
which the liquid is drained through shielded slots (fig. 3-12). Also simpler 
vane-type designs exist in which the liquid is drained countercurrently in 
direct contact with the gas flow (fig. 3-13)• 

Figure 3.12 Shielded liquid drainage Figure 3.13 Counter-current drainage 

Designs for horizontally flowed through vane-type separators 
Horizontally flowed through vane-type separators (figure 3.1*0 nearly all 
feature shielded liquid drainage. There is little quantitative information 
on the influences of vane-blade geometry. Although not always acknowledged, 
the design of the flow path and the positioning of the drainage scoops or -
slits is crucial for high through-put operation. Gardner [1977] mentions the 
occurrence of ribbons of draining liquid in front of the actual drainage 
slits which probably means that eddies are generated at detrimental loca
tions, thus preventing the liquid from draining in the slits. In appendix A 
3.^.3 some, to a large extent useless, attempts to quantify the influences 
of some design parameters are reported. The possibilities to optimize vane 
profiles and geometries for specific applications are fully not exploited. 

Figure 3.14 Horizontal vane design 
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Figures 3.15A and B show two separator designs based on horizontally flowed 
through vane packs and figure 3-15C one based on a vertically flowed through 
vane pack (with internal drainage). 

a 

^ ^ 

P= 

Figures 3.15A and B Horizontally flowed 
through vane packs 

Figure 3.ISC Vertically flowed 
through vane packs 

2. Characteristics of vane type separators 
2.A Operating characterist ics 
- separation efficiency 
- flow per unit volume 

turn down rat io 

good; d50 = 7-20 pm, depending on design 
i n case of s h i e l d e d l i q u i d d ra inage 
(reentrainment-limited): high (v ~ 8-9 
m/s, corresponding A ~ 0.3 (the use of the 
load factor i s quite inappropriate in . th i s 
case; see appendix A, page A.11), water/ 
a i r , 1 bar) ; in case of f looding l imited 
o p e r a t i o n : medium (v ~ 5_6 m/s, 

v gmax 
water/air, 1 bar) 
approximately 1/4, (water/air, 1 bar, dsd 
> 15 pm; in case of f l o o d i n g l i m i t e d 
operat ion approximately 1/3 (water/air, 1 
bar, d5 0 > 15 pm). but also depending on 
liquid loading 
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pressure drop 
ability to separate non-
liquid constituents 

installation and operational 
costs 

other 

low; AP " 5-10 mbar (water/air 1 bar) 

poor, although danger of plugging i s l e s s 
immediate than i n case of wire mesh 
operation 

relat ively low, because of high spec i f i c 
capacities 
operation possible up to higher opera t ing 
pressures than in case of mesh-pads *) 

*) Vane-type separators can be used up to pressures of 75~100 b a r s . The 
maximum allowable ve loc i ty ins ide the vane decreases with increasing 
pressure (see appendix A 3-^-3)- Because the minimum allowable ve loc i ty 
increases with increasing gas density ( iner t ia l forces become smaller), 
the turn-down ra t io decreases considerably. At the opera t ing pressures 
mentioned i t i s s t i l l just large enough for practical operation. 

2.B Availability and r e l i ab i l i t y of design procedures 
In table 3 - 1 1 1 the avai labi l i ty and expected r e l i ab i l i t y of different design 
correlations are summarized. 

separation eff. 
availability 
exp. reliability 

max. capacity 
availability 
exp. reliability 

turndown ratio 
availability 
exp. reliability 

pressure drop 
availability 
exp. reliability 

as a function 
of geometry 

+ 
- -

+ 
- -

+ 
-

+ /-
-

as a function 
of oper. press 

+ 
_ _ » 

+ 
_ _ » 

+ 
_ * 

+ 
+ 

as a function 
of liq. loading 

-
? 

-
* 

-
NI 

-
NI? 

as a function 
of liq. property 

-
7 

-
• 

-
NI 

-
NI? 

* crucial design information NI not of in teres t 

Table 3.Ill 
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3.4.4 Cyclone type separators 

3.4.4.1.. Preliminary remarks 
In a cyclone the gas/liquid mixture performs a spiral movement inside a 
cylindrical body, by which the droplets are flung out and collected on the 
inner wall of the cyclone. This separation device has found wide-spread 
application. Not only in the mist, but especially in the dust separation 
industry it has proved to be a very valuable tool. 
As most theoretical investigations have been performed on dust cyclones, a 
substantial part of the information given in this section will relate to 
these types of cyclones. However, most of the theories that are developed 
for these cyclones are directly applicable to mist cyclones. 
Several designs make use of the separation principle described above. 
Principle differences in geometries can be found in respect to the way: 
1. the liquid film is extracted from the cyclone body; 
2. the swirl is induced; 
3. upscaling can take place. 

ad 1. 
a) most often the cleaned gas flow is reversed so that it can flow back 

through the vortex finder which is placed concentrically within the 
incoming gas flow. The liquid can then be collected underneath without 
the danger of remixing (fig. 3-16). In the following this type of cyclone 
will be referred to as "reverse flow" cyclone. 

b) the second method is simpler in concept but more critical in design: the 
cleaned gas and separated liquid keep moving in the same direction to a 
point where the liquid is removed sidewards through longitudinal or 
concentric slits in the cylinder wall while the gas is forced through a 
central exit tube. At this location there is danger of reentrainment 
(fig. 3.17). This cyclone will be referred to as "straight through". 

ad 2. 
Two groups of popular swirl inducing devices exist: the gas is either 
introduced tangentially through guide vanes or axially through a swirl 
element into the cylindric body. 
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Fig. 3.16 Reverse flow Fig. 3.17 Straight through Fig. 3.18 Multi-
ay clone cyclone cyclone 

ad 3-
I t i s c l e a r t h a t the s m a l l e r the rad ius of r o t a t i o n the l a rge r the 
separating effect will be. However, the radius for a single cyclone can not 
be chosen as small as one would l i k e for a given gas flow. In the f i r s t 
place the spinning gas flow could gain so much velocity t ha t the wall film 
would be reen t ra ined . In the second place the pressure drop, which will 
prove to increase with the square of the gas flow through a cyclone, could 
become excessive. So, for a certain cyclone size a l imit gas flow is se t . 
In order to be able to process l a rge r gas flows a t the same separa t ion 
eff ic iency a number of small cyclones i s placed in para l le l (fig. 3-18). 
This i s a very popular separation device. 

The various cyclone geometries are described in the next s e c t i o n s . In 
3.4.4.2 the reverse flow dust cyclone i s t r e a t ed . 3 -*+ • *̂ • 3 dea l s with the 
spec i f i c differences with respect to reverse flow mist cyclones. In 3-4.4.4 
multicyclones consisting of reverse flow cyclones are described and 3-4.4.5 
i s devoted to ax ia l cyclones. In each of these sections the structure is 
the same as depicted in figure 3-1 except that the operating character is t ics 
(item 2, f igure 3-1) of a l l cyclone types are l i s t ed together in section 
3.4.4.6. 
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3.4.4.2 (Reverse flow) Dust cyclones 
1. Introduction 
In appendix A 3-4.4.2 an overview i s given of theories and design procedures 
concerning dust separating cyclones. The prediction of collection efficiency 
and pressure drop of a c e r t a in cyclone can be considered similar in broad 
ranges for both mist and dust separation. However, the prediction of maximal 
capac i ty might very well show d i s t i n c t differences, because the onset of 
reentrainment of the liquid film ins ide a mist cyclone, which determines 
maximal capac i ty , i s a property qu i te specific for gas/liquid separation 
dev ices . More a t t e n t i o n to these spec i f i c dif ferences w i l l be paid in 
section 3.4.4.3-

Generally a reverse flow dust cyclone cons i s t s of an i n l e t s ec t ion , a 
separation chamber, a dust discharge and a gas outlet section (figure 3-16). 
In the corresponding section in appendix A i s explained how va r i a t i ons of 
the geometry of these cyclone parts influence the operating characterist ics 
of the cyclone. Usually the in le t to a cyclone is of the s ing le t angen t i a l 
type ( f igure 3-16). but also designs e x i s t tha t make use of a multiple 
tangential (figure 3-19) or an axial in le t (figure 3-20). 
Most theoret ical work has been performed for the former in le t type, although 
the l a t t e r types have some advantageous features as well. Special a t t e n t i o n 
i s paid to these effects at the end of subsection 2.A of appendix A 3-4.4.2. 

Fig. 3.19 Multiple tangential Fig. 3.20 Axial inlet Fig. 3.21 Cylindria 
inlet cyclone 
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Th e influence and the determination of the geometry of the separation 
chamber and the gas outlet section is extensively described in the appendix. 
Much less attention has been paid to the form of the dust discharge. 
Generally, in the case of dust separation, the form is long and tapered. 
This is to minimize the chance that the eddies, induced by a too strong 
change in direction of the gas flow, will reentrain dust particles from the 
wall. Other geometries exist but are therefore considered less effective. 

3.4.4.3 Mist cyclones 
1. Introduction 
Although the principle of operation of mist cyclones is very similar to that 
of dust cyclones, there are differences that may lead to some characteristic 
design features. These will be discussed after description of the specific 
differences between the two types of separation. The factors that facilitate 
the separation process of gas/liquid mixtures are: 
1. Droplets coagulate easier than dust particles and can, thus, be separated 

quicker. 
2. When dust particles impinge on the inner cyclone wall they may bounce 

back into the main flow and consequently be reentrained. Droplets will 
tend to coalesce with the wall film in which their kinetic energy will be 
dissipated. 

3. The long conical section underneath dust cyclones, necessary for the 
controlled discharge of the captured dust particles, has often a great 
influence on the efficiency of the cyclone. A liquid film, however, can 
be drained otherwise than through a central outlet without reentrainment 
or clogging hazards (figure 3-21). Experiments have confirmed that for 
gas/liquid mixtures cylindric cyclones performed as well as conical 
cyclones (Storch [1979]. Ter Linden [1953a]). 
The advantage of omitting the long conical section is twofold: 
1. the cyclone can be built more compact. 
2. the vortex is prevented to swirl out of the cyclone and into the 

discharge bin. This is of particular disadvantage in respect to the 
reentrainment of already separated droplets, for instance in 
mülticyclones (3-4.4.4). 
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However, the factors that restrict the gas/liquid separation in comparison 
to gas/dust separation in a cyclone may also be of considerable influence: 
1. The liquid film that facilitates the capturing of droplets can partly 

creep to areas of lower pressure. This may result in creeping of the film 
across the cyclone top, down the vortex finder and entering into the 
cleaned gas leaving the cyclone. This effect can be of considerable 
influence according to different sources: Pollak and Work [19^2], 
Stairmand [1951], ter Linden [1953a]. Ter Linden found that the amount of 
film creep increases with increasing liquid viscosity, increasing 
pressure drop and decreasing diameter and that it is relatively 
independent of liquid content of feed stream. 

2. Although the film prevents to a large extent the bouncing back of 
droplets, it is itself susceptible to reentrainment. 

Apart from the above mentioned differences between separation of liquid and 
of dust there is one more general distinction: 
- The presence of the film may alter the effective roughness of the cyclone 
wall and thus influence the pressure drop characteristics. 

To prevent the second defect, reentrainment of the liquid film, the shear 
stresses between liquid and gas phase should not exceed a certain maximum. 
In appendix A 3•'♦•'*• 3 some correlations are cited from literature, although 
none of these seems to extend into the high pressure area of the present 
field of study. Therefore, these phenomena will form an important subject in 
the last three chapters of this report. 
With respect to the first defect it is possible to reduce the effects of 
film creep layer loss by a number of well chosen geometrical provisions 
added to or instead of the conventional dust cyclone design. 
1. A concentric skirt around the exit pipe to lead the film back into the 

separation chamber of the cyclone where again it will be susceptible to 
the forces of separation (figure 3-22). 

2. With the same objective, an obstructing ring around the vortex finder 
that extends down into the separation chamber (figure 3-23). 

3. A circular slit in the vortex finder (figure 3-24) to extract the wall 
film in it. 
With the pressure drop either available in the centre of the cyclone or 
generated with an additional venturi in the inlet line this liquid can be 
brought back into the separation chamber of the cyclone. 
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Fig. 3.22 Prevention of Fig. 3.23 Prevention of Fig. 3.24 Prevention of 
creep I creep II creep III 

4. Specially adapted design types for gas/liquid separation, of which the 
Webre cyclone is the most famous (figure 3-25) but of which the cyclone 
designed by Polyakov [1986] (figure 3-26) is also a good example. 

1 . 

1 

\ 

Figure 3.25 Webre cyclone Figure 3.26 Polyakov cyclone 

The merit of these types of special designs for gas/liquid separation in 
comparison to conventional designs is presented in figure 3-27A (Pollak and 
Work [1942], with respect to figure 3-25) and in figure 3.27B (Polyakov, 
with respect to figure 3-26). Unfortunately no such direct comparisons could 
be found for the other three kinds of adaptations. 
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inlet velocity 

ih 

Fig. 3.27A Characteristics Fig. 3.27B Characteristics Fig. 3.28 Ter Linden 
Webre cyclone Polyakov cyclone cyclone 

As an example of practical application of a conventional gas/liquid cyclone 
one could take the separator suggested by Ter Linden [1953a] (figure 3.28). 
In this case a solution has been chosen to process the total gas flow with 
one cyclone. This is a solution of simple geometry, but with a relatively 
high d50 and pressure drop. The design procedure for these types of cyclone 
are listed in appendices A 3.4.4.2 - 3.4.4.3- It is apparent that at higher 
operating pressures a vane-type tangential inlet as depicted in figure 3.28 
will be uneconomic and the overall length/diameter ratio will be influenced 
by the operating pressure (equation A.15, appendix A) as well. 
These cyclones feature a splash ring around the vortex finder which extends 
down to the inlet height and a horizontal baffle plate to prevent interac
tions between vortex and separated liquid. From a practical point of view it 
is recommendable to replace the flat bottom plate by a slight angled cone to 
avoid renewed gas/liquid interaction. Storch [1979] recommends especially 
the straight through type cyclones for gas/liquid separation, as he found 
the creep loss with these cyclones minimal. Straight through cyclones will 
be discussed separately later. 
In figures 3-29 and 3-30 the earlier described recycle type cyclones are 
depicted. A large scale practical application of the Webre type cyclone is 
presented in figure 3-31• 
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gas outlet 

Fig. 3.29 Reeyele cyclone I Fig. 3.30 Recycle cyclone II Fig. 3.31 Webre 
cyclone 

3.4.̂ .4 Multi cyclones 
The large disadvantage with single cyclones is the required extra pressure 
drop and accompanying erosion problems to maintain a certain collection 
efficiency when upscaling. This had led to the use of smaller cyclones 
placed in parallel. For not apparent reasons a two inch diameter cyclone 
with a double tangential inlet has been set to industrial standard. This is 
the most often encountered cyclonic gas/liquid separation method in the oil 
field industry. At least three or four different companies produce design 
variations on an identical theme (figure 3-32). 

Figure 3.32 2" cyclone standard 
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Th e obvious advantage of an arrangement with very small cyclones is that 
with a lower pressure drop high efficiencies can be obtained. Figure 3.33 
gives an example of a multi cyclone separator, mounted in a horizontal 
vessel. Figures 3.34 and 3-35 are examples of two possible configurations in 
a vertical vessel. 

IN nÖ 
s 

Fig. 3.33 Horizontal Fig. 3.34 Vertical I Fig. 3.35 Vertical II 

The s i tuat ion of figure 3-34 i s encountered in app l ica t ions in which no 
s lugs are an t i c ipa t ed . Often in this case a number of cyclones directly in 
the front of the in le t has been omitted to f ac i l i t a t e the distr ibution. 
The two-stage configuration of figure 3-35 will be described more detailed 
with other such set-ups in section 3-6. 

3.4.4.5 Straight through cyclones 
1. Introduction 
Another type of cyclone which may be successfully applied in high pressure 
gas/liquid separation is the s t r a igh t through cyclone. I t s basic form i s 
depicted in f igure 3-36. The gas en te r s the tube on the l e f t side, the 
swirling flow i s usua l ly induced by a se t of s t a t i c vanes. P a r t i c u l a t e 
matter i s collected on the walls and discharged with or without the help of 
a purge stream which has to be cleaned afterwards. The cleaned gas stream 
leaves the tube through a vortex finder located in the centre. 
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Figure 3.36 Straight through cyclone 

Although it is much easier to predict the flow field inside this type of 
cyclone than inside the reverse flow cyclone, relatively little theoretical 
work has been performed to assist in design purposes. 
Sofar, the field of application has essentially been the automotive industry 
where this cyclone is used as a precleaner in the air intake. 

Principle advantages of the straight through cyclone compared to the reverse 
flow cyclone are: 
1. Less susceptible to reentrainment, since less changes of direction with 

accompanying turbulence will be necessary; 
2. A smaller pressure drop at the same collection efficiency; 
3. More compact at the same collection efficiency; 
4. Better suited to be grouped to a multicyclone (no danger of maldistribu

tion and very compact). 
Principle disadvantages: 
1. The necessity of a very carefully designed outlet section, since cleaned 

gas and separated matter are drawn off very close to each other; 
2. The need to make provisions for secondary cleaning if a purge gas stream 

is used to discharge the separated matter. 
It appears from early literature, Ter Linden [19^9] referring to Davidson, 
Daniels [1957] and Jackson [1963], that the reasons for employing straight 
through cyclones were not always the same: did Davidson mean to design a 
compact efficient separator with a high turn down ratio; Daniels misused the 
concept, according to Jackson, for a low pressure drop, low efficiency, 
compact separator. In a later publication Plekhov [1972] reports very 
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successful high eff iciency appl ica t ions of s t r a i g h t through cyclones at 
operating pressures from 0.1 to 120 bars. 
Several i n l e t designs exis t ; figure 3-37 gives some examples. The tangential 
i n l e t depicted in figure 3-37 has been presented as a means to prevent one 
of the e f f e c t s t h a t inf luence the co l l ec t i on ef f ic iency of a s t r a i g h t 
through cyclone negatively. With an axial swirl element large part ic les can 
h i t the wall with a fair ly large radial velocity, which can cause bouncing 
back in t he gas stream. When a t angen t i a l swir l element i s used these 
p a r t i c l e s w i l l be projected to the wall a t a much shallower angle and 
bouncing w i l l not take place. This effect wil l be much stronger in case of 
dust separat ion than in case of mist separa t ion . One disadvantage of a 
t angen t i a l i n l e t i s the fact t ha t care has to be taken when designing a 
multicylone, since maldistribution to the cyclones can take place again. 

Fig. 3.37A Inlet I 3.37B Inlet II 3.37C Inlet III 3.37D Inlet IV 

The funct ion of the o u t l e t sec t ion i s to discharge the gas and collected 
so l i d s or l i q u i d s without any remixing of the co l lec ted matter in the 
cleaned g a s . In i n d u s t r i a l pract ice two types of discharges can be found: 
the collected matter i s discharged either axially, f igures 3-38A and B, or 
r a d i a l l y , C and D. There seem to be some clear advantages attached to the 
use of radia l discharges: 
1. C o l l e c t e d matter i s discharged in an ea r ly s tage and reentrainment 

chances are reduced; 
2. C o l l e c t e d m a t t e r i s discharged more e f f i c i e n t l y because of higher 

discharge pressure. 
3. Lower pressure drop across outlet . 



-43-

With respect to the l as t character is t ic: i t i s usual to place an obstructing 
r ing behind the longitudonal s l i t s to prevent reentrainment. This wil l , of 
course, resul t in pressure drop increase. 

Fig. 3.38A Outlet I 3.38B Outlet II 3.38C Outlet III 3.38D Outlet IV 

Plekhov [1972] found t h a t c o n c e n t r i c s l o t s performed b e t t e r than 
longitudonal s lots supposedly because of smaller d is turbances to the flow 
f i e ld . The main advantage of an axial outlet i s probably i t s constructional 
simplicity. 

The discharge of co l lec ted matter i s often fac i l i ta ted by a purge stream. 
Purge r a t e s varying up to k0% of the t o t a l gas stream are reported by 
various authors: Jackson [1963], Plekhov [1972], Stenhouse [1979]. 
Usually a purged discharge leads to a considerable h igher c o l l e c t i o n 
efficiency (figure 3-39, Stenhouse [1979]). 
The cleaning of the purge gas can take place in a secondary separation stage 
of more or l e s s i n t r i c a t e design. Sometimes i t consists of a simple baffle 
above the discharge which causes some iner t ia l forces. Sometimes, in case of 
a mult icyclone, the purge gas i s col lec ted and fed to a separate reverse 
flow cyclone. The cleaning of the purge gas can also take place in the axial 
cyclone i t s e l f i f use i s made of the ava i l ab le underpressure inside the 
cyclone (see figure 3•40). 
The obvious advantage of t h i s arrangement i s tha t no secondary cleaning 
stage will be necessary. Disadvantages have so far been the s u s c e p t i b i l i t y 
to plugging of the underpressure channels and the negative influence on 
pressure drop and/or size character is t ics . 
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face vetocity 
(m/s) 

rge rate 0% 6.6 

Purge rate 16% 6.0 

Purge rare 37X 5.5 

6 B 10 12 
particle diam. (urcl 

Figure 3.39 Effect of the purge gas rate Figure 3.40 Recycled purge gas 

Axial multicyclone 
Like the earlier described reverse flow cyclones axial cyclones are often 
grouped together to operate in parallel, maintaining high efficiency and 
reasonably low pressure drop for high gas flows. The method of nesting is 
almost always the same: a bank of cells is contained by front- and 
backplates. Holes in both plates accommodate the inlet and gas outlet 
passages of the tubes. Maldistribution, with the accompanying decrease in 
separation efficiency, is by no means as acute as with reverse flow. 
Normally it will not be necessary to pay special attention to this effect. 

3.4.^.6 Characteristics of cyclone type separators 
As has been demonstrated in the previous sections, many design varieties of 
cyclone separators exist. This section gives an overview of the separation 
characteristics of five main types. 
In the first place the following three existing designs are treated: 
1. large single gas/liquid cyclones (figure 3-28); 
2. large single gas/liquid cyclones of special design (figures 3-29-3-30); 
3. conventional multicyclones (composed of typical dust cyclones, fig. 3-18) 
Also two other, not often applied, multicyclones are characterized: 
U. multicyclones composed of cylindrical reverse flow cyclones; 
5. straight through multicyclones. 
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Although no q u a n t i t a t i v e data of ex i s t i ng s t r a i g h t through g a s / l i q u i d 
cyclones are available, expected c h a r a c t e r i s t i c s are est imated from dust 
s epa ra t i ng opera t ion . The same appl ies to mult icyclones of g a s / l i q u i d 
cyclones, although characteris t ics are estimated from the data avai lable of 
single gas/liquid cyclones and conventional multicyclones. 

A. Operating characterist ics 
For some of the q u a n t i t a t i v e data of the different designs given for the 
operating characteris t ics the following conditions apply: 

mixture : water/air 
operating pressure : 1 bar 
droplet size distr ibution: > 8-10 vim 

1. separation efficiency 

2. flow per unit volume 
expressed as A (*) 

3. turn down ratio 
4. pressure drop 
5. ability to separate non 

liquid constituents 
6. installation and opera

tional costs 

1. separation efficiency 

2. flow per unit volume 
expressed as A (*) 

3. turn down ratio 
4. pressure drop 
5. ability to separate non 

liquid constituents 
6. installation and opera

tional costs 

single cyclone single cyclone 
special design 

multicyclone 
of dust cycl. 

low; fairly low; high 
d50 ~ 50 pm d50 ~ 25 urn d5 0 ~ 5-7 pm 

A ~ 0.2 (*) A - 0.25 (*) A " 0.3 (*) 
0.4 0.35 0.3 

20-30 mbar 20-30 mbar < 20 mbar 

very good very good very good 

relate approximately inversely with A 

multicyclone of 
gas/liquid cyclones 

straight through 
multicyclones 

high; high; 
d50 ~ 5-7 pm d50 ~ 10 pm 

A ~ 0.35 (*) A ~ 0.4 (*) 
0.25 0.2 

< 20 mbar < 10 mbar 
depending on geome- depending on geome
trical characteristics trical characteristics 

relate approximately inversely with A 

(*) For explanation see appendix A. I t must be realized that the use of the 
load factor A i s inappropriate and only meant as a means to compare the 
specific capacities of the designs; again i t is stressed that the values 
of A will only apply under the above given circumstances. 
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B. Design character is t ics 
In t ab le 3-IV the a v a i l a b i l i t y and expected r e l i a b i l i t y of the design 
procedures for reverse flow and axial cyclones have been summarized. 

separation eff. 
availability 
exp. reliability 

max. capacity 
availability 
exp. reliability 
turndown ratio 
availability 
exp. reliability 

pressure drop 
availability 
exp. reliability 

as a function 
of geometry 

+ 
♦/-

+ 
+/-

+ 
+/-

+ 
♦/-

as a function 
of oper. press 

+ 
+/-

+ 
-

+ 
_ * 

+ 
+/-

as a function 
of liq. loading 

+ 
_ # 

-
-

-
-

+ 
-

as a function 
of liq. propert 

+ 
_ # 

-
-

-
-

+ 
-/NI? 

* crucial design information NI not of interest 
Table 3.IV 

3.5 Diffusional separation 

1. Principle of operation 
As described in section 3-2 very small par t ic les in a gas stream wi l l show 
Brownian movement. With equation 1 .k t n e t r a j e c t o r y the droplets travel 
under influence of th is effect can be estimated. This equation makes c l ea r 
t h a t only the smallest droplets (< 0.5 um) will be influenced perceptibly. 
In order to achieve a separation of these part ic les i t will be necessary to 
c r e a t e a l a r g e c o l l e c t i o n surface through which the gas must flow slowly, 
which gives the p a r t i c l e s enough opportunity to reach t h i s sur face . If 
l a r g e r p a r t i c l e s a re separated as well by a separa tor re ly ing on t h i s 
principle, iner t ia has taken over as the main separation mechanism. 
A p r a c t i c a l form of a separation unit based on this principle is the often 
applied f i l t e r cartridge (see figure 3.^1)• The f i l t e r cartridge consists of 
a fiber bed that i s packed between two concentric support r ings. The fibrous 
matter in the bed i s densely packed and in most cases made of f iber g l a s s . 
The fibers are 15_30 um in diameter. 
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Figure 3.41 Filter cartridge 

The mist laden gas moves through the bed, whereby the mist particles 
coalesce on the fibers. The liquid film flows downward and out of the 
filter cartridge. Gas velocities are typically 20 cm/sec; collection 
efficiencies (for droplets < 1 urn > 33.5%) and pressure drops for 
atmospheric water and air operation can range up to 75 mbar. 
A second way of employing diffusional separation is permitting too high gas 
velocities inside the fiber bed. This will lead to reentrainment of the 
separated liquid in the cleaned gas stream. Since the reentrainment consists 
of coarse droplets, a fairly simple mist extraction device can be used for 
the final separation. Fiber beds applied as such are usually referred to as 
coalescers. It is a practical way of reducing a large disadvantage (large 
separator volumes) while maintaining the specific advantages (high 
separation efficiency of very small particles). 
A practical separator that combines the two separation actions is suggested 
by Joseph [1984]. It consists of a bicomponent fiber bed made out of 
two layers of fiber packing. The first is of conventional design and the 
second of a much less densely packed material. If overfed, the first layer 
produces coarse reentrained droplets, that can easily be drained through the 
second layer. No specific maximal allowable gas velocities were reported. 

2. Characteristics of diffusional separators 
2.A Operating characteristics 
- separation efficiency 
- flow per unit volume 
- turndown ratio 

pressure drop 

very high (ds„ < 1 um) 
very low 
no p r a c t i c a l lower l i m i t a t tached to 
separation principle 
h i g h ; a p p r o x i m a t e l y 5 0 - 6 0 mbar ; 
atmospheric water/air operation 
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abi l i ty to separate non-
liquid constituents 

ins ta l la t ion and operating 
costs 

very good, but operat ion under fou l ing 
condi t ions i s only possible i f the f i l t e r 
cartridges are regularly replaced. 

because of low throughputs and poss ib ly 
n e c e s s a r y r e p l a c e m e n t s of c logged 
cartridges: both high. 

2.B Design characteris t ics 
In table 3-V the avai labi l i ty and expected r e l i ab i l i t y of d i f fe ren t design 
correlations are summarized. 

• 

separation eff. 
availability 
exp. reliability 

max. capacity 
availability 
exp. reliability 
pressure drop 
availability 
exp. reliability 

as a function 
of geometry 

+ 
+ 

+ 
♦/-

+ 
+ /-

as a function 
of oper. press 

+ 
+ 

-
-

+ 
+ 

as a function 
of liq. loading 

-
-

-
-

-
- * 

as a function 
of liq. propert 

-
-

-
-

-
-

probably necessary for geometrical optimization 
Table 3.V 

3.6 Existing separator types 

In the previous section several possible components of practical separators 
have been discussed. In this section some meaningful and often applied 
combinations of different components are described. The most important 
factors that determine the general form of the separator are: 
1. whether the separator is positioned horizontally or vertically; 
2. whether the separator comprises one or more separation stages. 
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In the following more a t t e n t i o n wi l l be paid to the backgrounds of the 
various al ternat ives. 

3.6.1 Horizontal or ver t ical position 

1. According to De Graauw [1984] usually a vertical knock-out drum is 
preferred because: 
- the plan area is smaller; 
- the solids can be removed more easily; 
- they are less susceptible for liquid surges; 
- the liquid level is not critical for operation. 
However, in most cases when one or more of the following circumstances 
are applicable, a horizontal knock-out vessel is chosen. 
- If the liquid to gas ratio is high and at the same time the liquid 
viscous, then the size of the liquid interface determines the design 
(for example when viscosity of oil n > 0.01 Ns/m2); 

- If the mixture foams easily; 
- If liquid/liquid separation has to take place in the liquor sump. 
In formulating these rules De Graauw [1984] assumes that it is mainly the 
larger gas/liquid surface in a horizontal separator which makes this type 
sometimes preferable to the vertical separator. 

2. Arnold [1984] on the other hand states that the higher gas velocity 
allowed inside a horizontal separator, resulting in a smaller vessel 
volume, is the reason why in most cases a horizontal separator should be 
chosen. Arnold advises to use vertical separators only in case of limited 
floorspace (offshore applications). 

Summarizing it can be concluded that the choice between the two types of 
separators depends in most cases on the operating pressure. 
When floorspace is not a critical criterion, the operating pressure will be 
a determining factor in judging the economics of a horizontal separator and 
the convenient operating characteristics of a vertical separator. 
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3-6.2 Number of separation stages 

This number i s ac tua l ly determined by the form and the quant i ty of the 
l i q u i d s offered to the separator and the maximal amount of liquid quantity 
permitted in the outlet of the separator. As an i l lu s t r a t ion : i f a gas flow 
contains both slugs of liquid and fine mists and i t i s necessary to separate 
out only the slugs (for instance for the feed l i n e to f l a re ) a knock-out 
vesse l w i l l be s u f f i c i e n t . If mists are not permitted downstream of the 
separator (feed line to glycol dehydrator for instance) i t will be necessary 
to accommodate both a knock-ou t and a mist ex t rac t ion stage in the 
separator. If the gas must be v i r t u a l l y free of any l i qu ids (sales gas) 
t h e s e two s e p a r a t i o n s t a g e s w i l l be fol lowed by a th i rd ; in which 
diffusional separation ( f i l t e r cartridges) will ei ther separate or coalesce 
the remaining fine mist p a r t i c l e s . In the following, the general form and 
opera t ing p rope r t i e s of severa l poss ib le one-, two- or mult iple s t age 
separa to r s w i l l be described and i l l u s t r a t i v e practical examples of each 
type will be given. 

One-stage 
One-stage separators-have been described in sections 3-3, 3-^ and 3-5-
Only one-stage separators based on gravity settling and inertial separation 
have found practical application in oil field operations. 
Specific details have been described in sections 3-3 and 3-*+-
Figures 3-5 and 3-6 give a trivial example of a practical form of both a 
horizontal and a vertical knock-out vessel. Figure 3-3^ shows a one-stage 
mist eliminator with a multicyclone, figure 3-15A with a horizontally flowed 
through vane-pack. The latter two separators are referred to as 'in line' 
separators. They are only suited for operations in which no slugs are formed 
in the feed line. Figure 3-28 shows a single cyclone as one-stage separator. 
This cyclone will show a higher pressure drop and probably also a lower 
collection efficiency compared to the multicyclone, but on the other hand 
have better separation characteristics for slugs. Mesh type or upflow vane-
type separators can physically only be applied in two-stage separators. 
Filter cartridges are hardly used in single stage separations because of 
their susceptibility to liquid overloading. 
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Two-stage 
Two types of two-stage separators can be distinguished: 
1. Those having an effective separation ab i l i ty in the slug and mist ranges. 

The general form of t h i s kind of separa tor cons i s t s of a knock-out 
( s e c t i o n 3-2) and a mist ex t r ac t i on stage ( e i t h e r h o r i z o n t a l l y or 
v e r t i c a l l y posi t ioned) (sec t ion 3-^) . Figures 3-16B and 3-35 g ive 
i l l u s t r a t i v e examples. The operating character is t ics of these separators 
will be the summation of the charac ter i s t ics of the s ing le components. 
Apart from t h i s form also s l ight ly more exotic forms can be encountered 
as for instance the two-stage single cyclone separator (figure 3-^2). 

Fig. 3.42 Two-stage Fig. 3.43 Filter separator Fig, 3.44 Cyclone 
single cyclone filter 
separator separator 

2. Those aiming at an effective separation of mists and fine mists. 
The general form of th is kind of separator consists of a coalescing stage 
in which f i l t e r elements de l ive r coarse droplets to a mist extraction 
s tage where usual ly a mesh-type or a vane-type demister i s l o c a t e d 
(figure 3-43). 
Also references to p r a c t i c a l app l ica t ions were found i n which the 
position of the two stages are reversed and in which the demister acts as 
a precleaner and the f i l t e r elements as high e f f ic iency s e p a r a t o r s 
(figure 3-^4). 
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Three-stage 
Although one would expect in t h i s case a separa tor in which a l l three 
separation mechanisms would be delegated to provide a separation ab i l i ty for 
a broad range of i n l e t condi t ions , t h i s app l i ca t ion i s not very often 
encountered in practice. The reason i s mainly that the internal structure of 
t h e s e p a r a t o r v e s s e l t ends t o ge t very compl ica ted . A th ree - s t age 
configuration that did find practical application found in separa to rs tha t 
overload a mesh pad or a simple upflow vane-pack which then ac t s as a 
coalescing element. Downstream of this coalescer a r e l a t i v e l y simple mist 
e x t r a c t o r can be mounted which does not need to have a high collection 
efficiency for fine mist par t ic les (with i t s advantages to pressure drop and 
separator s ize ) . 

3.7 Evaluation of present technology 

In t h i s sec t ion the most often applied separators (described quali tat ively 
in 3-6) are compared and characterized with respect to: 

1. their operating characterist ics (table 3-VI); 
2. r e l i a b i l i t y and ve r sa t i l i t y of their design procedures (tables 3-VII 

and 3.VIII). 
These two inventories will give a representative overview of two important 
aspects in connection with separator technology. 

The different separator types that will be discussed are: 
1. Knock-out drum (section 3-3-2) 
2. Mesh-type separator (two-stage) (sections 3-3-2, 3-4.2 and 3-6) 
3. Vane-type separator 

a. inl ine (one-stage) (section 3-4.3) 
b. two-stage (sections 3-3-2, 3•''•3 and 3-6) 

4. Cyclone type separator 
a. single conventional cyclone (section 3•^•^•3) 
b. inline (one-stage) multicyclone (section S.h.^.k) 
c. two-stage multicyclone (sections 3-3.2, 3.4.4.4 and 3-6) 

5. F i l t e r separator (sections 3.5 and 3.6) 
(two-stage, f i l t e r s as coalescers) 
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Although some practical use in this field of straight through cyclones is 
reported, this separation method can not be considered as generally applied. 
Because hardly any quantitative information is available about these 
(potential) gas/liquid separators, they have not been included in this 
inventory. For more specific information is referred to section 3-4.4.5-

The general impression that is given by the present design practice is of 
empiricism. This is caused particularly by the lack of exact knowledge of 
the physical phenomena that take place inside the separator. 
The latter effect is the reason why at present it will not be possible to 
tailor a design for a particular application, even if one would have full 
knowledge of the operating conditions. Issues as the influences of high 
pressure, the presence of glycols in the feed stream or variations of 
geometry are still the subjects on which many lectures are given. 

This has led to a situation in which only few innovative separator designs 
are applied. The industry rather holds on to traditional designs that have 
been proven in practice and with which operating experience exists. Few 
experiments are undertaken with new designs, that may be very promising in 
one or more aspects (compactness for instance). In itself this is a very 
understandable course of events, because the investments for possibly 
superfluous gas/liquid separation equipment are often minor in comparison to 
the damage that could be inflicted by a malfunctioning separator. 
Most of the present separator technology finds its origin in the fifties and 
is relatively little developed. The popular multicyclone bundles described 
in 3.4.4 for instance have originally been developed for dust separation and 
have not at all benefitted from the advances made in the multiphase flow 
sciences. 
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Operating charac-

^--^^teri sties 

Separator"""-*-^^^ 

types 

- Knock-out vessel 
- Mesh type sep. 

(two stage) 

- Vane type sep. 

in l ine 
two stage 

- cycl . type sep. 
single 

in l ine multi 

two stage multi 
- F i l t e r sep. 

Separation efficiency 

mist slugs sand/wax 

++ 
++ ++ 

+ 
+ *■+ 

++ + 
+ - + • 
+ ++ + * 

++ - - + 

Flow per un i t volume 

(expressed as X) 1) 

hz: 0.12 v t : 0,8 
hz: 0,15 v t : 0,12 

0,3 

0 ,3 

( - Ï 
0 ,3 
0,3 * • 

H 

Turndown rat io 

(minimal capacity) 

not limited 

1/3 

1/3 - 1/3 1 J 

1/3 - 1/4 *> 

1/2,5 - 1/3 ^ 
1/3 - 1/5 1 J 

1/3 - 1/5 1 J 

not limited 

Pressure drop 1) 

< 5 mbar 

< 10 mbar 

< 10 mbar 

< 10 mbar 

< 20-25 mbar 

< 15-20 mbar 
< 15-20 mbar 
< 40 mbar 

Su i tab i l i ty for high 

operation (> 100 bar) 

+ / -
+ / -

+ 

+ 

+ 

• at the cost of higher erosion i with respect to atmospheric operation with air/water 
*• complicated vessel at higher operating pressures 

Table 3, VI 
Design procedure 

Separator"-*^^ 
types ^ ^ -

- Knock-out vessel 

- Mesh type sep. 
(two stage) 

- Vane type sep. 
in l ine 

two stage 
- Cycl. type sep. 

single 

in l ine 

two stage 
- F i l t e r sep. 

Determination of separation ef f ic iency as a function 

of gas throughput and DSD 
Influence of 

geometry 
Influence of 

oper. press. 

Influence of 
1iq. load 

v t : r hz:rr r r NI 
rr rr NI 

ur • ur • ur 
ur * ur * ur 

r r / u r • ur • ur 

r r /u r • ur ' ur 
r r /ur • ur * ur 

rr rr ur 

Influence of 
l iquid sort 

NI 
rr 

ur 

ur 

ur 

ur 
ur 

ur 

Determination of maximum capacity 

Influence of 
geometry 

rr 

rr 

ur • 

ur * 

r r /u r * 

r r /u r • 
r r / u r • 

rr 

Influence of 
oper. press. 

Influence of 

l i q . load 

r r NI 
r r ur * 

ur • ur * 

ur " vr • 

ur • ur • 

ur • ur • 
ur • ur • 
r r ur • 

Influence of 

l iquid sort 

NI 

ur * 

ur * 
ur * 

ur • 

ur • 
ur • 
ur * 

* necessary knowledge for optimized practical operation 

r re l iable; rr reasonably reliable; ur unreliable; NI not of interest 

Table 3. VII 
Oesign procedure 

^^-\^ 
S e p a r a t o r " * * \ ^ 

types ^ ^ 

- Knock-out vessel 
- Mesh type sep. 

(two stage) 
- Vane type sep. 

in l ine 

two stage 

- Cycl . type sep. 

single 
in l ine 

two stage 

- F i l t e r sep. 

Determinate 

Influence of 
geometry 

NI 

r r * 

ur • 

ur • 

ur • 
ur • 
ur • 

NI 

on of minimum capacity as 
of DSD 

Influence of 
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Influence of 
l i q . load 

NI NI 
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ur • NI 
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NI 
rr 

ur 
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NI 

NI 

NI 

NI 

Determination of pressure drop 

Influence of 
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Influence of 
l i q . load 

r r HÏ 

r r r r /u r 

ur ur ur 

ur ur ur 

r r r r ur 

r r rr ur 
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r r rr u r / r r 
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NI 
r r /ur 

ur 
ur 

ur/NI 

ur/NI 

ur/NI 

u r / r r 

* necessary knowledge for optimized practical operation 

r rel iable; rr reasonably reliable; ur unreliable; NI not of interest 

Table 3.VIII 



-55-

4. DESCRIPTION OF THE CURRENT RESEARCH PROJECT 

4.1 Structure of chapter 

In t h i s chapter the objec t ives of t h i s p ro j ec t are formulated and the 
p r o j e c t s t r a t egy and ava i lab le too ls are descr ibed. In sec t ion 4.2 i s 
evaluated to what extent present separa tor technology can f u l f i l t h e 
requirements of modern separa tors . With the outcome of this inventory the 
overall research objectives can be described. In section 4.3 the strategy to 
reach these objectives is explained in de ta i l and section 4.4 describes the 
extent to which this report covers the to ta l project. 

4.2 Formulation of research objectives 

The evaluation of present technology with respect to modern separator 
requirements is based on the comparison of tables 2.1 and 2.II (inventory of 
operating conditions and requirements) and tables 3-VI, 3-VII and 3-VIII 
(inventory of operating and design characteristics) . 
Possible discrepancies will be subdivided in two categories: 
1. principle shortcomings of design procedures; 
2. principle shortcomings of separator characteristics. 

ad 1. 
A. I t appears from chapter 3 t ha t present design procedures are hard ly 

s u f f i c i e n t for practical use. In most cases design procedures consist of 
empirical c o r r e l a t i o n s tha t are p ropr i e t a ry and based on p r a c t i c a l 
experience, appl icable to one p a r t i c u l a r separator type. Difficult ies 
arise in si tuations in which a separator design needs to be optimized, as 
most procedures include la rge safety margins t ha t are qua l i t a t i ve ly 
determined. 
When observing the three basic types of separators, i t appears that those 
based on gravity and diffusion are best described; mainly because of the 
small influence of separator geometry variat ions. 
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Those based on ine r t i a l separation are hardly described r e l i a b l y (with 
exception of dust cyclones, but they play no role in th is chapter). 
The inadequacy of some of the important p r a c t i c a l des ign r u l e s i s 
demons t ra ted in s e c t i o n s 7 . ^ " 7 . 6 . In these sec t ions some of the 
experimental resul ts described in chapter 6 combined with the physical 
knowledge acquired in chapter 7 , are used to check the v a l i d i t y of 
existing design rules . 
The most important r e l a t i o n s tha t need to be quantified reliably are 
those between: 
- s e p a r a t i o n e f f i c i e n c y and s e p a r a t o r geometry , d r o p l e t s i z e 

distr ibution, gas throughput and operating pressure; 
- maximal capaci ty and separa tor geometry, l iquid sor t , liquid loading 

and operating pressure; 
- minimal capacity and separator geometry, droplet size distribution and 

operating pressure; 
- pressure drop and separa tor geometry, liquid loading, gas throughput 

and operating pressure. 

B. As appears from chapter 2, the form of the liquid loading offered to the 
separator i s often unknown. L i t t l e i s known of this inlet condition tha t 
has a considerable inf luence on separator operation. To develop a more 
e f f i c i e n t design procedure i t should be attempted to describe t h i s 
quantity more exactly. 

ad 2. 
Apparently, a perfect separator has not yet made its appearance. 
Most separators have drawbacks connected with their specific advantages. 
In case of separators or separator modules based on gravity or diffusion 
these drawbacks (for instance necessary volume) are directly related to the 
principle of operation and can not be reduced easily. In case of separators 
based on inertial separation (the by far largest group of separators) much 
more design flexibility exists to minimize certain disadvantageous operating 
characteristics. Even so, in this group of separators no single type exists 
that combines all positive properties. Only cyclone and vane type separators 
will play a serious role as mesh type separators are rapidly losing 
popularity because of low capacity and fouling problems. 
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Traditional disadvantages of vanes 
Vanes have a limited range of operating pressure (maximum 75-100 bar). The 
characteristics of most vane types in respect to fouling operations are 
questionable (although commercial exceptions exist). 

Traditional disadvantages of reverse flow type cyclones 
In many cases multicyclones can not be built in a vessel as compact as vane 
packs. At higher operating pressures the pressure drop across the cyclone 
bundle prevents drainage of the cyclones in the sump of the vessel through a 
liquid seal, which causes the need for a more expensive external drainage. 

Traditional disadvantages of straight through type cyclones 
Weak secondary separation of purge stream may result in low separation 
efficiencies. 

4.3 Project strategy and tools 

4.3.1 Introductory remarks 

In this section the main research objectives are described. Considering the 
findings of the previous section there is apparently especially need of: 
1. Development of generally applicable design procedures for vane and 

cyclone type separators; 
2A. Development of a compact, low pressure drop, cyclone type separator; 
B. Development of a vane-type separator with an extended operating pressure 

range; 
Of both separators the traditional advantages should be maintained. 

3. Development of relations to determine the inlet conditions of separators 
more exactly. 

When considering the first two sets of objectives it is clear that the first 
necessity is the development of relations (or models) that describe the 
influence of issues as geometry and two-phase properties on the operating 
characteristics. 
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These models can then: 
a. e a s i l y be transformed to p r a c t i c a l design procedures for e x i s t i n g 

separator types; 
b. be used for geometric optimization to ass i s t in the development of the 

designs specified under the second objective. 
The third objective stands apart and needs to be investigated separately. 
Because experimental f ac i l i t i e s for th is specific purpose tend to be qui te 
complicated and expensive, and because some experimental work carried out 
e a r l i e r seems d i r e c t l y t r a n s f e r a b l e , i t i s expected tha t a l i t e r a t u r e 
investigation (reported in chapter 5) will suffice in f i r s t instance. 
Further t h i s sec t ion w i l l be focussed on how to develop the sepa ra to r 
behaviour models. 

^■3.2 Project strategy and tools 

The most important requirements of a general applicable model are that : 
1. the gas flow field i s predicted correctly for a broad range of geometries 

of a certain separator type; 
2. t he i n t e r a c t i o n between the gas and any l i qu id phase i s c o r r e c t l y 

represented; 
3. effects of upscaling are reproduced rel iably. 

Because the desc r ip t ion of these quantit ies in the two separator types of 
i n t e r e s t can be very complex, i t i s necessary to make use of e x i s t i n g 
computer codes t h a t are special ized in fluid dynamic problem solving. (In 
chapter 7 an extensive description i s given of the theoretical background of 
these software packages, their uses and their l imitations.) The code forms 
submodels in which the gas flow field inside a given geometry i s calculated. 
These d a t a a r e t rans fe r red and processed fur ther to p red ic t p a r t i c l e 
t ra jector ies and secondary effects l ike reentrainment and creep. Thereafter 
the primary operat ing cha rac t e r i s t i c s , separation efficiency and pressure 
drop are available (minimal and maximal capacity l imits can be derived from 
these two). 
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Unfortunately, in spite of their convincing graphics, these fluid dynamic 
codes are not necessarily accurate. Much care must be taken to provide 
enough opportunity to verify predictions against experimental data, either 
acquired from literature or by own experiments. 

The identification and quantification of the physical phenomena necessary to 
extend the gas flow field model is again acquired partially by literature 
searches and partially by own experiments. 

The development procedure of the dedicated models of interest is represented 
in figure 4.1 and described subsequently. 
This scheme will be carried out for vane (V), reverse flow (RFC) and 
straight through (or axial) cyclone (AC) separators. 

The project is thus based on the use of three different 'tools' : 
1. Literature information; the results of several literature searches are 

described in chapter 5-
2. Experiments; the contents of the EXP blocks and the experimental 

facilities will be described extensively in chapter 6. 
3. Modelling facilities; which encompass both software (from programmes in 

Basic to complex fluid dynamic codes) and hardware (from personal 
computers to a Cray supercomputer). 
Detailed description of the activities to fill out the MOD blocks is 
given in chapter 7• 

Since all blocks presented in figure 4.1 will be treated consecutively in 
the next three chapters sense of orientation with respect to the location of 
an individual block in the project structure might be lost. Therefore figure 
4.1 and accompanying text is also printed on the innerside of the (folded) 
frontcover as a quick reference. 
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Figure 4.1 NEW 
DESIGNS 

MODI reproduces the gas flow field inside a basic separation unit; 
M0D2 describes the behaviour of the liquid phase (particle trajectories, 

reentrainment and creep phenomena); 
M0D3 describes the behaviour of a basic separation unit; 
M0D4 quantifies the measure of maldistribution across a full size 

separator; no need to model this with the earlier mentioned fluid 
dynamic codes; 

M0D5 combines the predictive powers of M0D3 and M0D4 and should therefore 
be able to describe the behaviour of an actual scaled separator over a 
broad range of operating conditions; 

EXP1 a. provides the fluid dynamic code with necessary physical information 
to start with (starting conditions) and 

b. provides the experimental data to validate MODI with (gas flow 
field measurements) 

EXP2 identifies and quantifies phenomena related to the liquid phase 
(reentrainment, creep, particle trajectories); 

EXP3 provides the experimental data to validate M0D3 with (operating 
characteristics of a basic separation unit over a broad range of 
operating conditions); 

EXP4 a. provides physical information (starting conditions) for M0D4; 
b. provides the experimental data to validate M0D4 with; 

EXP5 provides the experimental data to validate M0D5 with (operating 
characteristics of an actual scaled separator over a broad range of 
operating conditions); 

LIT represents the information acquired through literature investigation 
used for validating and supplementing models. 

VAL validation 
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4.4 Scope of present report 

As this dissertation is the first of two in which the results of this 
project will be published, the following chapters are not complete for all 
separator types. 
Table 4.1 gives an overview which blocks have been realized. From this table 
it is apparent that special attention will be paid to straight through and 
reverse flow cyclones. It is expected that vane separators will be dealt 
with more completely later. 

LIT 
EXP1 
EXP2 
EXP3 
EXP4 
EXP5 
MODI 
M0D2 
M0D3 
M0D4 
M0D5 

AC 

X 
X 
X 

X 
NA 
NA 
X 
X 
X 

NA 
NA 

RFC 

X 
X 
X 

X 
X 

X 

-
X 
-
X 

-

V 

X 
-
X 

-
X 
X 
X 

-
-
X 

-

x = completed 
= not completed 

NA = not applicable 

Table 4.1 



-63-

5. RESULTS: LITERATURE SEARCH 

For project structure and nomenclature see innerside of front cover. 

5.1 Introduction 

This chapter gives the conclusions of the two described literature searches. 
1. Section 5-2 gives a short overview of different phenomena that influence 

the inlet conditions of a separator. Where possible, a short quantifica-
■ tion is given. This section clarifies some of the uncertainties that are 
usually encountered when the inlet conditions of a certain separator are 
determined (third objective in section 4.3). 
This information is also used in chapter 6 to determine the experimental 
droplet size distributions. 

2. Sections 5 -3~5•5 give the results of the literature searches described in 
chapter 4 as block LIT in the project strategy. Specific information that 
is necessary to set up and verify the models is collected. 
Sections 5-3 and 5-4 quantify respectively the friction factor at a 
gas/liquid interface and the reentrainment behaviour of a liquid film 
(information necessary for M0D2). Section 5.5 gives characteristics of 
swirling flows under different conditions (information necessary for 
RFC/AC-MODI). 

5-2 Determination of the inlet conditions 

The inlet conditions that exert the largest influence on the operating 
characteristics of the separator (see chapter 2 and 3) are: 
1. operating pressure; 
2. physical properties of liquid phase, liquid density, liquid viscosity and 

surface tension; 
3. droplet size distribution; 
4. gas to liquid ratio; 
5. complicating characteristics (fouling: the presence of sand and wax in 

the gas and/or foaming). 



-64-

ad 1, 2 and 4 
Gas- and liquid density are important because the ratio of these properties 
determines the magnitude of the separating forces (section 3.2). Depending 
on the application, this ratio can vary considerably. 
Liquid viscosity and surface tension often determine the maximum allowable 
gas and liquid loading of the separator prior to reentrainment or flooding 
(see for instance appendix A 3-'t). 
The liquid to gas ratio of the mixture not only influences the maximum 
allowable gas velocity through a separator but also determines the form of 
the liquids in front of the separator. The separator design is to a large 
extent determined by the form of the liquids. The separation of a slug puts 
other demands on the separator than the separation of a mist (see section 
3-6). 

At present, groups 1, 2 and 4 can be determined quite exactly if enough 
information is available about the composition of the reservoir fluids and 
about the production system. With the help of software packages to predict 
thermodynamic and physical properties of complex mixtures it is, for 
instance, possible to calculate the amount of retrograde condensation in a 
given gas mixture under a given pressure drop. 

M_l-
Unfortunately, the form of the liquid loading (droplet size distribution) 
seems much less easier predictable. 
It depends on: 
1. gas velocity; 
2. liquid to gas ratio; 
3. physical properties (viscosity, density, surface tension); 
4. dissipated energy in the system. 

In figure 5-1 Sakaguchi [1979] (Hetsroni [1982]) shows the influence of the 
first three groups on the form of a two-phase mixture in a horizontal pipe. 
Figure 5-2 (Hetsroni) shows the actual form of the different flow regimes 
encountered in figure 5 • 1 • 
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Figure 5.1 Flow pattern map Figure 5.2 Flow patterns 

Many authors have investigated the transition of flow regimes as a function 
of the parameters used in figures 5.1 and 5-2. Baker [195**]. Schicht [1969]. 
Mandhane [1974] and Taitel and Dukler [1976] are examples of authors who 
have suggested different flow charts. In order to account also for the 
different physical properties of other gas/liquid systems than water and air 
Baker suggests the following correction factors for the values on the two 
axes of the diagram (figure 5-3): 

pA V and 

B o± uw Pl 

The subscripts A and W refer to the corresponding physical properties of air 
and water; g and 1 to the properties of the gas and liquid in question. 

Taitel and Dukler have set up a semi-theoretical derivation of the flow 
regime chart which has been found fairly consistent with experimental data 
and which is referred to as most reliable (Hetsroni [1982]) for predictions 
of flow regimes for unconventional gas/liquid systems. 
The correlations that have been mentioned sofar apply to horizontally 
flowing gas/liquid mixtures. For inclined or vertical flows similar regimes 
can be encountered, but occur under completely different circumstances (see 
figure 5-4). 
N and N, are comparable to the corresponding variables of figure 5-3-
g 1 
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The above clearly illustrates that with the present quantitative knowledge 
of these effects properties as maximum slug size or minimum droplet size are 
very difficult to predict, especially if one realizes that the approach of 
the gas/liquid mixture to a separator is often a bizarre combination of 
horizontal and vertical passages, alternated by bends in the pipeline. 

It is apparently not possible to describe the liquid form quantitatively, 
completely and theoretically. Therefore, some phenomenological correlations 
will be cited that quantify the effects that determine the maximum stable 
droplet size. Hinze [1955] and Kolmogoroff [19^9] developed, along different 
routes, the following expression for d : 

P„ 3/5 
d = C (-*) max 'a (e) 2/5 (5-1) 

f ± vD 

in which: e = 2 -°-r—°-, the dissipated energy per unit volume 
f . = friction factor between gas and liquid interface gi 
v = gas velocity 
C 
D 

= dimensionless constant 
= diameter of pipe 
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Sleicher [1962] derives a more empirical expression for d : 

v 1/2 v 0.7 
We (ng f-) = 38 (1 + 0.7 (n1 ƒ ) ) (5-2) 

in which the parameter We is defined as follows: 

2 
v We = d p -s-max g a 

ad 5. 
Fouling by sand or wax deposition can exert seriously detrimental effects on 
the operating characterist ics of a separator, and thus be of influence on 
the choice of a par t icu lar separator. Possible wax problems can usually be 
predicted from the analysis of the r e se rvo i r f l u i d s , although the exact 
e x t e n t to which waxing w i l l occur i s not always known and i s often 
determined empirically. Sand can always be present in the feed of separators 
further upstream. The amount depends most often on reservoir characteris t ics 
but also on production ra te . 
Foaming i s a second complicating property tha t can seriously hamper the 
separator operation. 
In l i t e r a t u r e no s p e c i f i c r e f e r e n c e s have been found tha t descr ibe 
poss ib i l i t i es to predict this effect (semi-)theoretically. 

5.3 Friction factors at gas/liquid interface 

5.3-1 Form of gas/liquid interface 

I t i s usually assumed that the separated liquid forms an evenly distributed 
film across the inner surface of the s epa ra to r . In p r a c t i c e t h i s i s not 
always the case: when the l iquid loading is low i t wil l often appear that 
not a l l of the surface i s wetted and tha t the l i q u i d wi l l run down in 
s t r i n g s . If the l iquid loading increases the whole surface will eventually 
be wetted with a smooth film. A further increase in the liquid loading w i l l 
f i r s t r e s u l t in r i p p l e s on the f i lm s u r f a c e and l a t e r in l a r g e r 
i n s t a b i l i t i e s l i k e ' ro l l -waves ' ( f igure 5-5)- In p r a c t i c a l s epa ra t ion 
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s i tuat ions a l l of the four mentioned regimes can occur, and each wi l l be 
accompanied by a corresponding specific friction factor. 
The following w i l l l a rge ly deal with the fu l ly wetted regimes, because 
hardly any information i s ava i l ab le on s t r i n g flows. Additionally, the 
computational techniques are not s u f f i c i e n t l y ref ined . However, complex 
da t a , l i k e those to descr ibe the e f fec t s of s t r ing flow, could easily be 
incorporated in the envisaged models. 
Hart ley and Murgatroid [1964] developed a cr i ter ion for the minimal film 
thickness (b . ) under which s tr ing flow would develop. This c r i t e r i o n has 

■in 
been modified by Bankoff [1971] to give the following equation: 

1.72 (a/ P l) 1 / 5 (p1/(n1 g)) 2 / 5 (f(6o))1/5 (5-3) 

in which f (8 ) is a function of the contact angle of the liquid phase and 
the separator material and varies between 0 and 1. For a contact angle of 
60° (water and air) f(8 ) amounts to 1/3. As the correlation is not dimen-
sionless it is important that correct dimensions of the parameters are used. 
For this correlation: b . in cm 

min a 

p l 
n l 
g 

in dyne/cm 
in g/cm 
i n g/cm s 

/ 2 

i n m/s It should be noted that in case of rotating flows g should be substituted by 
2 

( w * g by - J, in which w represen ts the 
tangential film velocity. 

us -

1 u . 
!|.J 
1 i 
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Figure 5. 5 Interfaaial regimes 
(Shearer et al. (1965)) 

Figure 5.6 Nomenalature for inter-
facial ■phenomena 
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5.3-2 Friction factors of liquid film/gas systems 

5.3-2.1 Introductory remarks 
It is necessary to quantify the friction factor between the gas and liquid 
film in order to be able to: 
1. predict the correct gas flow pattern with the models of chapter 7; 
2. calculate the interfacial and wall shear stresses from which the liquid 

film velocity distribution can be derived. 
For this reason correlations to determine the wall and interfacial shear 
stresses are collected. 
The nomenclature used is explained in figure 5-6. 

5.3.2.2 Wall friction factors of liquid films 
From the wall friction factor, f , the shear stress at the wall is 

w 
determined as follows: 

T = f . \ p. v2 (5.4) 
w w 2 1 1 v ' 

According to different authors there is no major difference between the wall 
friction factors of the full pipe flow and film flow (Wallis [1969], Ishii 
[1975]. Popov [1986]). The following relation is recommended for smooth 
tubes: 

f = 16/Re1 for ne± < 1000 (5-5a) 
f = 0.079 Re"0,25 for Re1 > 1000 (5-5b) 

The liquid film Reynolds number (Re,) is defined as: 

4 p v b Re1 = — 4 ^ - (5-6) 
For higher Re, numbers and systems with a non-negligible wall roughness the 
friction factor can be determined conventionally, for instance with the 
well-known graph of Moody [1944]. 
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5-3-2.3 Interfacial friction factor of liquid films 
The interfacial friction factor can relate to either the gas or the liquid 
phase. In the first case the shear stress on the interface is calculated 
from f ., the interfacial friction factor related to the gas phase: 

T. = f . . \ P (V - V.) 2 (5.7) 
i gi 2 Kg g I' 

In the second case T. r e l a t e s to f-. . , the i n t e r f a c i a l f r i c t i on f a c t o r 
related to the liquid phase, as: 

T i = f l i -2 > l v l (5.8) 

v = superficial gas velocity 
v. = superficial liquid velocity 
v. = velocity of interface 

I. First some correlations are cited that quantify f .. 

Wallis [1969] proposed a correlation of the following form: 

C2 1. f = 0.005 (1 + C b/D) " (5.9a) 
gi 1 

in which D is the hydraulic diameter of the duct. 
He found that the following values of the constants agreed with his 
experiments: 

C]_ = 300 and C2 = 1 (5-9b) 

In l a t e r pub l ica t ions (c i ted in Hewitt and Hall-Taylor [1970]) he 
relates f . to f to generalize equation 5-9a for more geometries as g i w 
fol lows: 

C2 
2 - f g i = fw ( 1 + C l b / D ) 

with C1 = 360 and C2 = 1 (5-9c) 
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Bharatan [1978] on the other hand found values of: 

3. C1 = 818200 and C2 = 2.04 (5-9d) 

substituted in equation 5-9 to describe his experimental results better. 
He attributed the discrepancies to geometrical differences in the 
testing equipment. 

Measurements of Whalley et al. [1971*] showed that C. and C- varied with 
the surface tension of the liquid phase. 

Forde and Norstrud [1984] quantified the influence of surface tension 
and developed the following correlation to determine the equivalent 
roughness of the film (expressed in the ratio to the film thickness). 

4. £ = 4 / [zr3— I - 2 - ] 1 ' 2 ) (5-10) 
b v ll - a lu v ' ' \J i 

*g g 
in which: a = the liquid volume fraction. 

k = height of instabilities on the film 

With k/b (= interfacial roughness) the interfacial friction can be 
determined conventionally (for instance with the graph of Moody). 

I I . If the interfacial friction factor is related to the liquid phase (the 
second case mentioned at the s t a r t of th is subsection) i t can 
satisfactorily be quantified as follows: 

(5-11) (Hughmark [1973]) f^ = {\ Rem) 

in which: K = 3.730 ; m = -0.47 
Kt = 1.962 ; m = -0.33 

K = 0.735 ; m = -0.19 

2 

for 
for 
for 

2 < Re < 100 
100 < Re < 1000 

Re± > 1000 
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5-3-3 Friction factors of rotating liquid film/gas systems 

Hardly any reliable correlations have been developed to determine 
interfacial friction factors for rotating gas/liquid systems. It can be 
expected that the increased gravitational acceleration flattens out the 
film, causing a decrease of the film roughness. Loxham [1976] measured the 
apparent axial friction factor in an annular swirling gas/liquid flow. He 
found an increase of the friction factor with increasing film thickness, up 
to a certain value above which it remained constant. He compared the 
experimental values to those predicted by equation 5-9. without compensating 
for increased path length inside the tube and found the experimental values 
4-5 times higher for small film thicknesses. However, when the tangential 
component of the gas/film contact is taken into account (angle of swirl at 
wall 4> = 45° and v = u/sin$) it appears that these friction factors gcomp 
obtain the same values as those predicted by equation 5-9- This is true for 
film thicknesses up to b/D of 0.005- Above this film thickness the gas/ 
liquid friction factor remains constant. Apparently, only with thicker films 
the equalizing action of the increased gravitation becomes of considerable 
influence. This dependency of f . is depicted in figure 5.7- The dependency 
of f . on centrifugal acceleration is given in figure 5-8. Both figures are 

gi t 

based on experimental data of Loxham [1976] for a swirl number of S = 1 (see 
section 5-5)• 

1 lo ih ia 119761 

2 WtllU 1196*1 

- 2 Loxhaa 
conptnsatcd 

0.02' 

4 - l-10-ïol 
V 90 

Fig. 5.7 Dependency of friction Fig. 5.8 Dependency of friction factors 
factors on film thickness on tangential acceleration 

f . = 0.005 (1 + b/D)(^ I-0"05 for b/D(^ f0"05 < 0.05 
gl gU glJ 
f . = 0.02 (2*L2)-°-05 f o r b/n(2^2)-0.05 > Q05 

(5-12) 

(5-13) 
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5.4 Reentrainment and related effects 

5.4.1 Film break-up mechanisms 

The break-up of the liquid film that is formed by the separated droplets is 
supposed to be the major source of reentrainment if the maximal capacity of 
the separator is exceeded. The two principal mechanisms that determine film 
break-up are depicted in figure 5-9-

Re, > 200 Ren < 200 

Roll wave Wave undercut 

Figures 5.9A and 5.9B Reentrainment mechanisms 

The first mechanism (figure 5.9-A) is strongly associated with roll waves. 
Roll waves appear at thick films and high liquid film Reynolds numbers (see 
figure 5-10). This has been described extensively by Cooper et al. [1985], 
Wallis et al. [1964], Hewitt and Hall-Taylor [1970], Ishii and Grolmes 
[1975]. Surface tension and hydrodynamic forces determine the shape and 
movement of a roll wave. Under certain conditions an extreme deformation of 
the top of the wave leads to the formation of numerous small drops. 

The second mechanism is not often encountered and is usually referred to as 
"wave under cut". It can take place without the occurrence of roll waves. 
At a certain gas and liquid velocity the gas starts to cut under the wave; 
the wave starts to bulge and can eventually burst by the high pressure 
inside the half closed bubble (figure 5-9B). Droplets formed this way can be 
projected at high radial velocities. 
Wave under cut is described by Hewitt and Hall-Taylor [1970] and Ishii and 
Grolmes [1975]. It takes place only at low liquid film Reynolds numbers. 
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5.4.2 Initiation criteria of reentrainment 

The previous sec t ion made c l ea r that the flow regime of the two-phase 
mixture has a strong influence on the onset of reentrainment . Figure 5 -H 
shows t h i s e f f e c t . In t h i s f igure roughly three different regimes can be 
discerned: 
1. Minimum Reynolds number regime; which represents the minimal l iquid film 

Reynolds number under which no reentrainment will occur, i r respec t ive of 
gas velocity; 

2. Rough turbulent regime; to which a certain gas velocity i s attached above 
which reentrainment of a liquid film will take place (irrespective of i t s 
Reynolds number); 

3. A transi t ion regime; which connects the two areas described above. 

Regimes 1 and 2 are, within certain l imits , independent ( I s h i i [1975]) of 
the d i r e c t i o n of the gravi ty force ( i . e . are identical for horizontal and 
v e r t i c a l up- or down flow) . Regime 3 on the o t h e r hand shows to be 
d i s t i n c t l y influenced by the direction of flow, and separate correlations 
have been developed to describe this effect on the reentrainment phenomena. 
For two-phase mixtures in cocurrent flow the transit ion regime s t a r t s at a 
certain minimum film Reynolds number (Re, . ) . Rough turbulent regime 
s t a r t s from Rê ^ > 1500-1750. 
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From l i terature i t appeared that the experimental work of the different 
authors shows a large variability, as the inception criteria have not always 
been iden t i ca l . As some authors have misunderstood the different 
reentrainment regimes, unjustified linearizations of sets of data have been 
carried out. Most of the correlations published before 1972 were purely 
empirical and, because of the reasons described above, not always very 
consistent. 

Correlations that have been considered for use in the M0D2 framework, but 
will not be described in full in this section, are those of: 

1. Zhivaikin [1962]; 
2. Chien and Ibele [I960]; 
3. Van Rossum [1959]; 
k. Wallis and Steen [1964]. 

These correlations were not dimensionless and general applicability is 
questionable. 

Kutateladze [1972] proposes a correlation that depends on the gravity force 
direction for the full range Re. (see figure 5-13): 

v = C — J— N Re7 1 / 3 (5-14) 
gmax u L * p u 1 

C = 36 horizontal 
C = 54 vertical up 

pl N (viscosity number) = r-rx (5-15) 
('Wg-f7)1/2 

Ishii and Grolmes [1975] extended the range of app l icab i l i ty of the 
criterion formulated by Kutateladze. They derived for the minimum film 
Reynolds number under which no reentrainment can take place: 

p 0.75 u 1.5 
Re, . = 155 (—) -*) (5-16) 

1 min JJ lp ' l u . ' 
g 1 

Up to Re. = 2 (for vertical down) or Re. = 160 (for vertical up and horizon
tal cocurrent flows) they derived the following reentrainment criterion: 
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!aS£j!l/-Ja.l.5Re;1>2 (5.17) 

It is based on the reentrainment mechanisms of wave under cut (figure 5-9B). 
Above these film Reynolds numbers the other reentrainment mechanism takes 
over (see figure 5-9A). Now the crests of roll waves are sheared off. For 
film Reynolds numbers between 2 respectively 160 < Re, < 1625 (transition 
regime) Ishii and Grolmes [1975] derived the following criterion (see figure 
5-13): 

gmax 1 j _g_ = C = 11.78 N0-8 for N < 1/15 (5-18) a * p, u p 
C = 1.35 Re~1/3 for N > 1/15 

and for the rough turbulent regime (Re. > 1625) 

JEÊ*J^!ft=c. C = N0.8 
a p± u u 

C = 0.115 for N > 1/15 

N = viscosity number (see equation 5-15) 

for N < 1/15 (5.19) 

Andreussi [1980] derived an other expression for v for the transition 
gmax 

regime which does not vary much from the correlation of Ishii and Grolmes, 
but the experimental values to which he fitted his correlation seem to 
differ from most other published measurements (figure 5-12). 

In figure 5-13 most of the other mentioned correlations are compared. It has 
been decided to use the correlations derived by Ishii and Grolmes as a basis 
for further developments in later chapters of this report. 

The reentrainment mechanisms described by Ishii and Andreussi depend to a 
large extent on the presence of roll waves. With equation 5-25 Ishii assumes 
explicitly that above Re, = 2 for vertical down or Re, = l60 for vertical up 
and horizontal cocurrent flows roll waves will occur. It is very likely that 
in situations with increased gravitational forces (the centrifugal systems 
in cyclones and vane separators) the onset of roll waves will be delayed. 
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Th e r e s u l t of a shor t survey with respect to r o l l wave f o r m a t i o n i s 
described below. 
I . According to I s h i i (Hetsroni [1982]) r o l l wave fo rmat ion i s w e l l 

predic ted by the Kelvin-Helmholtz i n s t a b i l i t y . The Kelvin-Helmholtz 
s t a b i l i t y a r i s e s a t the i n t e r f ace of two f lu id layers of d i f f e r e n t 
d e n s i t i e s p. and p , flowing perpendicular to the gravitational f ie lds 

-*- ë 
with superficial veloci t ies v. and v . The s t a b i l i t y of the system i s 

1 g 
governed by three effects: 
1. gravity force; 
2. surface tension force; 
3. relative motion. 
The l a t t e r term accoun t s fo r the e f fec t of pressure through the 
Bernouilli pr inciple . 

According to Helmholtz [1868], Kelvin [1871] and Lamb [1945] the flow i s 
stable if: 

g (p - p ) o k v - v 2 
k T^^y + 7^rrg > ' i • PB t ^ r ^ l (5.20) 

in which: g = the gravitational acceleration 
k = the wave number (m ) 
a = surface tension 

II. On the basis of the linear stability theory set up by Hershman and 
Hanratty [I96I] to describe the initiation of roll waves, Andreussi 
[1985] developed a model for this purpose that shows excellent agreement 
with several collections of experimental data (see figure 5-10). 
This model accounts for the most important physical two phase-parameters 
(p , p, , u, , u and flow rates), but does not describe the influence of g 1 1 g 
increased gravitational forces on the stability of the liquid film. 

The theory of Andreussi shows that at liquid film Reynolds numbers Re„ > 
200-300 the critical gas Reynolds number above which roll waves will 
occur is independent of the physical properties mentioned above. 



-78-

The most important forces that determine the stability of the film under 
these conditions are on one hand the gravitation forces; on the other 
hand the wave induced pressure variations that are directly proportional 

1 2 to the interfacial shear stress; x. = f . — p (v - v.) . l g i 2 Kg g 1' 

Each of the two theories described above assumes a relation of the following 
form between the s t a b i l i t y c r i t e r i a of a s i t u a t i o n with and without 
increased gravitation: 

2 
g 1 increased gravitation _ r 1 

(v - v.) n .,. _. = J gD 
g 1 normal gravitation ° 

It is assumed that: 
1. the stabilizing force of the surface tension can be neglected in case of 

roll waves induced by the Kelvin Helmholtz instability; 
2. f . is constant in case of the second theory (see figure 5-7)• 

With this information the increased stability of the liquid film in cyclones 
can be quantified with respect to the necessary increase of the gas velocity 
to initiate roll waves. If for instance the liquid film rotates with a 
tangential velocity of w. = 1.5 m/s in a cyclone with D = 0.05 m, the 
differential velocity between the phases can be 3 times higher than in 
non centrifugal systems before roll waves occur. 

o Andreussl 
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Figure 5.12 Reentrainment correlation Figure 5.13 Comparison of other 
of Andreussi (1980) reentrainment correlations 
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5.̂ .3 The rate of reentrainment 

To this subject the same remarks apply as to the inception of entrainment. 
Many empirical correlations exist and many experiments have been carried out 
under different conditions. However, in this case no overlapping, general, 
physically based theory has yet been developed. 

Correlations proposed by: 
1. Wicks and Dukler [I960]; 
2. Paleev and Filippovich [1966]; 
3. Dallman and Hanratty [1979]; 
4. Ishii and Mishima [I98I] 

have been considered for use in M0D2 models, but are rejected because of 
their empirical nature (impossibili ty to account for higher g-forces) or 
bas ic assumptions. For instance, often the equilibrium is modelled between 
reentrained droplets and those redeposited by turbulence . However, in a l l 
cases under investigation the redeposition will be much stronger. 

Whalley and Hutchinson [197*0 proposed an annular flow model t ha t accounts 
for both the processes of reentrainment and deposition. The difference of 
these forms the net fraction of reentrainment. 
Although the model underpredicts the actual rate i t gives correct trends. 
Whalley and Hewitt [1978] and Tatterson [1975] suggested improvements and 
va r i a t ions of above model. The general form of this correlation (after the 
las t modifications of Tatterson and Whalley i s : 

R E = < u g * . p ° - 5 • pO-5 . C l h V ) ° 2 (5.21) 

in which: u * = ƒ — (friction velocity) 
S pg 
k = height of instabilities on film 
C. ,Cp = dimensionless constants 
R_ = reentrainment rate (kg\m2s) 

bj 

In figure 5-1^ a comparison of experimental data and the predictions of some 
correlations is given. 
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♦ Experimental Data 
t Paleev and Filipovich 
2tshil and Mishima 
3 Annular flow model - Whaltey 
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Figure 5.14 Comparison of correlations of reentrainment rate 

For the circumstances that occur in a cyclone or vane separator, i.e. a 
horizontal flow under higher gravitational accelerations, only little 
information can be derived from the present correlations. Provisions should 
be made to account for the higher shear stresses in the film. In principle 
the approach of Whalley et al. [197*0 offers this possibility. Therefore, 
this model is recommended for application in the M0D2 framework to describe 
reentrainment rates. 

5.4.^ Droplet size distribution of reentrainment 

Tatterson [1975] conducted experiments under atmospheric conditions with air 
and several liquids. He proved that the average drop size varied from 15 urn 
to 70 um. The average drop size grew with an increase of gas velocity and 
with a decrease of surface tension. Tatterson found good agreement between a 
correlation of the following form and his experimental data: 

C1 D ( 2 ' p u D g g 

- ,., D u p C_ |V2 f K *g) 2 (5-22) 

in which R„ is the rate of reentrainment in kg/m s. 

Ishii [1975] proposed the following correlation: 

d = 9-9 • 10"3 H 4 ) Rep (V1/3 (V/3 
vm l 2' 1 'p.' ln,' 

p u 1 1 g g 

(5-23) 
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Ishii assumed a symmetrical log-normal distribution in which d is the 
median volume diameter. 
Andreussi and Azzopardi [1983] found that the following correlation fitted 

— V t A n ̂  
the measured Sauter diameters (d_ 9 = ƒ ' -,'—'-] 

i t d l(d .n) 

Re0-1 p 0.6 R_ 
f_£) * n h f—fe_l (5.24) S.* ■'•»»J*';? '°A^] 

in which R„ = mass flow of reentrainment per unit area. 

All mentioned correlations are derived on a purely empirical base and, 
therefore, not consistent. It is recommended to check these correlations 
with own representative experimental data. This way a suitable correlation 
can be derived to be fitted in the M0D2 framework. 

5.4.5 Direction of and initial velocity of reentrained droplets 

From the experimental investigations conducted by James et al. [1980], it 
appeared that reentrained droplets that were sheared of the crests of roll 
waves moved radially away from the film. These measurements concerned 
essentially droplets larger than 250 urn. Andreussi and Azzopardi [1983] 
discovered that the initial velocity and direction of the droplets are 
independent of the droplet diameter: 

v ,. , = 12 (-£) u* (5.25) 
radial vp ' g yj J' 

T. 1/2 
in which u* (friction velocity) = (—) 

Pg 

The initial axial droplet velocity is taken equal to the film velocity. 

Again these empirical equations are in the first place set up for non-
rotating flows. 
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5.5 Characterization of swirl elements and swirling flows 

5.5-1 Introductory remarks 

In the following two subsections attention is respectively paid to: 
a. a number of references in literature to the (experimental) characteriza

tion of swirling flows; 
b. a procedure to characterize swirl elements in order to judge them on 

suitability for different applications. 
a. and b. will be used both in the process of building up and validating 
block AC-MODI and RFC-MODI. 
With some complementary experiments, reported in AC-EXP1, the outcome of b. 
assists in the selection of swirl elements for specific unconventional axial 
cyclones (chapter 8). 

5.5.2 Examples of rotating flow fields 

In appendix B representative examples of three different sorts of swirling 
flows are described: 
a. in a smooth pipe (Loxham [1976]); 
b. in an axial cyclone (Stenhouse [1979]); 
c. in a reverse flow cyclone (Mothes [1982]). 
The swirling flow reported under a. is necessary to validate the assumptions 
on which the more complete models are based. These models are verified with 
the gas flow fields collected under b. and c. 

5.5.3 Characterization of swirl elements and swirling flows 

From section H.kA it appeared that a number of possibilities exist to 
induce the swirling flow necessary for cyclone operation. In this section 
the literature concerning some representative swirl inducing devices is 
investigated for references to important characteristics. Missing data are 
supplemented from own experiments, reported in chapter 6. 
Attention will be paid to the following swirler properties: 
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1. Form of the induced flow field (tangential and axial velocity profiles 
and swirl number); 

2. Pressure drop across swirler; 
3. Hydraulic efficiency of swirler; 
k. Constructional aspects. 
First the above mentioned swirler characteristics are explained shortly, 
then the different swirlers are described and judged. 

Explanation of swirler characteristics 
ad 1. Form of the induced flow field 
The most important properties of a swirling flow are the magnitude of its 
velocity components in axial, tangential and radial direction at different 
radial cross sections. The former two components can to a great extent 
depend directly on the geometry of the swirler. These velocity components 
are of great influence on the separation characteristics of the cyclone: the 
tangential component determines the driving force of the separation; the 
axial component the residence time of the two-phase flow in the cyclone. 
The other component, the radial velocity, is in most cases determined by 
other geometric factors and relatively small, but it can be as important as 
the former components. Generally, its direction opposes the successful 
separation of a particle. 

A useful parameter that has been introduced to facilitate the characteriza
tion of a swirling flow is the swirl number (S). The most popular definition 
of the swirl number describes this parameter as the ratio of the flux of 
angular momentum (M„) and the product of the flux of axial momentum (M ) and U z 
the radius (R ) of the flow. 

R 
MQ = ƒ ° p(u w + <u'w'>) r 2n r dr (5-26) 

O 
p 

Mz = ƒ ° (p (u2 + <u'>2 + (P - P )) 2n r dr (5-27) 
o 

2 in which: <u'w'> and p <u'> are the turbulent shear stresses 
(P - P ) is the axial pressure difference 
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M9 
S = ̂ V (5.28) 

z o 
Loxham [1976] shows that S can be quantified by the following approximation 
(neglection of turbulent shear stresses and pressure contribution): 

1 2 . 
S = 2 ƒ w u r d r (5.29) 

in which: u represents the dimensionless axial velocity (= rr) 
w represents the dimensionless tangential velocity (TT) 
r represents the dimensionless radius (= =—) 

o 
u, w and r are the actual time averaged values of above quantities 
V represents the superficial gas velocity 

Often a relation is assumed between vortex form and swirl number for a fully 
developed flow (Reydon et al. [1981], Loxham [1976]). This implies that for 
a certain swirl number of the flow its flow field is fixed, which will prove 
particularly useful when modelling results are evaluated (see chapter 7) • 
Generally, the outer part of such a (combined or Rankine) vortex is of a 
free vortex type; the inner part of a forced vortex type (solid body 
rotation). Both vortex types are explained below. 

In a pure free vortex the tangential velocity is defined as follows: 
R 

wr = wR • f- (5.30) 
o 

in which: w = tangential velocity at radius r 
wR = tangential velocity at the wall. 

In a pure forced vortex the tangential velocity is defined as follows: 
wr = wR • f- (5.3D 

o o 

In a combined vortex the pa r t of the t angen t i a l ve loc i t y p r o f i l e tha t 
connects the two above vortex forms i s described as follows: 

w = c • r • exp (- A r) (5-32) 
in which: c and A are constants. 
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Figures 5-15A, B and C give examples of the f ree , forced and combined (or 
Rankine) vort ices . 
The maximum height, and the radius at which the tangential velocity reaches 
t h i s maximum i s considered as an important c h a r a c t e r i s t i c of an induced 
swirling flow. 

" • ■ » . -

radius r/Ro 

A 

Figures 5.15A, S.15B and 5.15C Various vortex forms 

In literature practical relationships were encountered to predict the gas 
flow field of four of the five swirl inducing devices that are considered in 
AC-EXP1 (see A, B, Cl, C2, Dl and D2 in figure 6.9). 

In the relations to describe swirl elements the following variables are 
used: 

R = radius of swirl element 
R, = radius of vane blade curvature b 
R. = radius of buff body of swirl element 
c = (projected) length of vane blades 
t = thickness of vane blades 
s = distance between vane blades 
n = number of vane blades 
♦ = swirl angle of gas flow field 
<t> = vane angle 

The initial flow field and corresponding swirl number, induced by a swirl 
element with straight vanes (two examples are depicted in figure 5-16A), can 
be determined graphically with figures 5-16B and C (Fletcher [1973]) • 

radius r/Ro 
C 
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Gupta [1984], advises to use these types of swirlers for swirl numbers 
smaller than S = 0.7. so ♦ should not exceed 45°• According to this source, 
these swirlers become noticeably less efficient for higher swirl numbers due 
to flow separation around the blades. This results in increased downstream 
levels of turbulence and increased pressure drops. 

8 0 -

.mnijlfliiijiinif, 

t i i > i tl*) J fit I f I / f I 

Figures 5.16A, 5.16B and S.16C Swirler characterization I 

For swirlers with constantly curved blades, as depicted in figure 5.17A, the 
following relation is often used to determine the induced initial flow field 
(swirl angle) and swirl number (Buckley et al. [1980]): 

ƒ (s/iy 
♦ " *0 I1 " 0.001 ♦ + 0.21 ] (2 sin* /2) (5-33) 

This relation is represented graphically in figure 5.17B. With figure 5.17C 
the swirl number can be determined. 

80 1 

0 

£._U 
1 >/>/1 / { / n /1 > /-7-A it-

Figures 5.17A, 5.17B and S..17C Swirler characterization II 
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For swirlers with variably curved blades (see figure 5.18A) Mather and 
McCallum [I967] proposed the following relation to describe the influence of 
the swirler geometry on the induced flow field: 

1 
S = 

1 - (R±/R) 
2(1 - X) 1 - (R./R) 

■̂  tan * 2 o (5-3*) 

in which: X = n t 
2n R cos* 

This relation is graphically represented in figure 5.18B in which results 
are shown of an experimental validation by Mather and McCallum. They advise 
these swirl elements to induce swirling flows of which S > 1 if low pressure 
drops are required. 

S <eq. 5.34) 

Figures 5.18A and 5.18B Swirler characterization III 

ad 2. Pressure drop across swirler 
In some applications the separator pressure drop i s an important opera t ing 
c h a r a c t e r i s t i c . 5 wi l l represent the pressure drop across the swir l 
element. I t i s defined as: 

AP 

0.5P v 
(5-35) 

in which: AP = the pressure drop across the swirler 
v = the superficial velocity 
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ad 3- Hydraulic efficiency of swirler 
An important characteristic to compare different swirler types is the 
hydraulic efficiency. Only part of the pressure drop across a swirler will 
result in an increase of kinetic energy of the flow; the rest will be lost 
by friction. In other words (Leuckel [1968]): 

• • • • • 
Tcin.in s t a t . i n ~ Tcin.out s ta t .out + loss (5-Jo) 

in which: E, . . represents the to ta l incoming flux of kinet ic energy; 

• ^ 1 2 2 
E. . , = / T P(W- + u. 1 Uj 2n r dr (5-37) 
Tcin.in 2 ri in in' in y,J -"' 

o 
in which: u = the local axial velocity 

w = the local tangential velocity 

E, . correspondingly the outgoing kinetic energy flux 

Kin■Out 

E . represents the total incoming static pressure energy 
S C8t • lil 

flux and is quantified as follows: 
R Ê ,. t . = / P t t . u. 2 « r d r (5-38) stat.in stat.in in o 

E correspondingly the outgoing static pressure energy flux 
S tat* Out 

E1 flux of loss energy 

The hydraulic efficiency, e, , can be defined as follows: 

E.. - • tot.in ,_ on, eh = ~> (5-39) 

tot.in loss 

Except for the consequences for the pressure drop one should bear in mind 
that the dissipated energy that accompanies a low e, will lead to turbulence 

n 
which can seriously distort the flow field or cause dispersion of droplets. 
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ad h. Constructional aspects 
One of the characteristics a cyclone will be judged on is its economic 
feasibility: it should preferably be possible to take the swirler in mass-
production without high costs. Another aspect is the behaviour under fouling 
operation: the swirler should preferably have no narrow passages that will 
easily plug. 
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6. TEST FACILITIES AND EXPERIMENTAL RESULTS 

For project structure and nomenclature see innerside of front cover. 

6.1 Structure of chapter 

In this chapter the results of the EXP-blocks of the project structure are 
presented. In paragraph 6.2 the different test-rigs used for the experiments 
are described. In paragraph 6.3 three subparagraphs are devoted to each of 
the three separator types under investigation. In these subparagraphs all 
experiments relevant to the separator type in question are reported. 
In case of experiments that result in vast collections of numeric data 
references are made to corresponding appendices. 
At the beginning of the description of each EXP block a short overview is 
given of the purpose(s) of the experiments, the conditions under which they 
have been carried out, and, if applicable, where in the appendices the 
results can be found. 

6.2 Test facilities 

6.2.1 Introduction 

In the collection of experiments, necessary to produce the results specified 
by the EXP blocks, three groups can be discerned which each set specific 
demands to the test facility: 
1. Easy optical and physical accessibility~of the equipment to be tested 

(EXP1). 
2. Reproduction of practical operating conditions as reliable as possible 

(EXP2.3) for a basic separation unit. 
3. Reproduction of actual operation scale as reliable as possible (EXP1!,5). 

Unfortunately, it appeared not economical or practically feasible to combine 
these, sometimes conflicting, demands in one test-rig. Therefore, it was 
decided to build three test-rigs; each an exponent of each of the three 



-92-

above mentioned p r o p e r t i e s . There i s one exception: i t proved financially 
not feasible to design a large scale t e s t - r ig that could function under high 
p r e s s u r e . Therefore, EXP5 has been sp l i t up in two par ts : the large scale 
i n v e s t i g a t i o n s a re done on a l a rge atmospheric t e s t - r i g and w i l l be 
ex t rapo la ted according to the resul ts of specific experiments on a smaller 
scaled t e s t - r i g that operates under actual operating conditions. 

For each EXP-block specific modifications to the tes t sections appeared to 
be necessary, which demanded a flexible design of the t e s t - r i g s . 
In the following three subparagraphs a short characterization i s given of 
the framework of the three adjustable t e s t - r i g s . 
I t consists of a description of: 

I) the research purposes; 
I I ) the general form and range of experimental conditions; 

I I I ) the measurement and control sections. 

6.2.2 Test-r ig 1 (block EXP1, EXP2) 

Research purposes 
In the f i r s t p lace t h i s t e s t - r i g has been designed for the many gas flow 
field determinations that have to be ca r r i ed out in EXP1. These ve loc i ty 
measurements serve ei ther for defining s tar t ing conditions for the models to 
be set up in MODI or for validating predictions from these models. 
A second app l i ca t ion of this t e s t - r ig has been found in the observation of 
the interact ion between the liquid film (formed in the separation units) and 
the main gas stream. These experiments resort under EXP2. 

Description of t e s t - r i g 1 and range of experimental conditions 
The c e n t r a l pa r t of the t e s t - r i g i s the section that i s intended for the 
velocity measurements. This central measuring sec t ion i s designed as such 
t h a t an unperturbed gas flow i s offered to the separator , which can easily 
be replaced or modified. Experiments have been car r ied ou t only with 
atmospheric a i r and water. Variation of the gas density is not possible, and 
with respect to the EXP1 experiments not necessary. 
In this t e s t - r i g velocity flow fields have been measured mainly in axial and 
reverse flow cyclones of 50 mm 0. 
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Figure 6.1 Flowsheet of test-rig 1 Figure 6.2 Test-rig 1 

Range of experimental cond i t ions : a i r flow 0 - 7 5 m3 /hr 
: maximal p ressure drop 100 mbar 
: water flow 0 - 0 . 1 m'/hr 
: d50 ~ 25 um 

Measurement and control sect ions of t e s t - r i g 1 
Gas and liquid flow are measured by ordinary Rotameters; p ressure drops 
(except for the p i t o t tube) by water f i l led U-tube manometers. Therefore, 
a l l operating conditions have to be controlled and adjusted manually. This 
does not cause any delay, because the measurement of the gas flow field in 
the separation unit demands much more time. The gas v e l o c i t i e s have been 
measured with a p i to t tube of 1 mm 0 connected to a Setra 0-l^t mbar pressure 
transducer. 
The p i t o t tube v e l o c i t y measurement was pre fe r red to Laser Doppler 
Velocimetry (LDV) because of i t s r e l a t i v e l y simple way of opera t ion , i t s 
v e r s a t i l i t y and re la t ive insensibi l i ty to flaws in the experimental set-up. 
Moreover, i t was assumed that if highly swirling flows were investigated the 
s e e d i n g p a r t i c l e s , necessa ry for LDV opera t ion, might be d i s t i n c t l y 
influenced by i n e r t i a l f o r c e s . More thorough i n v e s t i g a t i o n of t he 
a v a i l a b i l i t y of small seeding p a r t i c l e s and d i sperga t ing mechanisms i s 
necessary before a d e f i n i t e conclusion can be drawn with r e s p e c t to 
instrumentation for the follow-up of this work. 
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Two large disadvantages of pi tot tube velocity measurements are: 
1) the presence of the pi tot tube in the gas flow influences the gas flow; 
2) the p i to t tube is not able to measure turbulence spectra. 
The f i r s t disadvantage has been minimized by designing a pi tot tube with a 
much smaller diameter than that of the measured objects (< 2%). 

6.2.3 Test-r ig 2 (block EXP2, EXP3, EXP5) 

Research purposes 
This t e s t - r i g has been designed to carry out the experiments: 
1. (of EXP2) tha t cha rac t e r i ze the behaviour of the l i q u i d phase . The 

i d e n t i f i c a t i o n of the physical phenomena provides in the f i r s t place 
s ta r t ing conditions to the models of block M0D2. Moreover, with these 
experimental resul ts the predictions of these models can be validated. 

2. (of EXP3) that characterize the behaviour of the basic separa t ion un i t 
(one cyclone or s e t of vane blades) under the same operating conditions 
as in pract ice. With these resul ts the M0D3 models can be validated. 

In one experiment the t e s t - r ig will be used to contribute to block RFC-EXP5. 

Description of test-rig 2 and range of experimental conditions 
The c e n t r a l sec t ion of this t e s t - r ig i s formed by a vessel that contains a 
basic separation unit of which the operat ing condi t ions can be carefu l ly 
con t ro l l ed and adjusted. The operat ing character is t ics of the separation 
uni t can be monitored accurately as well. 

Because many d i f f e ren t separa t ion un i t s needed to be tested in different 
ways, the t e s t - r ig is designed in such a way tha t the cen t ra l measuring 
sec t ion can easily be modified or interchanged for another vessel to ensure 
optimal accommodation of the separation uni t . 

The flowsheet of the t e s t - r i g (figure 6.3) basically consists of a closed 
gas- and liquid-loop. The liquid is sprayed in the gas just in front of the 
measuring v e s s e l . The mist i s separated part ly by the separation unit and 
par t ly by a mist stripping vessel (containing f i l t e r ca r t r idges ) fur ther 
downstream. The l a t t e r device extracts the liquid that has passed through 
the separation uni t . 
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Other important parts of the gas loop are: 
1. A r o o t s blower as d r i v i n g force of the gas s t r e a m . One of t h e 

requirements of the t e s t - r i g i s the p o s s i b i l i t y of pressurization in 
order to achieve higher gas d e n s i t i e s . I t appeared to be d i f f i c u l t to 
find a roots blower that could withstand internal pressures higher than 5 
bar. After some frui t less experiments with spec i a l shaf t s e a l s i t was 
decided to place a conventional unit inside a pressurized vessel. This 
necessitated a special heat exchanger to remove the dissipated energy of 
the blower engine from the recirculating gas stream. 

2. A heat exchanger to regulate the gas temperature (see 1.). 
3. Control equipment to regulate the gas flows through the measuring vessel 

and the heat exchanger. 
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Figure 6. 3 Flowsheet of test-rig 2 

To achieve the same gas dens i ty as reported in sec t ion 5.2 i t has been 
decided to f i l l the t e s t - r i g at medium pressures with a heavy gas. The most 
economical and practical gas appeared to be SFt (sulfur hexafluoride) with a 
densi ty of 6.5 kg/m3 and a vapour p r e s s u r e of over 40 b a r s a t room 
temperature. Gas d e n s i t i e s of over 60 kg/m3 are possible at an operating 
pressure of 10 bar, for which pressure the t e s t - r ig has been designed. 

http://8loi.tr
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To be able to transport the test-rig to even bulkier equipment it has been 
built on two more or less mobile carriages. (In an early stage of the 
project it was considered to use measurement equipment consisting of a set 
of rigidly fixed large pulse-lasers to create holografic images of disperse 
phase systems.) One carriage contains all the driven, and thus vibration 
generating, equipment. The other contains the measuring vessel and equipment 
necessary to characterize the separation unit. The carriages are connected 
with 5 n> long flexible hose pipes (see figures 6A and 6.5). 

Figure 6.4 Driven equipment of 
test-rig 2 

Figure 6.5 Measuring section of 
test-rig 2 

The experimental conditions that can be varied and the range over which this 
is possible are listed below: 

gas flow 20 - 120 m3/hr 
maximal pressure 10 bar 
gas density 1.3 _ 60 kg/m3 
maximal allowable pressure drop across separator 1 bar 
liquid flow 1 - 0.04 1/hr 
droplet size distribution, d50 10 - 100 urn 
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As shown by the relations in section 5-2, in practice the droplet size 
distribution will most often lie above 5 Pm- The d5 „ of the mist can be 
adjusted either by varying the ratio between flow rate and pressure drop 
across a spray nozzle, or by using differently sized nozzles. 
Almost any liquid can be used in this test-rig to vary physical properties. 
The physical properties of the used liquids are given in appendix C, page 
C.l. 

Measurement and control sections of test-rig 2 
To characterize a separator the separation efficiency and pressure drop have 
to be determined as a function of the following operating conditions: 
1. gas flow; 
2. gas density; 
3. liquid loading of gas; 
4. physical properties of liquid; 
5. drop size distribution of mist. 

It is quite simple to monitor real time the separation efficiency and 
pressure drop of the separator and at the same time the first three 
mentioned variables. A software driven data collection/process control unit 
has been used that monitored the process and adjusted the experimental key 
conditions automatically. The flow meters and pressure transducers could be 
coupled directly to the data collection device. 

It proved to be more difficult to automatize the measurement of drop size 
distributions of the mist. A measurement technique has been used that 
derived the particle size distribution of a dispersion by interpreting its 
diffraction pattern, described by for instance Felton et al. [1985]- The 
practical embodiment of this measuring principle was formed by a Malvern 
2600D apparatus that has been put at the disposal of this project against a 
reduced rate. 
Each measurement had to be preceded by careful preparation and required much 
manual labour (especially the cleaning and aligning of the glasses through 
which the measurements were carried out). Therefore, the determination of 
droplet size distributions took place in special sessions, while the routine 
characterizations were carried out unattendedly. 
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6.2A Test-rig 3 (EXP2. EXPk, EXP5) 

Research purposes 
The experiments on this test-rig contributed to the following objectives: 
1. (of EXP4) the identification of the physical phenomena that accompany the 

scaling up of a basic separation unit to a real scale separator (EXP4); 
2. (of EXPU) the validation of the predictions of the models (M0D4) that 

specifically describe these effects; 
3. (of EXP5) the formation of an extensive database for which several sorts 

of separators have to be characterized under varying (atmospherical) 
conditions in order to validate the atmospherical part of the (M0D5) 
models. 

Because test-rig 2 was constantly in use for cyclone experiments, test-rig 3 
has also been used for some experiments of the V-EXP2 block . 

Description of test-rig 3 and range of experimental conditions 
This test-rig is very similar to test-rig 2, except for two important 
differences: it is twenty times larger and it can not be pressurized. 
The central section of this test-rig is a vertically orientated vessel, 
size and shape adjustable, in which the separator unit can be accommodated 
optimally. In figure 6.6 three different configurations of the measuring 
vessel are presented. To prevent periods of stand-still, necessary to change 
over to other configurations, the measuring section has been executed in 
twofold. This way, one section can be used for test runs, while the other is 
prepared for the next experimental session. 

Also this test-rig consists of a closed, partially entwined, gas and liquid 
loop (see figure 6.8). The most important components of the gas loop are: 
1. a demister vessel that extracts the unseparated mist from the gas flow 

(downstream of the measuring section); 
2. a roots blower as driving force of the gas (because the test-rig can not 

be pressurized, special preparations like those for the blower of test-
rig 2 are not necessary); 

3. a heat exchanger to control the gas temperature in the closed loop; 
4. control equipment to regulate the gas flows through heat exchanger and 

measuring section. 
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Figure 6.6 Possible test configurations of test-rig 3 

The most important components of the liquid loop are: 
1. the spray nozzles, of which two types were used: 

a. Ultrasonic nozzles, in case vertically flowed through separation units 
were tested and fine droplet size distributions had to be achieved. 

b. Direct impact nozzles for all other cases. 
When ultrasonic nozzles were used, a separate high pressurized air flow 
appeared to be necessary to drive them. The air pumped in the system was 
bled downstream of the mist extraction vessel. 

2. a high pressure (twenty stage) centrifugal pump as driving force of the 
liquid flow. It was chosen powerful enough to attain reasonably fine 
mists even when direct impact nozzles were used. 

3. control equipment (valves) to regulate the liquid flow over a wide range. 
Although the test-rig can not be pressurized, it has been prepared to run 
with different gas fillings (SF8 ) . This way, gas densities may be raised 
at atmospherical, or near atmospherical conditions to approximately 10 
kg/m3 . However, no experiments have been carried out with this option yet. 
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Figure 6.7 Test-rig 3 
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Figwe 6. 8 Flowsheet of test-rig 3 

The experimental conditions covered by this test-rig are listed below: 
S a s f l o« 450 - 2400 m'/hr 
maximal operating pressure 1.5 bar 
gas density 1-3 _ 10 kg/m3 
maximal allowable pressure drop across separation unit 500 mbar 
liquid flow 0-01 _ 0-5 m3/hr 
droplet size distribution, d5 „ 15 m (ultrasonic) - 100 urn 

To vary the liquid properties every liquid that does not affect plexiglass 
can be used. (The used liquids are listed in appendix C, page C.l.) 

Measurement and control sections of test-rig 3 
Because the operating principle of this test-rig is similar to that of test-
rig 2 the measurement and control is carried out in the same way. For more 
information is referred to the corresponding section of test-rig 2. 
During its unattended runs test-rig 3 could establish a modem connection to 
a remote operator for intervention. Even better than test-rig 2, this test-
rig could achieve a very large number of useful running hours (one time it 
runned continuously over three weeks, testing four different geometries). 
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6.3 Experimental results 

6.3-1 Axial cyclones 

Block AC-EXP1 
In first instance the experimental results of this block were meant for 
validation purposes only. The subject of validation would be the model that 
describes the gas flow inside an axial cyclone as a function of its geometry 
(MODI). The gas flow pattern inside an axial cyclone depends on the type of 
swirl element. It appeared that with the literature information and software 
facilities at hand (see section 5-5) it was hardly possible or practical to 
model the influence of the geometry of a swirl element reliably. Therefore, 
it has been decided to carry out measurements to characterize a group of 
different practical swirl elements first, so that with these results can be 
determined which swirl element will meet the requirements that follow from 
the starting conditions of the rotating flow simulations (see chapter 7). 
The swirl elements in question are represented in figure 6.9-

Dl D2 E 

Figure 6.9 Tested swirl elements 
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Apart from this swirler characterization, which mainly served to provide the 
starting conditions of MODI, many measurements have been carried out further 
downstream of the swirl elements at different locations in different types 
of geometries. 
The main difference in test geometries lies in the liquid discharge section, 
which can either be coaxial or radial (for the exact description of this 
aspect see the corresponding paragraphs in section 3-^-4-5)- Other important 
geometrical variations that have been characterized are the purge gas rate 
and the gas outlet diameter. 
With these measurements the predictions of the MODI models were validated. 

V_Jv92 

Figure 6.10k Coaxial liquid outlet Figure 6.10B Radial liquid outlet 

In figures 6.10A and B the nomenclature for each type of axial cyclone is 
given. The locations downstream of the swirl element at which the gas flow 
field has been determined, are also indicated. 

In table 6.1 the different swirl elements are characterized according to the 
structure proposed in section 5-5- The basic operating characteristics like 
the swirl number, hydraulic efficiency and pressure drop coefficient are 
given in the table. The gas flow fields downstream of the swirl element are 
depicted in appendix C and referred to in table 6.II. 
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swirl element 
{figure 6.9) 

A 
B 
Cl 
C2 
Dl 
D2 
E 

swirl number, 
S 

1.0 
1.2 
0.8 
0.5 
2.0 
1.2 
1.1 

hydraulic 
efficiency, e, 

0.4 
0.5 
0.6 
0.9 
0.7 
0.9 
0.8 

pressure drop 
coefficient, £ 

12.2 
6.1 
3-2 
1.1 
9.1 
2.1 
5.6 

Table 6.1 

In table 6.II the experimental conditions and specific geometrical 
properties of the flow field determinations for validation purposes are 
listed according to the nomenclature of figure 6.10. The results (gas flow 
field distribution) are printed in appendix C. 
In this table at some locations a coaxially purging cyclone is defined with 
zero percent purge rate and a gas outlet diameter corresponding to the 
diameter of the cyclone. These measurements have been used to determine the 
unimpeded flow fields behind several swirl elements. 

exp. 
no. 

1 
2 
3 
h 
5 
6 
7 
8 
9 
10 
11 

type of 
liquid 
discharge 

C 
C 
C 
C 
C 
C 
C 
C 
C 
R 
R 

type of swirl 
element 

(figure 6.9) 
A 
B 
Cl 
C2 
Dl 
D2 
E 
Cl 
C2 
Cl 
Dl 

diameter of 
gas outlet 

De/D 

1 
1 
1 
1 
1 
1 
1 
0.5 
0.5 
0.5 
0.6 

purge 
rate 

% 

0 
0 
0 
0 
0 
0 
0 
10 
15 
15 
10-15 

location 
of 

measurement 
B 
B 
B 
B 
B 
B 
A 

A.B.C 
A,B,C 
A.B.C 
B.C 

results in 
appendix C 

page 
C.1 
C.1 
C.1 
C.1 
C.2 
C.2 
C.2 
C.2 

C.2.C.3 
C.3 
C.3 

Table 6.II 
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Block AC-EXP2 
The results of this block provide starting conditions and means of 
validation to model the liquid phase. Because the most important internal 
phenomena are similar for reverse flow and axial cyclones and because the 
necessary experiments have been carried out extensively for reverse flow 
cyclones, it is referred to these experiments (RFC-EXP2) to determine: 
1. the measure of wetting of the internal surface of the cyclone as a 

function of liquid load and liquid physical properties, gas load and -
density and centrifugal acceleration; 

2. the film regime as a function of the same variables; 
3. the inception point of reentrainment as a function of the same variables. 

The experiments, specifically carried out for axial cyclones, that resorted 
under this block were very practical and qualitative. The major part took 
place on test-rig 1 and concerned the preliminary investigations into the 
influences of several geometrical variations with respect to the liquid 
outlet (see figures 6.10A and B) . All experiments were carried out with 
atmospheric air/water mixtures. They were performed in the first place to 
come to a more or less representative design for a cyclone with a radial 
liquid discharge. However, a limiting phenomenon inside the coaxially 
discharging cyclone has been identified as well. At high liquid loadings the 
interfacial friction in the discharge section is not high enough to carry 
all the liquid out of the cyclone. Heavy reentrainment might be caused just 
underneath the vortex finder (see figure 6.11A). 

Starting from the values for L/D and D /D, recommended by Stenhouse [1984] 
(see section 3■^■^ -5) for a cyclone with a coaxial liquid discharge, a 
preliminary design for a radially purging cyclone has been developed. This 
cyclone is tested thoroughly in block AC-EXP3 as a representative of the 
axial cyclone type with radial liquid discharge. The influences of the 
following geometrical variables were investigated: 
1. number of slits across the circumference of the tube; 
2. height of the slits (as such that the distance between the swirl element 

and the beginning of the slits was varied); 
3. form of the slits (see figures 6.11B and C); 
k. swirl element. 
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Fig. 6.11A Reentrainment in coaxial discharge Fig. 6.11B,C Slit geometries 

The most important conclusions are: 
1. With all swirl elements that induce flows of which the swirl number >0.9, 

85-90% of the liquid in the gas was flung out in the first centimetres 
above the swirl element (approximate d50 of mist amounted to 25 um). 

2. With the swirl elements with no or only a small buff-body (elements A, 
Cl, Dl) extensive reentrainment occurs from the downstream side of the 
buff-body because of liquid creep in the swirl element towards its 
center. This affects the separation efficiency very disadvantageously. 

3. With swirl elements A, Cl and Dl liquid strings can 'escape' between the 
slits if only three slits are present in the circumference of the tube. 
This effect does not take place if the tube has four discharge slits, 
or at purge rates above 2^>%. 

4. The form of the slit also determines the efficiency of the liquid 
discharge. Configuration B (figure 6.11C) provides a considerable more 
efficient discharge than configuration A. In case of configuration A 
droplets have been observed to jump across discharge slots. 

In order to be able to verify the predictions of AC-M0D2 with respect to the 
particle trajectories it was attempted to measure the drop size distribution 
of the non-separated mist downstream of the cyclone on test-rig 2. With this 
information fractional efficiency curves could be calculated. 
In case no reentrainment, creep or shortcircuiting of the purge air occurs, 
the d5 0 of a reasonably well designed cyclone results generally in overall 
separation efficiencies up to 99-5%. With the available equipment it is 
impossible to measure accurately this very low carry-over. 
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Block AC-EXP3 
The experiments carried out in this block are used to characterize 
representative axial cyclones under practical oil field conditions. On test-
rig 2 experiments took place with water and SF, under varying pressures. 
The geometries that have been tested (nomenclature according to figure 6.10) 
are given in table 6.III. The corresponding experimental conditions and the 
figures in which the results are reported are given in table 6. IV. Figure 
6.12 shows the influence of gas density on the operation of cyclone type II. 

type of 
liquid 
discharge 

I coaxial 
II radial 
III radial 

diameter 
D (mm) 

50 
50 
50 

length of 
separation 

zone, L (mm) 

125 ■ 
125 
125 

swirl 
element 
type 

C2 
A 
C2 

diameter of 
gas outlet 
D (mm) e 
30 
30 
30 

secondary sepa
ration device 
B (mm) 

10 
10 
10 

Table 6.Ill 
run 

1-3 
4-6 
7-9 

type 

I 
II 
III 

gas density 
(kg/m3) 

15, 20, 40 
15, 20, 40 
15, 20, 40 

gas through
put (m3 /hr) 

30-100 
30-100 
30-100 

liquid 
loading 
(10"^)* 

12 
12 
12 

pressure drop 
coefficient 

(C) 
13 
24 
14 

efficiency 
curves in 
app. C.page 

c.4 
c.4 
c.4 

* the corresponding droplet size distribution is given in app. C, page C.4. 
Table 6. IV 

separation efficiency of trad.cyclone 
100 

95-

65-

80-f 1 1 1 i 1 1 1 1 1 1 
0 10 20 30 (0 50 60 70 BO 90 100 

gasftow (mVhrl 

Fig. 6.12 Example of axial cyclone characterization: run 4-6 table 6.IV 

Blocks AC-EXP4 and AC-EXP5 
It is assumed that no detrimental secondary effects (maldistribution) of any 
scale will take place in an axial multicyclone. Therefore, no experiments 
were planned in these blocks. 

A Pn=15kg/m* 
D Pg.20kg/»l 
• Pg=l0kg/ml 
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6.3-2 Reverse flow cyclones 

Block RFC-EXP1 
The experimental results in this block supplement the information gathered 
in section 5-5-2 necessary to validate the gas flow field model of a reverse 
flow cyclone. Much information is available on the conventional reverse flow 
cyclone with a single tangential inlet. A reverse flow cyclone that is often 
used in the oil field industry is the double tangential inlet type. Of this 
type hardly any quantitative information exists (for a more elaborate 
description see section 'iA.k.k). Therefore experiments in this block were 
carried out to characterize also this reverse flow cyclone type. 
The physical information necessary to set up the fundamentals of the flow 
field model (swirling flows in straight tubes) can in principle be deduced 
from the corresponding AC-block. 

E -

I - 829, 

B 50.0 

0.7SO»0.37SO- W 

Q/01-t.5 m/s. 
p.0.09 N/ml 

Figure 6.13A Test cyclone A Figure 6.13B Test cyclone B 

Gas flow f i e l d measurements have been ca r r i ed out on two geometries 
(depicted in figures 6.13A and B). Figure 6.13A was chosen as a geometrical 
averaged version of two similar industrial ly applied cyclones (fabricators: 
Paladon and Burgess Manning). Figure 6.13B i s an example of a conventional 
high througput cyclone (Stairmand [1951]. see appendix A ^, .k .k.2). The 
locations a t which the gas velocity d i s t r i b u t i o n s have been measured are 
indicated in the figure. The flow field measured at location I has served as 
s ta r t ing condition of a version of RFC-MODI. The flow fields measured at the 
other two locations were planned for validation purposes. 
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Table 6.V summarizes the conditions of the experiments and the location of 
the graphical results. (£ refers to the cross sectional area of the cyclone) 

exp. 
nr. 

1 
2 
3 
4 

geometry 
(fig. 6.13) 

A 
A 
B 
B 

location of 
measurement 

1 
II 
I 
II 

throughput 
(m3/hr) 

50 
50 
50 
50 

pressure drop 
coefficient 

(C) 
27 
-
45 
-

flowfields 
depicted in 
app. C, page 

C.5 
C.5 
C.5 
C.5 

Table 6.V 

Block RFC-EXP2 
The experiments described in this block have supported in the formulation of 
models that describe the behaviour of the liquid phase in reverse flow 
cyclones (to a large extent also applicable to axial cyclones). 
The liquid phase occurs in the cyclone in two forms: 
1. the original mist phase; 
2. the liquid film that has been formed by separated mist particles. 
The major part of the experiments in this block have been carried out with 
respect to the latter. 

Experiments with respect to the liquid film behaviour 
These experiments have pursued two objectives: 
1. Determination of the film properties in different sections of the cyclone 

(film thickness, flow regime); 
2. Identification of conditions and locations of detrimental effects inside 

the cyclone. 
With this information it is possible to provide the reentrainment models 
listed in sections 5-3 and 5-'* with data. It is then possible to check their 
validity for centrifugal systems, or modifying them to describe these 
systems. If the phenomenological model of Ishii [1975] is taken as the most 
versatile and reliable of those listed in chapter 5> and therefore most 
suited to be embedded in RFC (and AC) M0D2, the minimal physical data 
necessary to collect are: 
1. the film thickness distribution in the cyclone; 
2. the liquid Reynolds number (or, with 1: the film velocity); 
3. gas phase properties, supplied by EXP1 or MODI. 
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The film characteristics that are the object of investigation (and of 
prediction) are: 
1. the film flow regime; 
2. the occurrence of reentrainment; 
3. the occurrence of creep. 
The last aspect is not covered by the models of sections 5.3-5.5. 

Figure 6.14 Visually accessible Figure 6.15 Test vessel in actual 
test vessel operation 

These experiments have been carried out with a specially designed measuring 
vessel which enabled close observation of the internal phenomena of a 
cyclone. The measuring vessel consisted of a central plexiglass section 
which forms the separation or settling zone of a reverse flow cyclone (see 
figures 6.14 and 6.15). The (double) tangential inlet was accommodated in 
the stainless steel 'head' of the vessel in which the mist was sprayed. 
Observations were possible: 
1. through an endoscope that was embedded in the vortex finder of the 

cyclone. This way the internal surface of the liquid film in the 
separation zone could be visualized; 

2. through the plexiglass section of the general appearance of this liquid 
film and other internal phenomena (for instance the film behaviour on the 
vortex finder). 
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The separation efficiency, pressure drop and experimental conditions could 
be measured simultaneously. To transpone the results of the determinations 
(on a plexiglass surface) to a situation in which the inner surface of a 
cyclone consists of steel, the angle of contact of the test liquids has been 
determined on respectively plexiglass, smooth steel and corroded steel. The 
inner surface of the plexiglass part was perfectly smooth. 

Experiments have been carried out with air/water mixtures with gas densities 
up to 10 kg/m3 . Experiments with glycol and SFt are planned for the near 
future; they have not been carried out yet because of the rare availability 
of the necessary high speed video equipment. It is, however, not expected 
that the general findings of these experiments will be drastically changed. 
From the results of the next block (RFC-EXP3) it appears that the operating 
characteristics of a cyclone are similar for different liquid and gas 
properties. Qualitatively, this probably means that the mechanisms that have 
been found to limit cyclone operation with air/water mixtures also limit 
cyclone operation under other conditions. 

In the following presentation of results the qualitative findings are 
described (1-5). In table 6.VI the experimental conditions and measured 
quantities are summarized. The geometry of the test cyclone is depicted in 
figure 6.17 and corresponds largely (except for the extended separation 
zone) to a Burgess-Manning type cyclone. Therefore, the overall operating 
characteristics of this cyclone are very similar to that of cyclone type D 
(figure 6.18B) tested in the next block. Under most circumstances the full 
inner perimeter of the cyclone is wetted. 
1. The liquid flow, however, is to a large extent concentrated in two 

channels that start from the lower downstream end of each tangential 
inlet. This effect does not take place at high gas and liquid loading. 

2. Just underneath the vortex finder an accumulation of liquid takes place, 
which results in a substantially thicker film. A bit lower (10-30 mm, 
depending on conditions) the accumulation spreads out, and surprisingly, 
the two thicker channels that originally flowed into this accumulation, 
seem to flow out of it seemingly unchanged. The accumulation is 
apparantly caused by a change in the ratio of local axial and tangential 
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gas velocities, as the angle of inclination is much smaller in the 
accumulation than up- or downstream of it (see figure 6.16). 
Significant reentrainment of the liquid film in the cleaned gas seems to 
take place only from this band of accumulated liquid. If reentrainment 
takes place further down, reentrained drops seem to be deposited directly 
afterwards. Disturbances in the liquid film downstream of the band of 
accumulated liquid seem to be minimal in comparison to the disturbances 
in the band itself. 
Reentrainment from this band occurred only when large disturbance waves 
appeared. 
During all observations a certain amount of liquid crept along the vortex 
finder into the cleaned gas stream. The estimated quantity amounts from 
0.5-1.0^ of the total liquid throughput. 

In table 6.VI the results are summarized with the corresponding experimental 
conditions under which they have been measured. 

B31.I. 

Approx 55 
Perspex 

Fig. 6.16 Observed phenomena in cyclone fig. 6.17 Geometry of test cyclone 

The endoscope was put at the disposal of the project by Wolf GmbH. 
Koninklijke/Shell-Laboratorium, Amsterdam assisted in the measurements. 
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exp. 
run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

gas 
density 
(kg/m3 ) 

1.3 
1.3 
1.3 
5 
5 
5 
10 
10 
10 

liquid 
loading 
(•10%#) 
(d5l, ~20um) 

3 
6 
12 
3 
6 
12 
3 
6 
12 

channels 
disappear 
at (m3/hr) 

90 
80 
65 
80 
80 
55 
75 
70 
50 

band fully 
turbulent 
at (m3/hr) 

60 
60 
60 
60 
55 
60 
55 
50 
55 

reentrainment 
observed 

at (m3/hr) 

65 
60 
60 
55 
55 
60 
50 
55 
55 

efficiency 
curves and 
film velocity 
app. C, page 

C.6 
C.6 
C.6 
C.6 
C.6 
C.6 
C.6 
C.6 
C.6 

Table 6. VI 

Experiments with respect to the behaviour of mist phase 
Like in b lock AC-EXP2, i t was a lso t r i e d here to measure f r ac t iona l 
efficiency curves. Unfortunately, the same negative r e s u l t s were achieved. 
In t h i s case not only because of the very low concentra t ions of mist 
part ic les in the cyclone o u t l e t , but p a r t i c u l a r l y because the p a r t i c l e s 
appeared to be large and probably originated from sheared off creeping film. 
After these measurements i t was clear that i t would be necessary to measure 
pr imary f r a c t i o n a l e f f i c i e n c y curves with dust in order to prevent 
distort ion because of creep. (This has not been carried out sofar.) 

Block RFC-EXP3 
The experiments in this block are necessary to form a general database to 
ver i fy the p red ic t ions of the general RFC-M0D3 model, that i s intended to 
descr ibe the fu l l behaviour of a cyclone. Therefore, experiments were 
c a r r i e d out with four d i f fe ren t cyclone geometries (two of which were 
designed according to guidelines collected in sec t ion 3 . 4 . ^ . 2 ; and two of 
which were cyclones tha t are popular in practical operation) . These four 
geometries are depicted in figures 6.13B and 6.18A-C. 
Table 6.VII l i s t s the experimental condi t ions under which each of these 
cyclones was characterized and where the resul ts can be found in appendix C. 
Each run cons i s t s of a va r i a t ion of the gas flow from 30-100 m3/hr and of 

-5 the liquid load from 2-12*10 v%. In appendix C cyclone types B, C, D and E 
are referred to as cyclones I , I I , I I I and IV. 



0.5D 

0.5Dx0.2D 

Q/D2=1.5 m/s. 
Aplair at 20», 1 bar 

= 0.07 N / V 

Figure 6.18A Cyclone 
geometry C 

B33.-1 

.Sklr 

Figure 6.18B Cyclone Figure 6.18C Cyclone 
geometry D geometry E 

exp. 
run * 

1 
2 
3 
4 
5 
6 
7 
8-10 
11-13 
14-16 
17-19 
20 
21 
22 
23 
24 
25 

cyclone type 
(fig.6.13/18) 

B 
B 
B 
C 
C 
C 
C 
D 
D 
D 
D 
D 
D 
E 
E 
E 
E 

gas density 
P " kg/m3 

1-3 
4 
6.5 
1.3 
4 
6.5 
10 
1-3 
4 
6.5 
10 
13 (SF,) 
25 (SF,) 
1-3 
4 
6.5 
10 

liquid sort 
«* 

wa 
wa 
wa 
wa 
wa 
wa 
wa 

wa,bu,gl 
wa.bu.gl 
wa,bu,gl 
wa.bu.gl 

wa 
wa 
wa 
wa 
wa 
wa 

pressure 
drop (5)*** 

45 
-
-
65 
-
-
-
24 
-
-
-
-
-
2q#»»# 
-
-
-

eff. curves 
app. C. page 

C.7 
C.7 
C.7 
C.7 
C.7 
C.7 
C.7 

C.7.C.8 
C.8 
C.8 
C.9 
C.9 
C.9 
C.9 
C.9 
C.9 
C.10 

* in each experiment the gas flow i s var ied from 30-100 m3 / h r a t l i q u i d 
loadings of 2-12 vol* . 

** droplet size distributions depicted in appendix C, page C.10. 
2 *** 5 relates to cross sectional area of cyclone (0.25 n D ). 

**** pressure drop curves given for measurements with water in appendix C, 
page C.10. 

Table 6. VII 
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Block RFC-EXP'J 
The experiments carried out in this block serve to identify and quantify the 
detrimental effects that accompany the scale-up of a single cyclone to a 
multicyclone package. With this information it is possible to form a basis 
for the MODU blocks and their validation. As was the case with other EXP-
blocks (AC-EXPl and RFC-EXPl) part of the data are used as starting 
information for M0D4 and part for its validation. The results envisaged in 
the first objective are: 
1. Determination of the variation of inlet conditions of individual cyclones 

across a multicyclone package; 
2. Determination of the influence of the multicylone geometry on this 

variation. 
The results envisaged in the second objective are: 
1. Comparison of the operating characteristics of a single cyclone to those 

of the average individual cyclone in a multicyclone package; 
2. Comparison of the operating characteristics of a single cyclone to those 

of the average individual cyclone in a special multicyclone package. This 
package has been designed in such a way that every single cyclone is 
positioned identically. 

The set-up of the experiment clearly implies that of all detrimental effects 
mentioned in section 'i.kA.k, the effect of maldistribution of gas and 
liquid phases across a package will be investigated especially. The other 
effects are mainly constructional or mechanical and can easily be avoided. 
The different multicyclone geometries that have been tested are depicted in 
figure 6.I9. Test bundles B and C (Paladon) are composed of cyclones of type 
E (figure 6.18C). Testbundle A (Burgess Manning) consists of cyclones of 
type D (figure 6.18B). 
This multicyclone has been specially prepared to measure the operating 
conditions of the individual cyclones in the multicyclone bundle. 
Provisions were made to measure: 
a. the liquid loading of a number of cyclones; 
b. the gas flow through the vortex finder of these cyclones. 
The cyclones that have been measured individually are situated at represen
tative locations across the multicyclone and are indicated in figure 6.19-
Figure 6.20 shows a picture of the multicyclone under investigation. 
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Figure 6.19 Multicyolones A-C Figure 6. 20 Multiayalone A 

T e s t b u n d l e s B and C c o n s i s t of only one l a y e r of cyclones . Test bundle A 
f ea tu re s a double l a y e r . This appears to be a p r a c t i c a l method to minimize 
t h e d i a m e t e r of t h e v e s s e l ; a p r a c t i c e sometimes a l so ca r r i ed out by the 
o the r manufacturer. Test bundle C i s a cyclone package with one cyclone l e s s 
t h a n B i n which a l l c y c l o n e s a r e p o s i t i o n e d i d e n t i c a l l y to minimize 
m a l d i s t r i b u t i o n . The experiments of t h i s block a re l i s t e d in t ab l e 6 .VIII as 
numbers 1-9. Figure 6.21A gives an example of the 'mul t icyc lone ' e f f e c t . 
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Fig. 6. 21A Multiayalone effect Fig. 6. 21B Multiayalone A Fig. 6. 21C Multiayalone B 
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Block RFC-EXP5 
The resul t s of th is block are used to form a database with which the general 
multicyclone describing model (M0D5) can be verified. 
The measurements to quantify the multicyclone effect have already resulted 
in a vas t amount of atmospheric data tha t can f u l f i l t h i s f u n c t i o n . 
Therefore, the only ex t ra experiments s p e c i f i c a l l y carried out for th is 
block consisted of the determination of the operating character is t ics of the 
mult icyclones presented in f igure 6.19 with another two phase system, 
glycol/air . 
The part iculars are summarized in table 6.VIII. 

exp. 
run * 

1- 3 
h- 6 
6- 9 
10-12 
13-15 

multicyclone 
type 
A 
B 
C 
A 
B 

liquid 
sort ** 
water 
water 
water 
glycol 
glycol 

extra carry-over of 
multicyclone w.r.t. 
single cyclone *** 

ca. 17x 
ca. llx 
ca. 2.5x 

-
-

results in 

Nieuwenhuis 
[1987] and 
Besemer 
[1988] 

* each run consists of determination of separation efficiency and pressure 
-5 drop from approximately 30-100 m3/hr with 2-12'10 v% of l iquid. 

** in le t droplet size dis tr ibut ions: d_„ varies between 25 - 75 urn. 
5U 

*** measured at 100 m3/hr. 
Table 6.VIII 

In figures 6.21B and C examples are given of the characterizations of 
multicyclones A and B. It appears that the separation efficiency of A 
decreases with decreasing liquid load, while the separation efficiency of B 
increases. This effect will be explained in chapter 7-
For test-rig 2 a test vessel has been designed in which two single cyclones 
can be accommodated. The operating conditions offered to each of the 
cyclones can be carefully controlled. Also the operating characteristics can 
be monitored separately. This vessel is depicted in figure 6.22. 
With these experiments, which are not finished yet, it is expected to extend 
the validation of the relations to be set up in MOUk to all operating 
conditions. 
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im» 

Figure 6.22 Test vessel for two cyclones 

6.3-3 Vanes 

As already mentioned in chapter 4, the emphasis of the present research 
project has been put on the investigations of the cyclone-type separators. 
Large parts of the logical project structure for these separators have been 
completed. The completion of the project structure for vanes is much less 
advanced. Therefore the emphasis of the follow-up project will be put on 
these separators. These results will be included in the thesis of Verlaan 
[planned to be published in 1990]. Experimental results have already been 
obtained, sometimes even in vast amount, but the whole collection looks 
somewhat fragmented as still some important data lack. 
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Block V-EXP1 
The r e s u l t s of the experiments of th is block are used to val idate the MODI 
predictions of the gas flow field between vane blades. Unlike the other EXP1 
blocks no information needs to be co l lec ted to s t a r t the models with, 
because the modelling of vanes appeared to be much more s t r a i g h t forward 
than t h a t of cyclones. Anticipating the already mentioned follow-up thesis 
of Verlaan, preliminary experiments lead to the following measured gas flow 
f i e ld d is t r ibut ions between vane blades of a geometry as depicted in figure 
6.23A. Velocities are measured with the pi tot tube as described in e a r l i e r 
EXP1 blocks . In f igure 6.23B the corresponding gas flow l ines , visualized 
with smoke, are shown (De Kort [1987])-

Fig. 6.23A Indicative example of measured velo- Fig. 6.23B Flow field 
city distribution between vanes visualization 

Block V-EXP2 
The experiments in t h i s block are necessary to check the models t h a t 
descr ibe the behaviour of the liquid phase. As encountered with the other 
separator types this means that the behaviour of i) the liquid film and i i ) 
the disperse phase (droplets) has to be characterized through experiments. 
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Experiments with respect to the liquid film behaviour 
One experiment has already been carried out on test-rig 3- For this purpose 
a commercial vane package was prepared for internal investigations. One of 
the more or less hollow blades of this vane package (Burgess Manning 625) 
has been provided with a longitudonal slit, in which an endoscope could be 
embedded unobstrusively to view the opposite blade (for precise description 
of geometry see section 3 -̂ - 3)- The location of this slit was chosen so that 
the second drainage slit of the opposite blade could be observed (see figure 
6.24A). The endoscope was put at the disposal of the project by Wolf GmbH. 
Koninklijke/Shell-Laboratorium, Amsterdam assisted in the measurements. 

Figure 6. 24A Field of view Figure 6.24B Experimental set-up 

The important observations of these investigations were: 
1A. At superficial gas velocities (referred to the frontal area of the vane) 

lower than 3~5 m/s and liquid loadings < 5 >!! most of the liquid offered 
to the vanes (80-90$) did not reach the second bend and had apparantly, 
been separated in the first bend. 

IB. At liquid loadings > 5 m# and/or at superficial gas velocities above 3-5 
m/s a substantial amount of liquid is drained through the slit behind 
the second bend. 

2. Also a substantial amount of liquid was drained in the top section of 
the bend in the vane plate (see figure 6.25). 

3. The liquid film enters the drainage slit flowing around the upstream lip 
of the slit (see figure 6.25). 
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Figure 6.25 Observed phenomena inside vane 

4. At liquid loadings < 5 n>% and at superficial gas velocities > 7 m/s the 
thin (0.03-0.08 mm) laminar liquid film changed to a pulsating, at 
times, thick film (0.1-0.25 mm) with a very wavy surface. In this film 
regime reentrainment of drops could often be observed. 

5. Reentrainment took always place from the sharp irregularities at the 
edge of the upstream lip of the slit, around which the film flowed into 
the slit (see figure 6.25). 

6. Reentrained drops were at most times deposited again under the 
conditions mentioned under 4. Reentrained drops of 30 um, the smallest 
drops that could be recognized with the optical system used, were 
deposited halfway between the slit and the next bend. Reentrained drops 
of 100 pm and larger directly behind the slit. This phenomenon appeared 
as droplets 'jumping' across the slit. 

7. At high liquid loadings and gas velocities, when the downstream side of 
the slit was wetted substantially in the above described way, a very 
thin film (20-30 pm) was observed creeping against the gas direction 
into the slit (bending itself around the edge of the downstream lip). 

Table 6.IX gives a summary of the experimental conditions and measured 
results. Experiments have been carried out only with water and air. 

exp. 
run 

1 
2 
3 

liquid-loading 
(•10"5 vol*) 

2 
5 
10 

gas velocity (m/s)* 
at which second slit 
was first wetted 

5.5 
5.0 

< 3.5 

gas velocity (m/s)* 
at which film showed 
first instabilities 

8 
8 

4 - 4.5 
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exp. 
run 
1 
2 
3 

film thickness (pm) 
at minimum gas 

velocity* 
30 
HO 
40 

film thickness (urn) 
at maximum gas 
velocity (13 m/s)* 

80 
80 

80 - 120 

* gas velocities refer to the superficial velocity in front of the vane. 
Table 6.IX 

Experiments with respect to the behaviour of the disperse phase 
On t e s t - r i g 3 i t appeared to be poss ib le to determine downstream drople t 
s i ze d i s t r i b u t i o n s of mists that had penetrated untouched through the vane 
blades and tha t did not contain l a r g e r d r o p l e t s caused by c r e e p or 
reentra inment . This enabled the d i r e c t determinat ion of the fractional 
efficiency curve of vane separators with geometries as presented in f igure 
6.29 in V-EXP4. Table 6.X summarizes experimental conditions and refers to 
the figures. 

exp. 
run 
1 
2 
3 
4 
5 
6 
7 
8 

geometry 
(fiK. 6.28) 

A 
A 
B 
B 
C 
C 
D 
D 

superficial gas 
velocity (m/s) 

4 
8 
4 
8 
4 
8 
4 
8 

graphs 
app. C, page 

C.ll 
C.ll 
C.ll 
C.ll 
C.ll 
C.ll 
C.ll 
C.ll 

Table 6.X 

Block V-EXP3 
With vane separa tors no experiments under actual o i l field conditions have 
been carried out yet . With respect to these experiments i s referred to the 
thesis in preparation of Verlaan. 

Block V-EXP4 
The experiments in this block will be used to quantify the effects that 
accompany upscaling of vane separators. The most noteworthy effect that was 
expected (see also section 3-4.3) was the maldistribution of the two-phase 
mixture across the frontal surface of the vane separator. 
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This will especially be the case with vane separators that have a large 
ratio of length and width of their frontal surface. One of the measures to 
counteract this maldistribution is to place perforated plates up- and 
downstream of the vane pack to build up an equalizing pressure. The 
experiments planned in this block consisted of the: 
1. determination of the effect of varying length/width ratios of the frontal 

surface of the vanepack; 
2. determination of the secondary effect of perforated plates with respect 

to their influence on the liquid phase. 

During these investigations it appeared that unexpected separation 
mechanisms downstream of the vanepack played an important role and impeded 
with the characterization of the vane pack itself. These effects are 
described first. 

Fig. 6.26 Secondary Fig. 6.27 Alternative Fig. 6.28 Effect of alter-
separation set-up native set-up 

The usual way to install a horizontally flowed through vane pack is depicted 
in figure 6.26. This way of installation necessitates two sharp turns of the 
gas flow after exiting between the vane blades. Under conditions of 
overloading, relatively large droplets d5 0 > 200 pm are reentrained from the 
vane pack and are subsequently separated in the two zones indicated in 
figure 6.26. In the first zone because of the sharp bend the gas has to 
make; in the second also because of a relatively sharp bend, but mainly 
because of the reduction in actual velocity above the vane pack. 
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The liquid separated in second instance has been observed to flow back in 
sheltered zones against the gas stream in the space directly behind the vane 
(zone I). From here it flows over into the sump underneath the vane pack 
from which the separated liquid is drained. 
To quantify these effects measurements have been carried out in which the 
gas flowing out of vane pack, flowed directly in a flexible hose out of the 
separation zones (see figure 6.27). Figure 6.28 gives an illustrative 
example of the operational differences of this configuration with respect to 
the usual vane pack installation. 
Hereafter the experiments, originally planned in this block, were carried 
out. 

Determination of the influence of varying length/width ratios 
A qualitative experiment has been carried out with vane pack type A (figure 
6.29) in which the length width ratio of its frontal inlet area was 
increased from 50 cm/26 cm (I) to 50 cm/13 cm (II). In this way the effect 
of both detrimental mechanisms that act during this kind of upscaling can be 
determined. 

exp. 
run 
1 
2 
3 

superficial gas 
velocity (m/s) 

8 
8 
8 

liquid^loading 
(•10-5 vol#) 

2 
6 
12 

% more carry-over of 
situation II 

2 
1 
8 

Table 6.XI 

The measurements have been carried out with the vane separator configured as 
in figure 6.27. I t has not been quant i f ied whether the decrease of the 
sepa ra t ion ef f ic iency with the increase of L/D r a t i o i s caused by the 
ove r f lowing of t h e lower p a r t s of the d r a i n a g e s l i t s or by t h e 
ma ld i s t r i bu t ion of the gas across the longitudonal cross section. The fact 
that the effect i s most dis t inct at high liquid loadings favours the f i r s t 
mechanism. 
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Determination of the secondary effects of perforated plates 
Apart from the positive effects that the popular perforated plates might 
exert with respect to enhancing of the distribution, it was felt that also 
negative aspects might cling to the use of them. Especially the break-up of 
large droplets at the downstream side might spoil the secondary separation 
mechanisms which have been mentioned before. Therefore, a simple experiment 
has been carried out in which a vane pack with a more or less square inlet 
surface (so that maldistribution will not take place) has been provided with 
different sorts of perforated plates. It was expected that the smaller the 
net free area was chosen, the larger the shear forces on the droplet would 
be and the smaller the droplet, the higher the carry over (the smaller the 
separative force of zone I and II). This was confirmed by the experiments. 
However, the quantification of this effect lies slightly outside the scope 
of this project. Only an illustrative example is presented in figure 6-30 
and no reference to it will be found in the corresponding M0D4 block. 
The vane pack, according to type B of figure 6.29, has been tested in its 
original form (no modifications as in figure 6.27). 

Burgess Manning 425 Euroform TS 5/fc Burgess Manning 627 Euroform T271 
A B C D 

Figure 6.29 Tested vane geometries 
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No perforated plates 

With perforated plates 

Casflow —— 

Figure 6.30 Effect of perforated plates 

Block V-EXP5 
In this block four types of actual scaled vane separators have been tested 
under varying conditions. These results form a database from which the 
atmospherical part of the M0D5 models can be verified. The four vane 
separators are presented in figure 6.29. Type A and B are two commercial 
horizontally flowed through vanes with shielded liquid drainage. Type C and 
D are two commercial vertically flowed through vanes, of which type C 
features a shielded internal drainage. For the specific description of these 
aspects, see section 3'^.3. 
The reason why only the horizontally flowed through vanes have been the 
subject for scaling up characterizations is that the test section of test-
rig 3 is positioned vertically. (Under this condition vertical flowed 
through separators will not show effects of maldistribution.) 
Table 6.XII summarizes the experimental conditions and refers to the 
location of the test results. 

exp.* 
run 
1 
2 
3 
4 5 
6 
7 
8 

vane type 
A 
B 
C 
D 
A 
B 
C 
D 

liquid sort 
«# 
water 
water 
water 
water 
glycol 
glycol 
glycol 
glycol 

results in 

Vemer [1987] 
and 

Overgaag [1988] 

* each run consists of a variation of the superficial gas velocity from 
approximately 3~15 m/s at variation of the liquid load from 2-12*10"^. 

** inlet droplet size distribution: d5„ ~ 25-75 pm-
Table 6.XII 
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In figure 6.31 the cha rac te r i za t ions of the two v e r t i c a l vane packs are 
given as i l lus t r a t ion . Figure 6.31A gives the t es t resul ts of vane C; figure 
6.31B of vane D. 
The d i f f e r e n c e in capaci ty l i m i t a t i o n (see sec t ion 3-^-3) i s c l e a r l y 
demonstrated. 
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Figure 6.31A Test results of vane C Figure 6.31B Test results of vane D 
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7. MODELLING RESULTS 

7.1 Introduction 

7.1.1 Structure of chapter 

In this chapter models are formulated with which it is possible to predict 
the characteristics of the separators under investigation. These models lead 
to the introduction of new separator designs and improved design equations 
for existing separators (in chapter 8). 
The following operating characteristics are the subject of modelling: 
1. separation efficiency, thus also: 

a. maximal capacity 
b. minimal capacity 

2. pressure drop 
as a function of separator geometry and operating conditions. 
In sections 7-2 and 7-3 common components of the models are described. 
Sections 7-4-7.6 give an overview of the models that have been developed 
sofar, per separator type under investigation. 

7.1.2 Modelling techniques 

The models that are envisaged consist of several submodels as explained in 
chapter 4. Submodels are formulated that describe the gas phase (MODI) and 
the liquid phase (M0D2). See innerside of the front cover for explanation of 
the codes. 
Predicting a gas flow field puts other demands on modelling techniques than 
predicting a gas/liquid interaction under given conditions. 
The former model type performs only adequately if a numerical scheme is set 
up with which it is attempted to describe the gas flow field as accurately 
as possible. Grave simplifications of the gas flow field, as shown in for 
instance appendix A ~$ .k .k .2 , will almost immediately result in an 
unallowable degree of inaccuracy. Powerful computing facilities are 
necessary to perform these extensive numerical computations. 
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The prediction of the behaviour of a two-phase system under given conditions 
is much more subsisted by physical or phenomenological modelling: certain 
observed phenomena are used as a start for further models. A good example is 
the reentrainment model of Ishii [1975], described in section 5-3-

The approach chosen in this chapter is one of model clustering. With assumed 
boundary conditions (depending on the liquid phase) the gas flow field (in 
MODI) is calculated. These results are used to predict the behaviour of the 
liquid phase (in M0D2) , from which the assumed boundary conditions with 
respect to the gas phase can be verified. If necessary a valid solution is 
obtained after some iterations. M0D3 forms the framework in which this 
interaction takes place. Sometimes the "influence of scale has to be taken 
into account. The results of the model that predicts maldistribution across 
the separator (M0D4) are used to verify the boundary conditions of M0D3, the 
model that describes the basic separation unit. This interaction plays in 
M0D5, the model that describes the full separator. 
In the following sections attention is paid to common elements in the MODI 
and M0D2 blocks of the three separator types under investigation. In section 
7.2 specific attention is given to the numerical prediction of gas flow 
fields and in section 7-3 to the gas/liquid phenomena that form the core of 
the M0D2 models. 

7-2 Numerical modelling of gas flow fields 

7-2.1 Physical background 

Laws of conservation 
The equations that govern incompressible, time-independent, isothermal, 
single phase fluid flow are: (see figure 7-1 for coordinate notation) 

u 7^ u 

Figure 7.1 Notation for coordinate system 
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1. the law of conservation of matter: 

Or p r ró* óz U u # 1' 

2. the law of conservat ion of momentum: 

in the d i r e c t i o n of r : 
fóV ,, ÓV W ÖV W2 

g lÓt 6r r ó* r 

*P + föiX 1 6 V L L §11 i _ ÓV öM/, , . 

if) = 
óz' 

1 Ó2V 
r2 6*2 

2 ÓV 
r2 6* or Mg lór2 r 6r r2 r2 6*2 r2 6* o r 

i n the d i r e c t i o n of ♦ 

,ÓW „ ÓW W 6W VW ., ÓW, 
pg l«t + V óF + F 6*" " F - + U fa) = 

6P_ f6iW I ÓW W_ . L_ 61W _ 2_ ÓW 61Wi ,_ , , 
ró* y g lór2 + r 6r " r2 r2 ó*2 r2 Ó* + Or2 ' { , ' i ' 

i n the d i r e c t i o n of z: 

,6U „ 6U W 6U .. ÓU, 
g l ö t ö r r 6* óz ' 

ÓP roil I £U 1_ óf_U ÓÜ, . ... 
" óz vg ldr2 + r ór r2 ó*2 Óz2 J U - H' 

U, V and W are the momentary velocities in the directions denoted in figure 
7.1, P is the momentary pressure, p the laminar dynamic viscosity. 

These equations are generally applicable to turbulent and laminar flows. In 
laminar flows the momentary values of velocity components and pressure equal 
the average values. 

The Reynolds decomposition 
In turbulent flows the momentary values of velocities and pressure 
fluctuate. The scale at which these fluctuations occur is often much smaller 
than the macroscopic gas flow field. According to Colenbrander [1988] a 
typical scale of length at which mass and momentum are transferred in a 
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turbulent gas flow is 0.1 mm. It has tremendous implications for the 
computing facilities if a macroscopic gas flow field is modelled with a 
resolution of this order of magnitude. Therefore, fluid flow calculations 
are often based on the time averaged value of velocities and pressure and 
the momentary value of their fluctuations. This is called Reynolds 
decomposition (after Reynolds [1877])• 

U± = u± + u'± (7-5) 

in which: 
U. = momentary value of variable U. (velocity component or pressure) 
u. = time averaged component 
u'. = fluctuating component 

t +6 
1 f ° u. is defined as u. = lim T- U. dt (7-6) 

e + # t o 

the averaged value of u'. equals zero, as per definition: 

t +8 
ÜJ = lim j [ (U. - u.) dt = 0 (7.7) 

o 

This decomposition is only of practical use if the rate of fluctuation of u. 
is small in comparison to that of U.. In other words, u. should be 
independent of t . This is the case in stationary flows. 

If this decomposition is applied to U, V, W and P in equations 7-l~7»5 and 
it is assumed that: 
1. the gas flow fields under investigation are axially symmetric (cyclones), 

thus ö*" = °; 
2. the flow field is stationary; 
then the continuity equation is transformed to: 

6u + 1 óiryl = 0 (7-8) 
<5z r ör 
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and the equat ions t h a t descr ibe the conservat ion of momentum: 

in the d i r e c t i o n of z: 

óu óu u — + v 7— 6z or 

F 
1 6p_ 6 . 1 2 s 1 6 . , , . f<52u 1 ó óu, ^ z ,_ n . 
— * - 7— <u ,2> 7— r<u 'v '> + v l-z-r + — 7— r 7—I + — (7.9) 
p <5z 6z r or g l6z2 r ör ó r ' p g 

in the d i r e c t i o n of r : 

6v 6v w*_ 
U 6z + ^ r 

F v 1 r 1 óp <5 , , , v 1 6 . , . . <w'2> ,62v 1 6 6v 7^- - — <u'v '> 7— r<v'2> + + v (7-7- + — 7— r — , , . p 6z 6z r or r g l6z 2 r or 6 r r2 ' p 
g 

(7.10) 
in the d i r e c t i o n of ♦: 

6w <5w vw u 7— + v — 6z 6r r 

F 
6 , , ,v 1 6 . , ,* <v'w'> /62w 1 6 <5w w \ $ 
■7- <u'w'> 7 - r<v'w'> + v I-5-7- + - 7— r 7— r l + — 
6z r 6r r g l6z2 r 6r or r* ' p g 

( 7 . H ) 

The products of v e l o c i t y f l u c t u a t i o n s , enclosed by the t r i a n g u l a r b r a c k e t s , 
(<u'.u'.>) a r e t ime averaged va lues . I f mu l t i p l i ed by p , the product <u'.u'.> 
r e p r e s e n t s t h e t r a n s f e r of x . momentum i n x . d i r e c t i o n by t u r b u l e n c e 
( f l uc tua t i ng v e l o c i t i e s ) : 

T . . = - p <u'.u'.>. 
i j 1 J 

These are called Reynolds stresses. Figure 7-2 shows their nomenclature in a 
cylindrical coordinate system. 
It can be proven (for instance Leijdens [1984]) that t.. = t... so that in 
total six Reynolds stresses are defined. 
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F , F and F, are external forces which can for instance represent the 
effect of droplets with which the gas phase exchanges momentum. As the 
formulated models are in first instance assumed to concern a single gas 
phase, these forces can be taken equal to zero. 

Figure 7. 2 Nomenclature for Reynolds stresses 

Closure problem 
It appears that equations 7-8-7-11 are coupled and non-linear. They describe 
the gas flow completely, because no simplifications have been made in the 
derivation of any of the terms. With 10 unknown variables and 4 equations, 
they obviously do not form a closed system. 
Herewith the well-known closure problem is introduced, which has been the 
subject of many investigations since its creation by Reynolds [1877]. 
The solution for this closure-problem is formed by turbulence models, which 
somehow quantify the six Reynolds stresses as a function of velocities and 
pressure. The importance of the turbulence model on the reliability of the 
gas flow field predictions is demonstrated extensively in sections 7.4-7.6. 
Strongly rotating flows are anisotropic, which means that the Reynolds 
stresses will have to be solved individually. They should not be assigned a 
collective equal value, which takes place in the most popular simpler 
turbulence models that are presently in use. 
In appendix D the characteristics of the turbulence models that play a role 
in the models described in sections 7.4-7-6 are explained. 
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7.2.2 Mathematical background 

The numerical technique to solve the fundamental equations, governing fluid 
flow and the add i t iona l equations expressing the conse rva t i on of t h e 
parameters of the turbulence model, involves (Patankar [198O]): 
- subdivision of the domain of i n t e r e s t in to a f i n i t e number of cont ro l 

volumes ( 'grid c e l l s ' ) ; 
- discret isat ion of the par t ia l differential equations over these volumes to 

obtain sets of algebraic relat ions; 
- the use of an i t e r a t i v e so lu t ion procedure s i n c e the d i f f e r e n t i a l 

equations are coupled and non-linear. 

Discretisation of conservation laws 
The d i s c r e t i s a t i o n equa t ion (or f i n i t e d i f ference equation) has the 
following general form to determine the v a l u e of a v a r i a b l e * i n a 
stationary system: 

«, al*l * S2*2 * a sS * %S * S S * S6*6 * Sc 
p " &1 + a2 + a3 + a^ + a5 + a6 + Sp 

in which: 
♦ : the value of * in grid cell p; 
P 
1-6 : refer to the bordering grid cells in case of a 3D grid; 
a : the coefficient that determines the contribution to * by ♦ in 

a neighbour cell, 'a' is a function of the mass flow rate between 
the cells and the diffusion coefficient; 

S : the contribution to * by external sources 
S = S + S * P c p p 

Apart from this equation the mass balances (continuity equation) is 
calculated for each grid cell as well. 

Iterative solution procedure 
It is referred to Patankar [1980] for a full description of the iterative 
methods that are used to solve the above mentioned coupled linear equations. 
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7.2.3 Fluid dynamic codes used 

Two existing codes were used: 
i) Phoenics, by Cham Ltd. 
ii) Fluent , by Creare Inc. 
The numerical solution procedure of both codes is based on the earlier 
described 'control volume' method. 

Phoenics was available through the University software library and, 
moreover, placed at the disposal of final year students by Neratoom B.V. 
Because the installed version (1.3) still featured some bugs of which the 
identification proved to be time consuming and because Phoenics did not have 
built-in anisotropic turbulence models, the results achieved with the 
package for highly swirling flows (cyclones!) were very disappointing. 
Especially with respect to the number of CPU hours used. Satisfying results 
were achieved when modelling the gas flow field between vane blades. 
Fluent was temporarily placed at the disposal of final year students by 
Koninklijke/Shell-laboratorium, Amsterdam. This code is much better equipped 
to model rotating flows as it offered possibilities to simulate anisotropic 
gas flow fields. The modelling results (or attempts) are described in the 
MODI blocks in sections 7-3-7-5. 

7-3 Physical modelling of gas/liquid interactions 

7.3.1 Introductory remarks 

In this section physical models are formulated that form common elements in 
the M0D2 blocks. These blocks describe the behaviour of the various forms of 
the liquid phase during the process of separation. 
Two forms of the liquid phase that are present in all separator types under 
investigation and for which general relations are derived in this block are: 
a. the original mist phase; 
b. the film formed by separated liquid under centrifugal accelerations. 
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7.3-2 Behaviour of droplet phase 

The behaviour of a disperse phase can be predicted with numerical methods 
either by: 
1. viewing the disperse phase as a continuum and modifying the laws of 

conservation as such that they describe this disperse phase (Eulerian 
approach, see for instance Hinze [1975]); 

2. viewing the disperse phase as discrete particles of which the dynamics 
are determined by interactions with the continuum (Langrangian approach). 

The second approach is chosen. If it is assumed that the particle does not 
influence the gas phase momentum, the time consuming and expensive 
simulation of a gas flow field has to be carried out only once. With the 
results it is possible to determine the trajectory of droplets in this 
particular gas flow field in a simple way. The assumption mentioned above is 
valid throughout the largest part of the cyclone as the slip velocity 
between particle and gas is very small. 
Complications might arise in the inlet section of the cyclone at high 
concentrations of the disperse phase. Then the momentum, necessary to 
accelerate the mass of particles, might result in a considerable decrease of 
the gas phase momentum, leading to lower tangential velocities throughout 
the cyclone than originally simulated. 

When it is assumed that: 
1. droplet-droplet interactions are absent (which is the case in dilute 

mists); 
2. only drag forces will play a role in the determination of the particle 

trajectory (which is the case if the droplet size is between 1 um < d, < 
100 um and p, - p > 500 kg/m' ) 

the relations to characterize droplet motion in cylindrical coordinates are 
easily derived (see equation 3.3 and figure 3-'t): 

^ = - T (ud - ug) [ud - ug] - g 

— 2 - = -2. _ T (V - V ) [V, - V ] dt r v d g d gJ 

(7.12) 

(7.13) 
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d w V W 
1 T = 2 T 1 - Ï <wd' V [wd" V (7-1") 

In these equations: 

T = } dd(p*- Pg) Cd (7.15) 

U,, U = axial velocity of respectively droplet and gas 
V , V = idem, radial velocity 

P S 
W , W ' = idem, tangential velocity 
P g 

Cd = &l * a2/Re + a3/Re2 (7-15a) 

with a. - a,. quantified according to Morsi and Alexander [1972]. 

It can be reasoned that in case of droplet trajectories in highly swirling 
flows C, must be quantified as C, = 24/Re. In this case (U, - U ) ~ 0 and d d d g 
(W, - W ) 0. Only the radial differential velocity will then contribute to 
the droplet Reynolds number. Re, may under practical circumstances amount up 
to Re ~ 10-20 which would normally not justify the assumption that Stokes' 
Law applies. However, as the amount of turbulence that can form in radial 
direction is very limited because of the stabilizing action of the 
centrifugal field, it is not probable that flow separation and wake 
formation behind the droplet will take place. 
From equations 7-11* and 7-15 it becomes clear that this has strong 
implications for the dependency of the minimal necessary gas velocity in a 
separator on the operating pressure. If Stokes' Law applies there is only a 
weak dependency through the group (p.. - p ). If Stokes' Law does not apply 

1 S 
the constant a, in equation "J.15a becomes non zero and a much stronger 
dependency is created. Although not yet quantified, one can expect that in 
case <w'> is very small (cyclone operation) C, ~ 24/Re. With this relation 
the particle trajectories have been calculated in section lA. In vane packs 
the situation is more complicated as a centrifugal field will be alternated 
by a straight gas flow field. 
The effect on the mist particles will strongly depend on where the mist 
particles occur. The simulation described in section 7-6, in which particle 
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trajectories between the vanes are calculated, have made use of a 
conventionally calculated value for C, (equation 7-15a). 

The fluctuating components <u'>, <v'> and <w'> are neglected. From the 
results of M0D-AC1 appeared that in most cases the turbulent kinetic energy, 
k, remained smaller than 1 m2 /s2 . This means that <u'>2 + <v'>2 + <w'>2 < 
2 m2/s2 . It can also be assumed that the influence of the droplets on the 
gas can be neglected (dilute concentrations). The latter assumption is 
verified in AC-EXP3 and RFC-EXP4. 

The grid that has been set up for the flow field calculations and the 
resulting values of the velocity components are used as a framework for the 
droplet trajectory calculations. It is assumed that the velocity of the 
droplet remains constant when traversing a grid cell; its new velocity will 
be determined when it crosses a radial plane. The total gas flow field has 
been divided into sufficiently small calculational volumes (totalling to 
more than 1200 grid cells in one axial plane). Therefore it is assumed that 
this procedure will prove adequately accurate. 

7.3-3 Behaviour of the liquid film 

From sections 5-2-5-3. it appears that no earlier research has been reported 
concerning the liquid films presently investigated. For this reason some of 
the models and correlations cited in chapter 5 will be modified so that 
their validity extends to conditions of high centrifugal accelerations and 
high gas densities. 

The specific objective of this section is to determine the upper limit of 
the stability range (onset of reentrainment) of the internal liquid films 
under centrifugal acceleration. The logical structure of the determination 
of these conditions consists of the following elements: 
1. First it is determined when the liquid film breaks up in strings or 

rivulets, in order to ensure that the liquid will reach the onset of 
reentrainment in the form of a film (description of rivulets would 
necessitate a completely different model); 
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2. A stability criterion for the onset of roll waves will be derived as 
these are necessary elements in the reentrainment mechanism. 

3. On the basis of the phenomenological models of Ishii [1975] and 
Kutateladze [1972] a model will be described that accounts for the 
modified roll wave criterion and for changes of the gas/liquid interface. 

ad 1. Minimal film thickness to ensure full wetting 
The criterion (equation 5-3) in section 5.3 derived by Bankoff [1971] is 
compared to experimental results of block RFC-EXP2. The gravitational 
constant in his criterion is replaced by the tangential acceleration (w'/r). 
It appears that for low gas velocities the prediction agrees well with the 
experimental observations. For higher gas velocities the discrepancy 
increases and nearly always a continuous film is observed. This is obviously 
due to the increasing shear stress that is exerted on the liquid surface, 
which is not taken into account by Bankoff. Because this effect appears to 
be very strong, it is decided to assume that for the gas velocities at which 
reentrainment can occur, there will always be a fully wetted inner perimeter 
with an evenly distributed film. As the experiments of RFC-EXP2 showed, 
there can always be a variation in film thickness because of radial 
assymmetry in the location of the entrance slits. 

ad 2. Modified criterion for roll wave formation 
If the reentrainment criteria are observed that Ishii and Kutateladze 
(equations 5-l'*-5-19) derived for liquid films of which the Reynolds number 
exceeds 160, reentrainment is supposed to take place by shearing off the 
crests of roll waves. 

In section ^,.k.2 it has been shown that for liquid film Reynolds numbers of 
Re. > 200-300 the critical gas Reynolds number becomes independent of most 
physical properties of the two-phase mixture. This critical value of Re is 
influenced by the increased gravitation induced by film rotation in the 
following way: 

(vg - vl>rot 
(̂ g " Vlin 

2w2 

* gD 



-141-

in which the subscripts rot and lin signify rotating film, respectively non-
rotating film. 

If it is assumed that the other conditions remain constant on basis of the 
model of Andreussi [1980] it can be stated that: 

2w2 
Re = 11.10* / -p^ for Re. > 200. (7-16) 
gwc gD 1 

In which Re = critical gas Reynolds number at which roll waves occur. 
*"c 2w^ 

Figure 7-3 shows the effect of an increasing factor G = / — — on the 
inception of roll waves. The dotted lines at Re. < 200 represent the 
divergence of the two theories investigated in section 5-4. (a) for the 
Kelvin-Helmholtz instability-theory and (b) for the linear stability theory 
refined by Andreussi (see section 5.4.2). 

To determine a stability criterion for the liquid film in centrifugal 
separators the following line of reasoning is followed: 
a. A relation is derived with which the film velocity can be derived from 

the local gas velocity (Re ) inside a centrifugal separator; 
b. A relation is derived with which the film thickness can be derived from 

the local gas velocity (Re ); 
c. Combination of the two above relations gives: 

• a relation between Re., and Re inside a cyclone; 
• a relation between the film stabilization as a function of Re. or Re . 

1 g 
With the last two relations it is possible to determine under which 
operating conditions roll waves will occur on the liquid film. 

ad a. The film velocity can be determined combining equations 5-7 and 5-' 
which leads to: 

f . P 
vl = ̂  (f^ -^) {v

S ' vl> (7-17) 

li pl s 
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in which: f . =0.02 (see equation 5.12) 

nu2 fli = 'Ki R e P ^ 'see e(luation 5.11) 
K. = 1.962 

-1 - - f for 100 < Re. < 1000 

f1± " 0.03 for Re > 1000 

as v./v is in most cases smaller than 0.03. v. is neglected with 
respect to v . 

This relationship compared against experimental data is shown in figure 
7 .4 . 

200 too (bo eoo 
R»l 

"9 
(ra/sl 

4<H 

3<H 

20 
— eq.7.17 
A experiments 

table 6:siv%=12.10-5 
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Figure 7. 3 Influence of centrifugal 
force 

Figure 7.4 Relation between v 
and v., 

9 

ad b. The film thickness depends on: 
• the amount of liquid separated from the gas ($.); 
• the internal wetted perimeter (nD); 
• the axial film velocity (discharge rate) (u,). 

b " n D u (7-18) 
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When the gas flow increases through a cyclone the amount of separated 
liquid will increase accordingly (assuming full separation). The swirl 
angle of the gas flow will not change (see section 5-5) • It appeared 
that for most film thicknesses the liquid film velocity depends 
linearly on the gas velocity. Therefore, it can be concluded that the 
axial liquid film velocity (or the liquid discharge rate) increases 
linearly with an increase of the gas flow through the cyclone. 
As the increase of discharge rate compensates for the increase of 
separated liquid in the cyclone the film thickness in the cyclone is 
largely independent of its gas throughput and will mainly be 
determined by the liquid loading of the gas. 

ad c. From the two previous derivations it appears that for a certain liquid 
loading of the gas and a certain operating pressure (p ) the increase 
of Re inside a cyclone as a result of the increase of Re will only 
be caused by an increased film velocity. At other gas densities the 
new relation between Re. and Re can be determined according to 
equation 1.11. At other liquid loadings of the gas also changed values 
of the film thickness (equation 1.1%) should be considered in the 
determination of Re.. This is depicted indicatively in figure 7.5. 

Rer 

Figure 7.5 Relation between Re-j and Re Figure 7.6A Roll wave inception in 
ayolones 

With this information it is possible to couple the stability criterion 
for roll waves derived in section 'j.k (equation 7-16) to the relation 
between Re and Re. inside a cyclone. g ! 
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An increase in Rê ^ at constant gas density and liquid loading means a 
corresponding increase of l i qu id film velocity. As the swirl angle 
remains constant, a corresponding increase of the t angen t i a l film 
velocity, and thus of G, will be effected. So, for a certain geometry, 
G will only depend on Re., (at constant p and liquid loading). Because 
the r e l a t i o n between Re1 and Re inside a cyclone i s known, the onset 
of ro l l waves inside a part icular geometry can be determined. This i s 
depicted i n d i c a t i v e l y in f igure 7.6A. Figure 7-6B gives a graphical 
example of the effect of increase of the operating pressure. The film 
v e l o c i t y i n c r e a s e s according to equation 7.17, r e s u l t i n g in an 
increase of G (tangential component) and of the discharge r a t e (axial 
component). Therefore the film thickness decreases (equation 7.18) 
correspondingly, resulting in an unchanged Re,. I t appears that at the 
new combination of Re1 and Re (point II) ro l l waves will occur. If 
one would l ike to prevent t h i s , Re should be decreased through 
lowering the gas velocity to the level at which the inception c r i t e r ia 
i s not longer met (point I I I ) . The absolute value of the necessary 
decrease depends on the loca l angle of swirl that determines which 
par t of the increased film velocity i s a t t r i b u t e d to the t angen t i a l 
v e l o c i t y . Figure 7.6C gives a graphical example of the effect of an 
increase of the liquid loading of the gas processed by a cyclone. The 
l i qu id film thickness wi l l increase (equation 7.18), but the liquid 
film velocity (and thus also G) wi l l remain approximately constant 
(equation 7-17)- Therefore, from a si tuation that jus t not meets the 
r o l l wave cr i ter ion an increase of liquid loading of the gas wi l l not 
lead to the onset of ro l l waves. 

Figure 7.6B Influenoe of gas density Figure 7.6C Influenoe of liquid loading 
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ad 3- Modified criterion for the onset of reentrainment 
Sofar only a criterion is given for the occurrence of roll waves. Ishii 
[1975] and Kutateladze [1972] set up the following relation to describe the 
onset of reentrainment in the presence of roll waves in which the forces act 
that are depicted in figure 7.7-

u, (v - vn ) p C J f . ^ S 11» J IS. è s v gi "l CD W ^ 
C_ = drag coefficient of wave 
C„ = interfacial shape coefficient 
Cu = factor to account for the internal flow in the wave as a function of Nfi 

(viscosity number: see equation 5-15) 

In order to derive a useful relation Ishii proposed to: 
1. quantify f . with the relation of Wallis [1969] (equation 5-9) and 

because of small values of the film thickness he proposed to approximate 
this relation by assuming f . = 0.005: 

2. quantify f.. with the relations of Hughmark [1973] (equation 5.11); 
3. neglect v, with respect to v so that (v - v, ) ~ v . 

1 g v g 1' g 

The second and third quantification seem reasonable in the present 
situation, but the approximation of f . by assuming f . = 0.005 is not 

g i g i 
realistic. 

As r- can amount to values of ^— = 0.05 and is in nearly all cases larger 
b ^ than — > 0.01 i t is more advisable to use the relation that quantifies f . D H gi 

for rotating (water/air) systems derived from the experimental results of 
Loxham [1976]). Assuming that jr- > 0.01 this leads to f . =0.02. 

H 

Because Re. will in all cases amount to Re. > 160, the criteria of Ishii to 
describe the onset of reentrainment will have the following form for 

2ŵ  
rotating flow systems with roll waves (for / -r— > 1): 
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ui v ~ P 
^ / / è 2 3 . 6 N ° ' 8 R e : 1 / 3 for Re, < 1600 and N S ~ u 15 

for Re-, > 1600 and N S T ^ 1 u 15 (7.19) 

This is the only way to account for the increased gravitation force as all 
forces that play a role in the mechanism depicted in figure 7.7 act 
perpendicular to and are independent of the gravitation force. 

T-
eq.7.17 ( 1 1 

...,,■ eq.7.16 ( 1 1 

eq.7.19 ( H I 

////////v///////////////////s/ss 

Figure 7.7 Forces on wave orest Figure 7.8 Graphical representation of 
proposed model 

In order to determine whether reentrainment will take place in a cyclone, 
the graph depicted in figure 7-8 has to be considered. Lines I and II are 
described before and depend on cyclone geometry and operating conditions. 
Line III is the reentrainment criterion given in equation 7.17. 
Two distinctly different regions can be discerned: 
1. at lower film Reynolds numbers: it appears that above the onset of roll 

waves the gas Reynolds number can still be increased prior to the onset 
of reentrainment (region A in figure 7.8). 

2. at higher film Reynolds numbers: it appears that the criterion for the 
onset of reentrainment sets a more conservative limit to Re than for 

g 
onset of roll waves. This implies that an unstable region exists (between 
lines III and I) in which momentary film instabilities can be reentrained 
immediately (as the operating conditions conform to the reentrainment 
criterion). When line II is exceeded roll waves are initiated from which 
reentrainment will take place immediately (region B in figure 7.8). 
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With the combination of the information to which is referred in figure 7-8, 
it can be determined in which stability region the film is inside a 
particular cyclone geometry. 
This model, which is still conceptual, has reasonably reliably been 
confirmed by the results of RFC-EXP2 in which reentrainment experiments have 
been carried out. 
The only important differences between model and experiments were the higher 
predicted values of the critical Re at which actual reentrainment took 
place and the lower dependency of this Reynolds number on the gas density. 
This can be explained adequately by the already mentioned irregular 
distribution of the film across the perimeter that is caused by geometrical 
assymetry of the inlet section. 
Figure 7-9 shows an example of the predicted and measured influence of 
liquid loading. Figure 7-10 of the predicted and measured influence of the 
pressure drop. 
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Figure 7.9 Validation of model I Figure 7.10 Validation of model II 

7-'t Axial cyclone models 

For the project structure and nomenclature see innerside of the front cover. 
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7.4.1 Block AC-MODI 

Objective: Formulation of a model that describes the gas flow field inside 
an axial cyclone as a function of its geometry. 

Summary : The attempts based on the Fluent code have been very successful; 
a good agreement between simulation and experiment has been 
achieved. Before the actual cyclone model is set up and validated 
two exercises are carried out. 
1. The validity of Fluent for simulating rotating flows is 

verified. 
2. A simplified procedure to represent swirl elements is 

conceived. 
The disappointing results from the Phoenics simulations are not 
described. These simulations were in the first place less 
successful because of the earlier mentioned inadequacy of the 
built-in turbulence models for swirling flows. 

The Fluent and Phoenics codes are introduced in section 7-2.3. 

ad 1. Setting up Fluent to model rotating flow fields 
An experimentally very well characterized rotating flow has been the subject 
of simulation to: 
1. verify the validity of the gas flow field simulation procedure for 

rotating flows; 
2. formulate the boundary conditions specifically to the simulation of 

rotating flows. 
The measurements used for this purpose were carried out by Loxham [1976] and 
are reported in section 5-5.2 (appendix B.l). These results were 
particularly suited since they characterized the free evolution of a 
rotating flow in a long straight tube without geometrical complexities. 
Of the following aspects the influence on the reliability of the simulation 
has been investigated: 
i. grid geometry; 
ii. outflow conditions; 
iii. turbulence model. 
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ad i. Grid geometry 
The two-dimensional, axially symmetrical grid that proved to be adequate for 
a satisfying simulation comprised: 
a. condensed axial grid lines at the locations where the largest velocity 

gradients were expected to occur; thus at the wall and in the centre; 
b. a downstream elongation of the tube to achieve a further decay of the 

swirl to a level at which backflow would not occur anymore in the centre 
of the outlet. Central regions in rotating flows in which backflow occurs 
are observed at swirl numbers larger than S = 0.6 (Schetz [1980]); this 
effect can easily be explained and is caused by rapid decay of swirl 
intensity (see figure 7-6A). 

If the latter provision was not included, the simulation would almost 
immediately diverge when the developing area of backflow reached the exit of 
the tube. When this happened, inflowing gas would import angular momentum, 
leading to steadily increasing velocity gradients on the axis. At a certain 
stage these could no longer be handled by the simulation code, and the 
iteration procedure would be terminated. 
With the elongation of the tube a practical situation was modelled in which 
the swirl was decayed to such an extent that no backflow occurred any longer 
at the outlet plane. The upstream consequences of this elongation were 
investigated by Kerstjens [1988] and proved to be negligible. In this 
reference an exact description of the grid geometry is given as well. 

ad ii. Outflow conditions 
The outflow conditions that appeared to be adequate set the axial velocity 
gradient at the output cells to zero. No other options have been tested. 

ad iii. Turbulence model 
It is referred to appendix D for explanation of the properties of the 
turbulence models mentioned below. 
The standardly built in algebraic stress model proved to be reasonably 
suitable. It has been attempted to decrease (small) discrepancies between 
simulation and experiments by adjusting some parameters of the turbulence 
model. Below, these attempts will be described in detail. 
Because the tangential shear stresses in the centre of the radial plane 
(<v'w'>) proved to be very low in comparison to the axial shear stresses at 
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these locations (<u*w'>), the isotropic k-e turbulence model in its original 
form is useless. Making use of the k-e model the effective (isotropic) 
turbulent viscosity is calculated much too high with respect to the actual 
angular momentum transfer. This results in a simulation that predicts a too 
rapid decrease of swirl intensity. Because of this effect simulated highly 
swirling (combined vortex) flows will be transformed very quickly into weak 
solid body rotations. (For a more elaborate description of these effects, 
see Pelsma [1987]. Karvinen [19&7]. Boysan [1985].) 
The results of the simulations based on the experiments of Loxham are 
depicted in figures 7-10 A,B and C. 

Accuracy of axial flow field predictions 
The simulated evolution of the axial velocity profile in axial direction 
looks very similar to the experimentally determined evolution. 
The simulated profiles tend to depict larger velocity gradients. However, 
this discrepancy is probably partly caused by experimental inaccuracy. 
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From the experimental results of Loxham [1976] it appears that the 
throughput at a certain stage (at the radial plane z = 121, see appendix B) 
is for instance 11# lower than the original input (at the radial plane z = 
11). These throughputs have been calculated by integration of the axial 
velocity profiles. In the case of simulated gas flow field another clear 
difference is the reversal of gas flow direction on the axis in the central 
back flow area. Whether this effect is caused by an anomaly in the 
simulation procedure or whether it is an actually occurring phenomenon, for 
which the measurement techniques used by Loxham (pitot tube) were too 
coarse, has not been investigated. It has been noticed that this effect also 
occurred in other rotating flow simulations (Karvinen [1985]). 

Accuracy of tangential flow field predictions 
The decay of the swirl intensity is almost exactly predicted. This is a very 
convincing sign that some fundamental laws are reliably represented. The 
tangential flow fields are less strikingly similarly simulated, although 
generally the form and axial development of the velocity profiles are much 
alike. The most important difference between simulation and experiment seems 
to be the radius at which the free vortex form takes over from the forced 
vortex. This point is located too close to the centre. Related to this 
effect are the too high simulated values of the tangential velocity maximum 
and the rotation speed of the forced vortex. 

The reason of these phenomena might be caused *) by too low calculated 
<v'w'> shear stresses. 

The forced vortex does not export enough angular momentum in radial 
direction to expand itself to a larger radius (thereby reducing its speed of 
rotation). Two attempts have been carried out to modify the constants of the 
turbulence model to decrease the discrepancy: 

*) This effect might also be caused by experimental inaccuracy. Precessing 
of the vortex might lead to the same observed discrepancy if velocity 
measurements are carried out with pitot-tube (for a more complete 
explanation see Kerstjens [1988]).) 
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- The laminar viscosity has been doubled. Because the turbulence shear 
stresses and corresponding turbulence viscosity in this region are very 
low this increase may lead to the desired effects (see eq. 7.9-7.11). 

- The constant a has been decreased in equation D.19 in order to increase 
angular momentum transport (constant c_ was chosen c_ = 1.1 instead of c5 

= 0.55). 

Increasing the laminar viscosity leads to an evenly decreased tangential 
velocity on the free vortex side; the point of vortex form change-over and 
forced vortex rotation speed is left unchanged (see figures 7-HA and B). 
This means that the <u'w'> stresses in the forced vortex are very small 
(which is to be expected for solid body rotations). 
Facilitating the transport of the Reynold stresses the second option leads 
to comparable results (figures 7-12A and B). 

— - r/R 

Figures 7.11A and B Effect of -increase of \>1 

Figures 7.12A and B Effect of increase of C 
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The tangential velocities are reduced on the free vortex side, but the point 
of vortex form changeover and forced vortex rotation speed is not 
influenced. The necessity of a turbulence model that accounts for anisotropy 
when simulating this type of rotating flow is clearly indicated by figures 
7.11A and B). The tangential velocity profile is influenced quite strongly 
by doubling the laminar viscosity. This means that the turbulence component 
in this direction is so low that the share of viscous forces in the momentum 
transportation is of the same order of magnitude as the share of turbulence 
stresses. The axial profile on the other hand, shows hardly any significant 
changes by these adjustments, which means that the viscous forces play a 
subordinate role; an indication of a high level of turbulence. 
From figure 1.11 it can be concluded that the maximal <v'w'> stresses take 
place at the vortex change-over point. They are minimal on the forced vortex 
side, and decrease steadily to the wall on the free vortex side. 
Unfortunately financial and time limitations prevented further investiga
tions to discover possibilities to decrease the rotation speed of the forced 
vortex. 

Ad 2. A simplified procedure to determine the initial flow field of a swirl 
element 

Modelling of the swirl element has been prevented. Firstly this would cause 
the need to run three instead of two dimensional simulation models (sharp 
increase of computer running time). Secondly, every time another swirl 
element would, be simulated, a completely new (three dimensional) grid would 
have to be puzzled together (lenghty model set-up times). 

It appeared that most types of axial swirl elements (in section 5-5-3 all 
except type A) initially induced pure solid body rotations. This is a direct 
consequence of the swirler geometry. This velocity distribution then evolves 
further downstream under influence of hydrodynamic and drag forces. The 
angular momentum immediately downstream of the swirl element is either 
measured directly or calculated from measurements further downstream and 
from swirl decay data. With the knowledge of the angular momentum somewhere 
downstream of the swirl element and with the assumption of an evenly 
distributed axial flow the flow field just above the swirler can be 
reconstructed quite easily. 
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In figures 7-13A and B the validation of this procedure is demonstrated. 
From a velocity profile, measured at 1.5 diameters downstream of the swirl 
element, the angular momentum was calculated. This angular momentum was 
corrected for the amount of swirl decay that had occurred in the 1.5 
diameters length from the swirl element. A solid body rotation with the 
calculated angular momentum was used as starting condition in a simulation. 
The velocity profile 1.5 diameter downstream was simulated and compared to 
the original measured profile. 
The simulations that were run from this point onwards characterize a swirl 
element by assigning to it a certain swirl number. Under the assumptions 
described above the initial flow field can easily be reconstructed. 
The corresponding swirler geometry can be deduced from the required swirl 
number, allowable pressure drop and the information presented in block AC-
EXP1. 
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Figures 7.13A and B Validation of simplified swirl element representation 

Verification of gas flow field predictions of an axial cyclone 
With the elements described before, it is a minor step to describe the full 
gas flow field inside an axial cyclone with a coaxial liquid discharge (see 
section 3.4.4.5). The modelling of a cyclone with a radial liquid discharge 
will be less straight forward, because the decrease in axial symmetry will 
cause the need to model three-dimensionally. In first instance only the 
former cyclone type has been simulated with the expectation that the flow 
fields of the other cyclone type could be deduced from this in a reasonably 
simple way. 
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Coaxially purging axial cyclone 
In f igures 7-l^A and B an example i s given of the validation scheme: the 
prediction of the gas flow field just underneath the out lets i s compared to 
a c t u a l measurements. Both t angen t i a l and axia l ve loc i ty p r o f i l e s are 
reported sufficiently exact. 
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Figures 7.14k and B Validation of gas flow field predictions in aoaxially 
purging axial cyclones at location C (figure 6.10A) 
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Radially purging axial cyclone 
As the exact simulation of this geometry type would necessitate a three 
dimensional, and thus expensive, approach it has been attempted first to 
derive acceptable results from the simulated flow fields of otherwise 
corresponding coaxially purging cyclones. 

From earlier reported studies (see section 5-5) it can be concluded that the 
radial location of the tangential velocity maximum is mainly determined by 
the swirl number of a rotating flow. In case of a radially purging axial 
cyclone it can therefore be expected that, if not too much angular momentum 
is lost with the purge gas, the location of the tangential velocity maximum 
will not lie at significantly different locations than in otherwise 
corresponding coaxially purging axial cyclones. 

The axial velocity profile determines the superficial volume rate and is not 
so much effected by characteristics of the swirling flow. The profile of 
this velocity component will therefore be determined in a radially purging 
cyclone, on one hand by the radial inflow imposed by the constriction of the 
vortex finder and on the other hand by the radial outflow imposed by the 
radial purge. Based on the results from simulations of the previous cyclone 
geometry, simulations of the behaviour of this cyclone have been carried 
out. In figures 7-15A and B the measured and assumed velocity components in 
the two cyclone types are compared. The agreement is satisfiable for the 
purpose of simulation. 
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7.4.2 Block AC-M0D2 

Objective: Formulation of relations that describe the behaviour of the 
liquid phase inside an axial cyclone. 

Summary : The various forms of the liquid phase and their origins are 
identified. For each of these forms relations are set up to 
describe the behaviour and to predict possible critical effects. 

In an axial cyclone the liquid phase can occur in one of the following forms 
(see figure 7-16): 
a. as the original mist phase (I); 
b. as the liquid film formed by separated droplets (II); 
c. as the droplets that are reentrained from this film (III); 
d. as drops/droplets formed during the discharge action in the secondary 

separation zone (IV). 

Figure 7.16 Forms of liquid in an axial cyclone 

ad a. Behaviour of mist phase 
In section 7.3-2 adequate relations are given to predict the trajectories of 
mist particles in a rotating flow field. 

ad b. Behaviour of film 
In section 7-3-3 adequate relations are given to predict the behaviour of 
the liquid film in a centrifugal force field. 
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ad c. Behaviour of droplets that are reentrained from separated film 
To draw any conclusions as to what respect reentrained droplets exert 
detrimental effects on the separation efficiency, both droplet size 
distribution and initial velocity of these droplets must be evaluated with 
respect to the local gas flow field characteristics. In section 5.4 
relations have been derived for both quantities. 

If the droplet size distribution is determined according to equations 5.22-
5.25 and R_ in these equations according to equation 5.21 values of 
reentrained droplet diameters are found between 30 and 300 pm, depending on 
correlation and specific operating conditions. It is recommended to consider 
these values as indicative because the cited correlations are by no means 
consistent to each other. 
Equation 5.25 gives an indication of the initial velocity of the reentrained 
droplets perpendicular to the film surface. Maximal values of v , between 
2-3 m/s are found independent of drop size but depending on u*. 

ad d. Behaviour of droplets in the secondary separation zone 
The separation mechanism of this step is supposed to be the fall-out of the 
droplets against the relatively low gas velocities between the axial 
cyclones (see figure 7-16). In order to determine whether these gas 
velocities are low enough for a successful secondary separation it is 
necessary to quantify the sizes of the droplet that are created when the 
film is discharged from the separation zone. For this purpose simple 
indicative relations will be provided to determine these diameters for both 
liquid discharge principles under investigations. 

Coaxial liquid discharge 
The sizes of the droplets that are created during the discharge process are 
determined by the balance of break-up forces (centrifugal acceleration over 
the cyclone top and interfacial forces) and containing forces (surface 
tension). This balance is depicted in figure 1.11. 

It is assumed that the interfacial forces are small in comparison to the 
centrifugal forces. The balance reduces to: 
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2 
P l ^ b2ó = 2ab (if ̂ « 1) (7.20) 

so that 6 = aD 
bp ^ 

If an equivalent drop diameter d is 
defined as d = J" , then: 

eq n 

eq w ' p.Ti 

Figure 7.17 Balance of forces I 

Radial liquid discharge 
In this case interfacial forces will be much higher as the gas actually 
drives the liquid film through the slots. A balance between the interfacial 
(break-up) force and the surface tension (containing force) determines the 
minimal stable droplet size (see figure 7-18). 

1 2 ■r-p v . C „ b ó = 2ob 2 Kg gp D 

in which v is the average purge gas velocity through the slits. gp 

Assuming a drag coefficient of C. = 1, 
then: 

kc 
2 P v g gP 

Thus: d eq gP 
bo 

n P„ 
(7.21) 

Figure 7.18'Balance of forces II 
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7-4.3 Block AC-M0D3 

Objectives: Formulation of p rac t i ca l relations that describe the operating 
character is t ics of an axial cyclone as specified in sections 4.3 
and 7 .1 . 

Summary : The models of AC-MODI and AC-M0D2 were joined and the predic
t ions of t h i s model c l u s t e r were compared with the measured 
operating character is t ics of various axial cyclone geometries. 
The p red ic t ions with respect to the primary efficiency could 
only be v e r i f i e d i n d i r e c t l y b e c a u s e of e x p e r i m e n t a l 
complications. The predictions with respect to maximal capacity 
and pressure drop agreed well with experimental r e su l t s . 

7.4.3.1 Structure of model 
The following operating characteristics have been the subject of modelling: 
1. primary separation efficiency; 
2. maximal capacity. 
Of both the modelling procedure is shortly explained and the results of the 
modelling efforts are compared with experimental results. 
It is assumed that the pressure drop is determined simultaneously with the 
gas flow field in AC-MODI. 

7.4.3.2 Primary separation efficiency 
The determination of the primary separation efficiency consisted of the 
procedure explained before: particle trajectories were calculated with the 
equations of motion described in AC-M0D2 on basis of the gas velocities that 
had been assigned to the grid cells in which the axial cyclone had been 
subdivided. An example of this calculation is depicted in figure 7-19-

y~' i ■ i 
Ki l l petition lea) 

Figure 7.19 Example of simulated particle trajectories 
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The most important assumptions of AC-MODI seemed to be jus t i f i ed : 
- The influence of the presence of the l iquid phase on the gas flow f i e ld 

was negl igible as separation efficiency and pressure drop did hardly vary 
when the l i qu id load was r a i s e d from 0.5 mass^l t o 10 mass/K (see 
corresponding resul ts in chapter 6). 

- From the simulations (this has not been confirmed by experiments because 
of i nadequa t e measur ing equipment) i t appeared t h a t the turbulen t 
fluctuations of the velocity components were sufficiently small to justify 
the neglection of turbulence on the par t ic le motion. 
(<v'> << 1 m/s; <u'>, <w'> < 1 m/s at superficial v e l o c i t i e s through the 
cyclone of approximately 15 m/s.) 

I t has not been poss ib le to measure grade ef f ic iency curves of a x i a l 
cyclones: the carry-over was too d i l u t e to measure exactly. Therefore an 
al ternat ive, somewhat less direct , approach has been chosen to ver i fy the 
prediction. 

Through simulation runs the theoretical grade efficiency curve for a certain 
cyclone geometry could be determined for certain operating conditions. From 
the corresponding physical experiment the overall separation eff iciency was 
determined. This measured efficiency was compared to the theoret ical overall 
separation determined by multiplying the matrices of the measured incoming 
drop s ize d i s t r i b u t i o n and the predic ted grade efficiency curve. Such a 
va l ida t ion procedure has been car r ied out only once. The r e s u l t s a re 
summarized in t ab l e 7-1. For the conditions of the experiments i s referred 
to table 6.IV, section 6.3-1 and appendix C, page CA. 

run 
1 

measured separa
tion efficiency 

99.5 % 

calculated separa
tion efficiency 

99.1 % 

d50 (simulated) 
cyclone 
8 um 

d5. coming mist 
28 um 

Table 7.1 

Although the results seem to agree fairly well, it must be realized that the 
simulated amount of carry-over is almost twice the measured amount. The 
probable reason is coagulation of the smaller droplets between location of 
measurement and entry into the cyclone, as one would rather expect an 
opposite discrepancy with the assumptions made in the simulation. 
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7.4.3-3 Maximal capacity 
Two mechanisms that may limit the range of operation are: 
1. reentrainment of the separated liquid; 
2. malfunctioning of the secondary separation zone. 
As the discharge geometry of the cyclone can be of influence on the amount 
of carry-over that is caused by these mechanisms, each will be quantified 
for both discharge types separately. 

ad 1. Consequences of reentrainment 
In section 7-3-3 the submodel that predicts the onset of reentrainment in 
rotating gas/liquid systems has been verified adequately. This will not be 
repeated for the geometry of an axial cyclone. 

Radially purging cyclones 
With an example will be demonstrated that this mechanisms will not play a 
significant role in the limitation of the capacity of this cyclone type. 
From the modified reentrainment model appears that at gas densities of 
60 kg/m3 reentrainment takes place at superficial gas velocities of 
approximately 7-5-12.5 m/s. The tangential acceleration at this location 
will, depending on the swirl number, amount to approximately 3-000 m/s2. 
If droplets are reentrained even with escape velocities of 5 m/s it can 
easily be calculated that they are redeposited (assuming axial plug flow, 
neglecting drag forces on the particle and assuming immediate acceleration 
of the droplet to the tangential velocity of the gas) in approximately 
2.10 sec. In this time the droplet will not traverse a meaningful axial 
distance. This calculation illustrates the observations described in chapter 
6 that reentrainment of the separated film does generally not seem to limit 
the capacity in axial cyclones (although these experiments have been carried 
out at gas densities only up to 10 kg/m' ). 

Coaxially purging cyclones 
For the bulk of the film exactly the same calculation applies as above. 
However, the presence of the vortex finder can cause a considerable decrease 
in axial velocity at the wall at the height to which it extends (see for 
instance figure 7-10A). The tangential gas velocity does not decrease all 
that sudden (see figure 7.10B). 
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This r e s u l t s in the behaviour (depicted in figure 6.11) that the wall film 
thickens j u s t underneath the vortex f inder while i t s angle of r o t a t i o n 
increases sharp ly . This way, very unfortunate separation circumstances are 
created. Suppose that reentrainment takes place: then d rop le t s immediately 
e n t e r the zone of high r a d i a l v e l o c i t i e s ( s ee f i g u r e 7-10C) and 
redisposition will not take place easi ly. The balance of drag forces inwards 
and c e n t r i f u g a l f o r c e s outwards can e a s i l y be ca lcu la ted with the 
information presented in AC-M0D1/2 (no quantitative relat ions will be given 
here) . 

ad 2. Consequences of malfunctioning of secondary separation zones 
As shown in AC-M0D2 the liquid that i s discharged from axial cyclones can be 
so fine that i t i s questionable if a simple g r a v i t a t i o n a l separa t ion s tep 
would be sufficient to prevent these droplets from reentering the main flow. 

In the following a p r a c t i c a l c r i t e r i o n w i l l be given to q u a n t i f y the 
detrimental effects on the to ta l separation efficiency. 
If i t is assumed that the ax i a l cyclones are grouped in squares ( f igure 

7.20) the space between the cyclones i s D2 [1 - —) = 0.215 • n* (see also 
A 

figures 6.10A and B). 
(P* ♦ ) 

The s u p e r f i c i a l ve loc i ty in th i s space (v 2) amounts to v _ = n ? 1 l_° n 2 in 
which p% i s the purge rate and ♦ the throughput of the cyclone. 

20 40 

Fig. 7.20 Composition of multieyclone Fig. 7.21 Validation of equation 7.24 
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Coaxially purging cyclones 
To determine whether droplets, that are formed during discharge, are taken 
with the purge gas to the main stream the following applies (under Stokes' 
law): 

(p - p ) g d̂  
vg2 È l 8 p * u ' <7-23> 

in which d is determined according to equation 7-20. eq 
This relation has not been verified against experimental results. 

Radially purging cyclones 
The same carry-over criterion (equation 7-22) applies to radially purging 
cyclones, but in this case d is determined according to equation 7-21. 
When this equation for d is substituted in the carry-over criterion the 

eq 
following relation is derived: 

b a g (p - p ) 
v5 p £ C S- (7.24) 
gP g u 

-4 This relation has been verified for a cyclone of which S. = 32.10 m' and 
p% = 20. The results of the experiments are represented in figure 7.21. From 
this figure it appears that for the tested geometry the limitation in gas 
throughput is purely set by inadequate secondary separation. This effect is 
not as much specific for this particular geometry but rather for the usual 
way in which axial cyclones are operated. 

7.4.4 Blocks AC-M0D4/M0D5 
It is expected that banks of axial cyclones will not show other detrimental 
effects with respect to operating characteristics than those observed with 
single axial cyclones. Maldistribution, for instance, is an effect that is 
not likely to occur. Therefore, the interpretation of the experiments and 
subsequent modelling for axial cyclones is concluded. 
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7-5 Reverse flow cyclones 

7-5-1 Block RFC-MODI 

Objective: Formulation of a model that describes the gas flow field inside a 
reverse flow cyclone as a function of its geometry. 

Summary : No satisfying results have been achieved. 

Unfortunately the Fluent code has not been available to model reverse flow 
cyclones. Instead the Phoenics code was used, which is much less equipped to 
model swirling flows. 
One of the most important deficits of Phoenics is the lack of an advanced 
turbulence model which is necessary to model anisotropic flows. This was the 
principle cause of the failure to formulate a generally applicable model. 

In figure 7-22 an example is given of the comparison of a simulated flow 
field to an experimentally determined one. Although this simulation has been 
carried out with a for this purpose modified Prandtl-mixing length 
turbulence model (suggested by Pericleous [1984]), the agreement is still 
very poor. 

Fig. 7.22 Simulated axial development of the Fig. 7.23 Manifestations of the 
tangential velocity profile in a liquid phase in a 
reverse flow cyclone with k-e reverse flow cyclone 
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7.5-2 Block RFC-M0D2 

Objective: Formulation of models that describe the behaviour of the liquid 
phase inside a reverse flow cyclone. 

Summary : The various forms of the liquid phase and their origin are 
identified. Because the conditions inside a reverse flow cyclone 
are very similar to those in axial cyclones it is possible to 
refer in most cases to the corresponding relations formulated for 
these cyclones. 

In a reverse flow cyclone the liquid phase can occur in one of the following 
forms (see figure 7•23): 
a. as the original mist phase (I); 
b. as the film formed by the separated liquid (II); 
c. as droplets reentrained from this film (III); 
d. as boundary layer creep towards the vortex finder (IV). 

The first three phases can be described with the corresponding relations 
derived in AC-M0D2, as these relations take the same effects into account 
that are of influence in reverse flow cyclones. Boundary layer creep is 
caused by the short circuiting gas flow that flows directly into the vortex 
finder upon entry (see figure 7.23). 
The amount of liquid that is transported this way can be quantified when the 
interfacial shear stresses and the film thickness are known: 

1 2 
- the interfacial shear stress T. amounts to T. = f . • r p v ; 

l l gi 2 Kg g' 
- when assuming a thin laminar film the average film flow rate can be 

T. b L 
quantified as ♦ = v.L = — ^ , 
in which: b = the film thickness 

v. = the average film velocity 
L = the width of the surface across which creep takes place 
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7-5-3 Block RFC-M0D3 

Objective: Formulation of models tha t descr ibe the p r a c t i c a l operat ing 
character is t ics of a reverse flow cyclone. 

Summary : The characteris t ics to which attention will be paid are: 
1. primary separation efficiency; 
2. maximal capacity; 
3. pressure drop. 
Because RFC-MODI has not been completed, it is not yet possible 
to formulate an encompassive model cluster as has been done in 
AC-M0D3- Still, some limiting phenomena have been identified for 
which qualitative models are formulated. The reliability of these 
models will be verified for specific cases that are experimen
tally well characterized. 

7.5-3.1 Primary separation efficiency of a reverse flow cyclone 
Because no gas flow fields have yet been produced from simulations it has 
been attempted to relate the determination of the primary separation 
efficiency of a reverse flow cyclone to that of an axial cyclone. This seems 
to be justified because the conditions in the separation zones of both 
cyclones are very similar. 

The primary separation efficiency of a reverse flow cyclone was simulated by 
determining the primary separation efficiency of an axial cyclone that: 
1. had an equal diameter of the vortex finder; 
2. had a swirl number that equalled the swirl number of the gas flow in the 

separation zone; 
and implicitly it was assumed that the tangential velocity profiles would 
only depend on the actual swirl number and would not be influenced by the 
axially reversed core. 
The experimental validation has the same set-up as described for the 
corresponding experiment in AC-M0D3. The results are given in table 7-II-

run measured separa
tion efficiency 

1 99.1% 

simulated separa
tion efficiency 

99.6* 
simulated d5 „ 1 d5, of incoming 
of cyclone mist 

4 um 1 28 um 
Table 7. II 
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Although the predicted seems to agree fairly well with the measured 
separation efficiency it must be realized that the amount of measured carry
over is more than two times the amount that is predicted. Probably the 
reason for this effect is that it is not accounted for short circuiting gas 
flow just underneath the vortex finder which takes particles outside the 
reach of the separation zone (see figure 7-25, IV). 

7.5.3-2 Maximal capacity of a reverse flow cyclone 
With respect to the determination of the maximal capacity of a reverse flow 
cyclone, two limiting phenomena will be described: 
1. the effect of reentrainment; 
2. the effect of creep. 

ad 1. Effect of reentrainment 
From the description of RFC-EXP2 it appears that just underneath the vortex 
finder of the cyclone under investigation a comparable build-up of liquid 
took place as described for coaxially purging cyclones. Apparantly the 
radial inflow of the shortcircuiting gas flow to the vortex finder caused a 
momentary decrease of the axial velocity. This effect is for instance 
confirmed by gas flow field determinations of Boysan [1982]. 
The observed phenomena can be explained by the fact that the tangential 
velocity does not show this dip at the wall. These effects result in a 
thickened film rotating at a sharper angle (see figure 6.16). 
This is a very unfortunate situation as the reentrainment that will take 
place at this location will not be redeposited further downstream in the 
cyclone. Instead it will be picked up by the high inward radial velocities 
and brought into the exiting cleaned gas flow. 

When the gas flow field can be predicted it will be straight forward to 
determine the effect of reentrainment with the relations formulated in AC-
MODS with respect to coaxially purging axial cyclones. 

ad 2. Effect of creep 
Creep is an effect of which the quantity, according to RFC-M0D2, does not 
depend on liquid loading of the gas. Therefore, creep is often the reason 
why at lower liquid loadings the separation efficiency seems to deteriorate, 
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as the absolu te amount of creep s tays cons tan t . Unfortunately, yet no 
information i s ava i l ab le on the boundary l a y e r gas flow r a t e , so no 
quan t i t a t i ve predictions can be given. However, the tes t resu l t s of cyclone 
type B, figure 6.21C demonstrate th is effect very clearly. 

7.5.3.3 Pressure drop of a reverse flow cyclone 
In case of axial cyclones i t has been es t ab l i shed tha t the l i q u i d phase 
exer t s l i t t l e influence on the pressure drop and therefore, i t i s re l ied on 
the gas flow field simulat ions only to give p red ic t ions of the p ressure 

drop. 
In case of reverse flow there is a clear influence of the liquid phase, as 
is demonstrated by, for instance, the pressure drop curves of cyclone IV 
(type E, figure 6.18C) page C.10 in appendix C. 

On one occasion (cyclone type E, figure 6.18C) a reduction up to 15# of the 
pressure drop has been measured when the liquid loading was increased from 0 
to 10$. This reduction can be explained by: 
1. A reduction of the tangential velocity by a decrease in angular momentum 

of the gas (swallowed by the droplets); 
2. A reduction of effective turbulence by the presence of particles; 
3. A reduction of wall friction by the formation of the wall film. 

Because the first two effects would have been apparent for axial cyclones as 
well, the third explanation is the most probable. The surface covered by 
wall films is much smaller in radially discharging cyclones to which the 
original experiments relate. 

7.5.4 Block RFC-MOD^ 

Objective: Identification of the effects that influence the reduction in 
separation efficiency of a multicyclone in comparison to a single 
cyclone. 

Summary : A simplified conceptual model of a reverse flow cyclone will be 
set up with which the observed behaviour of a multicyclone can be 
explained. 
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The results of the experiments with multicyclone A, described in RFC-EXP4, 
show an apparant contradiction: although there is a high maldistribution of 
liquid across the cyclone, the gas flow that is measured at the outlet of 
the individual cyclones is constant*) (see table 6.VIII). 
One would rather expect a higher gas flow through the cyclones that separate 
higher amounts of liquid, as the increase of liquid should have resulted in 
a decrease of the pressure drop (RFC-M0D3) . A valid explanation of this 
effect is the assumption that the reduction of wall friction causes the 
reduction in pressure drop and that a free exchange of gas between the 
cyclones is possible in the discharge bin. The reduction in pressure drop is 
in this case only created between the inlet and liquid outlet of the 
cyclone, causing extra gas to travel this traject through the cyclone if 
extra liquid is processed. This relative advantage is lost, though, upon 
reversal of the gas direction, as much less liquid is available to smooth 
the wall roughness in the vortex finder. Therefore, in the discharge bin, a 
redistribution of the gas will take place as such that the pressure drop 
across all the individual vortex finders is equal (see figure 7.24). This 
redistribution will cause already separated droplets to enter the cyclones 
again, after which they will pass very fast through the vortex finder. 

Figure 7.24 Multiayalone effect induced by wall roughness and variation of 
liquid loading 

*) The reason that cyclones II and IV show lower velocities is caused by 
their longer vortex finder. The effect hereof is explained in the course 
of the text. 
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The influence of this effect on the separation efficiency depends on: 
1. The rate of gas redistribution under the cyclones, which is determined 

by: 
a. the rate of liquid maldistribution across the cyclone; 
b. the absolute wall roughness of the separation zones of the individual 

cyclones, as this determines the amount of liquid that is necessary 
before extra liquid will no longer result in extra gas through the 
inlet. An example: if a very thin film is already enough to cover the 
wall roughness, the pressure drop across the cyclone becomes 
independent of the liquid loading across the cyclone (see equations 
5.12 and 5.13) and the amount of extra processed gas and subsequent 
redistribution stays limited. 

2. The droplet size of the discharged liquid. As the same balance of forces 
plays a role as depicted in figure 7-22 for coaxially purging cyclone it 
is referred to this section of AC-M0D2. 

The quantification depends very much on the yet uncompleted gas flow field 
model of RFC-MODI and the models that quantify the liquid maldistribution 
across the package and the gas velocities in the discharge bin, as the 
latter will determine how much liquid will reenter the cyclones. These 
models have not yet been formulated. 
One conclusion can be drawn: if the wall friction factor of the separation 
zone is smaller than the interfacial (gas) friction factor, the described 
mechanism can not occur and the separation efficiency of the multicyclone is 
quite easily improved considerably - up to 10/K as shown by RFC-EXP4. (After 
these experiments one of the cyclones of bundle II was sacrificed for 
internal examination: it appeared that chunks of rust protruded up to 3 ""*> 
into the separation zone.) 

7-5.5 Block RFC-M0D5 

Objective: Formulation of practical relations that predict the behaviour of 
multicyclones. 

Because of the qualitative character of M0D4, no attempts have yet been 
undertaken to set up relations for M0D5. 
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7-6 Vanes 

7-6.1 Block V-M0D1 

Objective: To set up a model that describes the gas flow field inside a 
vane. 

Summary : A suitable model has been developed on basis of the Phoenics 
code. The validation of this model is described. 

It was assumed that the measure of rotation between the vanes is low enough 
to model the system with the k-e turbulence model. The first results did not 
show the vortices that are developed in the top section of and behind the 
bends (figure 6.23). After the grid had been refined the simulation did show 
these vortices and a satisfying agreement was reached between prediction and 
experiment. The outflow conditions set the velocity gradients at the exit 
plane to zero. The grid and other simulation parameters are described more 
extensively by Waterreus [1988]. In figures 7-25 and 7-26 an example is 
given of the comparison of simulation and experimental results. The 
discrepancy was thought to be small enough to be able to rely on this model 
for the geometrical optimizations that will be described in chapter 8. 
The elongation of the vortex behind the bend can bé explained by the same 
effect described with one of the preliminary AC-MODI models: angular 
momentum is imported by inflow of outside gas. If the grid would have been 
chosen longer, this effect would no longer be present. 

distance to wall 

Figure 7.25 Simulated flow field Figures 7.26A and B Validation of V-M0D1 
between vanes 
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The vortex behind the bend can be explained by the after effects of the 
radial pressure gradient that is formed in the bend. The low pressures at 
the inner side of the bend cause an axial pressure gradient that is directed 
against the overall flow direction when the bend ends. 

7.6.2 Block V-M0D2 

Objective: Formulation of relations that describe the behaviour of the 
liquid phase between vane blades. 

Summary : The various forms of the liquid phase and their origin are 
identified. For each of these forms relations are set up to 
describe behaviour and to be able to predict possible critical 
effects. 

The liquid can occur in one of the following forms (see figure 7.2J): 
1. as the droplets of the original mist phase (I); 
2. as the film that is formed by the separated droplets (II); 
3. as the droplets reentrained from the film (III). 

ad 1. Behaviour of mist phase 
It is referred to section 7-3-2 in which the relations are derived that have 
been used in the previous sections for determining particle trajectories. 

ad 2. Behaviour of liquid film 
Distinction will be made between vane separators in which the separated 
liquid is drained through shielded channels or in which the separated liquid 
is drained against the upflowing gas. 

Figure 7.27 Manifestations of the liquid Figure 7.28 Balance of forces on 
phase in a Vane-type separator the liquid film 
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In case of shielded liquid drainage 
There are two mechanisms that can cause reentrainment of the film: 
- shear off of film from geometrical irregularities (see EXP-V2); 
- shear off of interfacial instabilities (see previous M0D2 blocks). 
The first mechanism has been observed to take place extensively on vane 
blades of type A in figure 6.29. The droplet size that is created can be 
estimated with the balance of forces depicted in figure 1.21, in which the 
break up of the film is caused by interfacial forces, while the containing 
force is formed by the surface tension: 

C L . i p v2 6 b = a b 2 D 2 Kg g 

assuming C_ = 1 and d = -J 

d = - / ^ - (7.25) 
eq v * up u 

g g 
In case of the second mechanism, the reentrainment model given in section 
7-3-3 can be used for predictions if the local tangential film velocity and 
the friction velocity of the gas phase are known (both can be determined 
from the predictions of V-M0D1). It is assumed that the film velocity can be 
determined according to equation 7-17: 

f . P 
1 f1± P l g 

In case of unshielded liquid drainage in vertically flowed through vanes 
The mechanism that limits the capacity is fully different. Mist is offered 
to the vane, liquid is separated and drained against the upflowing gas. The 
capacity of the drainage depends on the gas friction velocity, gas density 
and liquid properties. If at a certain moment the amount of liquid offered 
to the separator surpasses this maximal drainage capacity, the separator 
will rapidly flood internally and the maximal capacity will be reached 
abruptly. Pressure drop and maximal capacity are very adequately described 
by the model of Billet [1987] (section 3.4.3) for packed columns. 
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ad 3. Behaviour of reentrained droplets 
Reentrainment will only take place at the high velocities that will occur in 
operation with shielded liquid drainage. The behaviour of these reentrained 
droplets can be characterized when the following properties are known: 
- droplet size; 
- initial droplet velocity; 
- reentrainment rate. 

I f d r o p l e t s a re reen t r a ined by the f i r s t mechanism, ment ioned under ad 2 , 
t h e i r d rop l e t s i z e can be determined according to equat ion 7-25-

I t can be expected according to the same model, depic ted i n f i g u r e 7-27 t h a t 
the d r o p l e t v e l o c i t y can n o t be l a r g e r t han t h e maximally occur ing film 
v e l o c i t y , v l m a x . 

vn ~ 2 * v, (Re. < 1000) 
lmax 1 1 

v. i s determined according to equation 7-25 

The reentra inment r a t e depends on the surface roughness: s p e c i f i c a l l y on the 
number of i r r e g u l a r i t i e s t h a t p e n e t r a t e through t h e boundary l a y e r of t h e 
f i l m . I n c a s e t h e f i lm i s so uns tab le t ha t reentrainment can take p l a c e by 
r o l l wave c r e s t shear o f f , i t i s r e f e r r e d t o t h e c o r r e s p o n d i n g o r i g i n a l 
r e l a t i o n s i n e i t h e r s e c t i o n 5-5 o r the modified relations for centrifugal 
fields in AC-M0D2. 

7.6.3 Block V-M0D3 

Objectives: Formulation of practical relations that describe the operating 
characteristics of a vane separator. 

Summary : Because V-EXP3 has not yet been started, no reliable means of 
validation for the models of this block was available. 
Therefore, only qualitative conclusions can be drawn. I t is 
expected that Verlaan will pay extensive attention to this 
subject in his thesis. 
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In this section attention will be paid to the following operating 
characteristics: 
1. primary efficiency (minimal capacity); 
2. maximal capacity. 
The pressure drop is reproduced reliably by V-MODl. In the following it is 
assumed that the presence of liquid will have a negligible effect on the gas 
flow field as most vane blades consist of smooth stainless steel (see RFC-
M0D4) . 

ad 1. Primary separation efficiency 
In first instance the same three assumptions of particle trajectories as 
those in AC-M0D3 are taken to be valid with respect to the determination: 
1. The gas flow field is not affected by the presence of liquid phase; 
2. Turbulence has a negligible effect on particle trajectories; 
3. Stokes' law is applicable. 

The minimum gas flow velocity necessary to achieve practical separation 
efficiencies has been estimated for vane type separator C in figure 6.29. 
Values of v . between 2-k m/s depending on droplet size distribution, g min i f o i-

were found, which corresponded to experimentally determined values on test-
rig 3- However, because of still unquantified upscaling effects that might 
have influenced these results, these experiments are not suitable for 
validation purposes (Pouwels [1987]). 

Figure 7. 29 Simulated kinetic turbulent energy between vane blades 
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From simulations of gas flow fields at higher gas velocities it appears that 
the intensity of turbulence increases rapidly after each bend (figure 7-29). 
Because the turbulence intensity is high in the regions that the droplets 
have to traverse, it is questionable if the second assumption will prove to 
be valid. The basic cause of the increase of turbulence behind the bends is 
the occurrence of the vortices which are described in V-M0D1. 

ad 2. Maximal capacity 
From V-M0D2 two mechanisms are indicated that can limit the operation by 
causing reentrainment of separated liquid. Which one will occur depends on 
geometrical effects (surface roughness) and flow field characteristics 
(local tangential accelerations). 
The effect of reentrainment will largely depend on the location of thé 
drainage slits, and thus on the location of the wetted areas. Reentrained 
droplets can penetrate to the gas core if no sufficient centrifugal 
acceleration is available and/or when the gas flow has become too turbulent. 
All these effects, but the last can in principle be simulated with the 
combination of the model blocks presented in the two previous sections. 
When adequate experimental results have been generated to verify the 
reliability of this model cluster, a powerful tool has been obtained to 
predict the operating characteristics of vane type separators that feature 
shielded liquid drainage. 

7.6.4 Block V-MOD't 

Objective: To quantify the e f f e c t s of u p s c a l i n g with r e s p e c t to the 
operating conditions of a vane separator. 

Summary : Of two effects , that have e a r l i e r been i d e n t i f i e d as poss ib le 
cont r ibuants to reduction in separation efficiency, one has been 
investigated by means of s imulat ion, although no experimental 
resul ts were yet available to verify the simulation model. 
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In section 3-̂ -3 two detrimental effects were mentioned that play a role 
when the length/width ratio of the inflow area of a vane type separator, 
flowed through from the direction of its length (see figure 7.30A), is 
extreme: 
1. gas will be maldistributed across the frontal inflow area causing local 

overloading; 
2. (in case of horizontally flowed through vanes:) the capacity of the 

liquid drainage slots might be too low in the underside of the vane pack, 
causing liquid to flow out of the slots. 

The second effect will not very likely occur in usual operation as the cross 
section of the slots in most geometries is large in relation to practical 
liquid loadings. Moreover, if it occurs, carry-over will be quite fast 
accommodated in following slots. 
The first mechanisms might result in more serious effects, because too high 
superficial gas velocities will always lead to a decrease in efficiency. 

For this reason a qualitative simulation based on the Phoenics code has been 
set up to assess the amount of maldistribution as a function of operating 
pressure, W/L ratio and pressure drop coefficient of the vane. The simulated 
situation is depicted in figure 7-30B. 
An indicative example of the simulation results is depicted in figure 7.30B. 
The preliminary conclusion of this exercise is that the effects of 
maldistribution are much stronger than generally considered. 
However, more effort must yet be put in these investigations to quantify the 
observed effects. 

Figure 7. SOA Configuration used for modelling 
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Figure 7.30B Indicative example of simulation result 

7.6.5 Block V-M0D5 

Objective: To formulate p r a c t i c a l r e l a t i o n s that predict the behaviour of 
vane packs. 

Because of the q u a l i t a t i v e charac ter of M0D4 no attempts have yet been 
undertaken to set up relations for M0D5. 
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8. CONCLUSIONS: IMPROVED DESIGNS AND DESIGN PROCEDURES 

8.1 Introduction 

In chapter 8 the models that have been formulated in this thesis are applied 
to develop new separator designs and improved separator design procedures. 
In section 8.2 for each separator type the effects are summarized that have 
been found to limit the operation. Improvements are proposed to minimize or 
prevent the effects of these limitations. Along this line a dedicated axial 
and novel vane design cyclone are optimized and tested. 
Although a conceptual design for an improved reverse flow cyclone is 
proposed as well, this separator type has not been developed further as the 
characteristics of the new axial cyclone proved to be superior in advance. 
In section 8.3 design procedures are distilled from the models that have 
been described in chapter 1. 
In some cases it proves to be possible to extract simple and reliable 
relations from these models that have a practical value. In most cases, 
however, is referred to the complete model for exact predictions. Rules of 
thumb are given with which the influences of most important operating 
conditions can be quantified. The newly developed relations are compared to 
the traditional design rules and conclusions are drawn with respect to the 
consequences of discrepancies. 

8.2 Improved designs 

8.2.1 Axial cyclones 

Prime limitations 
It has been proven in section 7.k that the maximal capacity is reached in 
axial cyclones because of a malfunctioning secondary separation zone and not 
because of reentrainment of the liquid film inside the settling zone (see 
for example figure 7-21). 
Especially in case of radially purging (slit-) cyclones the detrimental 
effect of increasing gas density on the effectiveness of the secondary 
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separation zone is very strong (equation 1.2k). In axial cyclones with 
efficient swirl elements a large part of the pressure drop across the 
cyclone is caused by the constriction of the vortex finder. The pressure 
drop across the vortex finder serves as the driving power of the secondary 
separation, but does not contribute to the primary separation (see for 
instance figures 6.10A and B). 

Proposal for a compact axial cyclone dedicated to high pressure applications 
In figures 3-29 and 3-30 it is shown for reverse flow cyclones how to 
reprocess fouled purge gas with the main gas stream. If this idea is applied 
to axial cyclones the secondary separation zone is not longer necessary. 
Two different configurations (see figure 8.1) have been considered to 
reprocess the purge gas. The purge gas can either be fed back to the 
unprocessed main stream through the underpressure created by a venturi 
upstream of the cyclone, or use can be made of the available underpressure 
in the centre of the cyclone to create a driving force for the purge gas. 
Apart from eliminating the present limitation to the maximal throughput of 
traditional axial cyclones, the need for a narrow vortex finder (driving 
force behind secondary separation) has now been eliminated as well. This can 
result in a much lower pressure drop across the cyclone. For each of these 
two alternatives a design optimization has been carried out with the 
simulation models described in section J.k. 

In the following the optimization procedures and the final results are 
described for each of the two alternatives. 

j Iss 

Figure 8.1A Venturi, recycle axial 
cyclone 

Figure a.IB Internal recycle axial 
eye lone 
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Design optimization procedures 

Venturi-recycle type cyclone 
S t a r t i n g with some fixed geomet r ica l v a l u e s and r a t i o s t h e pr imary 
separa t ion zone was f i r s t optimally designed so that some stringent demands 
to the operating c h a r a c t e r i s t i c s could be met. The geometrical s t a r t i n g 
condi t ions concerned e spec i a l l y the diameter of the cyclone (0 50 mm) and 
the ranges of allowable variation of the other geometrical r a t i o s so t h a t 
the r e s u l t i n g design could s t i l l be accommodated in the t e s t - r i g . In the 
opt imizat ion procedure i t has never been n e c e s s a r y to impose t h e s e 
cons t r a in t s on the s imulat ion r e s u l t s . The requirements with respect to 
operating characteris t ics concerned: 

- the sepa ra t ion e f f i c i ency (d50 < 5 um); 
1 2 

- pressure drop (5 < 10, Ap = £ j p u , of which £ < 3); 
- turn down ratio (Tr < 1/5 at p = k0 kg/m3). 
The pressure drop coefficient across the swirler (£ ) had to meet stringent 
requirements as its value determines the necessary underpressure of the 
venturi (and thus the pressure drop across the venturi itself). 

The simulation results specified the following properties of the cyclone 
geometry (see AC-M0D3): 
- purge rate, p% 
- separation chamber length, L/D 
- diameter of vortex finder, D /D 

e' 
- minimal required swirl number, S . 

m 
With S the geometry of a low pressure drop swirl element can be derived 
from the information given in sections 5-5 and 6.3-1 AC-EXP1. 
A swirl element was constructed (see figure 8.2) that met the criteria (£ = 
2.7 and S , the minimal required swirl number that was specified by the 
simulation). 
From experiments appeared that the previously theoretically determined 
venturi geometry that should compensate for the pressure drop across the 
swirl element was not adequate. The purge rate was too low, and low 
efficiencies were measured. 
The venturi diameter that did induce the specified purge rate was found 
experimentally. 
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The predicted e f f i c i e n c i e s now coincided l a rge ly with the experimental 
v a l u e s ( see f igure 8.3) which meant t h a t no other l i m i t i n g phenomena 
occurred that had not been anticipated. 

The momentary decrease of measured separation efficiency at p = 14 kg/m' 
was structural and i s probably caused by film creep. Strangely enough t h i s 
e f fec t disappears at higher pressures. The target pressure drop coefficient 
of £ = 10 could not be reached because of a d isappoint ingly high pressure 
drop across the venturi (accounting for 55# of the total pressure drop). 

Figure 8.2 Optimized swirl element 

i target '10 
I reached .15 

=Sëf 

7" 
predicted 

6 experimental characterization at I5kg/n> 
a .. .. at 20kg/n>> 
• « a t 40kg/o> 

1 5 ?ö 55 !ö 55 ?ó 55 H ?ö~ ido 
gasflow (actual n'/hr) 

Figure 8.3 Characteristics of venturi 
recycle type cyclone 

Internal recycle type cyclone 
The opt imizat ion of the design of the primary separation zone was carried 
out similarly to the previous cyclone with an important ex t ra assumption. 
The purge gas that entered the separation zone through the swirl element was 
considered to be assimilated by the swirling gas flow f i e ld . I t i s assumed 
t h a t t he reby i t lowers the e f fec t ive swir l number of the t o t a l flow 
proportionally. The j u s t i f i c a t i o n of t h i s assumption i s shown in figure 
8 . 4 , in which the measured ax ia l development of th i s swi r l ing flow i s 
depicted. At location A (corresponding to f igure 6.10B) there i s s t i l l a 
d i s t inc t plug flow in the centre, which has disappeared at location B. 
This means that the models formulated in AC-M0D3 can be applied. I t should, 
however, be realized that a swirl element i s necessary that invokes a swirl 
number that i s p% higher than the swirl number with which the simulation has 
been ca r r i ed out ( i f p% i s the purge ra t e ) . With respect to the axial gas 
flow field the same assumptions are made as l i s ted in AC-MODI. 
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The simulations again specified the necessary geometrical parameters. Figure 
8.5 gives the p red ic t ions necessary for the determination of the grade 
efficiency curve of the final geometry. 

i s , 1 1 
u 

ii/ii 

• -'■' •'•' > ' ''■'• •'•• ' Figure 8.5 Simulated partiele 

Figure 8.4B Tangential flow field trajectories 

The following special properties were required of the swirl element: 
1. it should induce the specified minimal swirl intensity (S ); 
2. it should create a differential radial pressure drop large enough to 

induce the required purge rate; 
3. it should withstand fouling operation. 
With respect to the last demand the passage through the swirl element may 
not be narrower than 12 mm. 
Experiments were carried out to verify the predictions. This time a very 
large discrepancy was encountered between predicted and measured separation 
efficiency and apparently a secondary limiting mechanism occurred in the 
separation process that had not yet been identified. 
Internal investigations on test-rig 1 showed that very heavy film creep 
occurred across the top of the swirl element towards the centre of the 
cyclone. This liquid film was dispersed by the purge gas (see figure 8.6A) 
that entered the cyclone through the swirl element. This way very 
unfortunate conditions were created. An anticreep device was mounted on top 
of the swirl element (see figure 8.6B) which provided an adequate solution. 
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Figure 8.6A Dispersion of oreep Figure 8.6B Modified swirl element 

The experimental characterization was now again conform to the predicted 
behaviour (see figure 8.7A). The pressure drop coefficient that was expected 
for this geometry amounted to £ = 7; the effective pressure drop coefficient 
that was determined experimentally amounted to £ = 6. 

fj target .10 
jj retched >6 
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O experimental characterization at 14 bar 
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Figure 8.7A Characteristics of internal Fig. 8.7B Characteristics o f corresponds 
recycle type cyclone conventional cyclone 

In figure 8.7B the same axial cyclone has been tested in the traditional 
form (see figure 6.10A). A secondary separation zone replaced the recycle 
provision. The diameter of the vortex finder had been chosen as such that an 
equal purge rate was developed. The effect of the difference in purge gas 
cleaning shows that the traditional solution is not at all suited for high 
pressure applications. More specific information with respect to the 
geometrical properties of these cyclones is confidential. It is in the 
possession of the sponsors of this project. 
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This design optimization has lead to a cyclone of which the measured maximal 
value of A (related to the diameter of the cyclone) amounted to A = 2.5 (!) 
(at p = 40 kg/m3 and 110 m3/hr). This figure was at least 2.5 times higher 
than the measured maximal value of A for the conventional cyclone. 
Meanwhile, the pressure drop across the new cyclone was four times lower. 

8.2.2 Reverse flow cyclones 

Prime limitations 
It has been shown in section 7-5 that one of the probable bottle-necks with 
respect to gas throughput in gas/liquid reverse flow cyclones is formed by 
reentrainment of the separated liquid film and the high radial gas influx at 
the height of the vortex finder. 

Proposal for a design dedicated for high pressure gas/liquid separation 
A simple geometrical solution that reduces the local radial influx and at 
the same time takes the liquid away from the dangerous zone, is expansion of 
the separation zone at the height of the vortex finder (see figure 8.8). 
Although the same separation efficiency and turn down ratio could be 
reached, a reverse flow cyclone will probably always have a higher pressure 
drop and a larger size. Because no possible advantages are gained with 
respect to the designs that have been developed in the previous section, no 
further effort has been put in optimization of this design principle. 

Ï 

Figure 8.8 Adapted reverse flow cyolone for high pressure gas/liquid 
separation 
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8.2.3 Vanes 

Prime limitations 
In section 7-6 has been shown that, due to the poor aerodynamic properties 
of the flow path between the vane blades, the turbulence intensity will 
increase steadily from in- to outlet. The effect of the increased turbulence 
is threefold: 
1. It has been shown that usually only the first two or three bends will 

contribute to an effective separation. From these bends onwards the 
movement of small mist particles becomes so erratic that only some 
turbulent deposition will take place. 

2. Because of the turbulent fluctuations of the gas flow the maximal 
capacity (onset of reentrainment) is reached earlier than expected. 

3. The pressure drop across the vane pack is higher than necessary. 

The reentrainment mechanisms that can be encountered inside vane packs are 
also described in section "].6 and are identified as: 
a. roll-wave crest shear off in case of low centrifugal stabilization of the 

film (poorly located discharge slits, outside the zones in which a 
centrifugal field exists); 

b. film shear off because of irregularities on the vane surface. 

The most important reason for the downstream increase of turbulence between 
vane blades is caused by the radial pressure gradient that is invoked in the 
bends. The zone of low pressure at the innerside of the bend causes behind 
the bend an axial gradient that is directed against the general direction of 
flow. This effect gives rise to a vortex that forms an uncontrolable 
fluctuating 'obstacle' in the flow path (see figure 7.24 and V-M0D1). 

Proposal for vane type separator design that is dedicated to high pressure 
gas/liquid separation 
From personal communication with Nieuwstadt [1987] it appeared that a very 
elegant way of abolishing the vortices would consist of creating a low 
pressure zone behind the bends to compensate the radial pressure gradient in 
the bend. This low pressure zone should be created by reducing the width 
between the vane blades directly after the bend. 
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By choosing a careful increase in width, pressure could be regained and the 
level of turbulence could be kept to a minimum. 
The maximal allowable width of the vane channel behind the bend in order to 
prevent the formation of a vortex can be quantified in a simplified way: if 
solid body rotation is assumed to take place in the bend, the radial 
pressure difference across the channel in the bend will be: 

rr°ut 2 . 1 2 2 
APb = J pg co r dr = 2 Pg *> r 

r = r 
out 

r = r. 
(8.1) 

in in 

in which: r. = the inner radius of the bend 
in r ^ = the outer radius of the bend out 

ID = the angular velocity in the bend (~ u,/r) 
u, = the superficial velocity between the plates in the bend. 

With the knowledge of the radial pressure gradient the necessary reduction 
in pressure behind the bend can be calculated; from this information the 
reduction in channel width can easily be estimated with Bernouilli's law: 

AP = \ p (u, - u ) 2 
r 2 rg ' b r' 

in which: AP = the pressure reduction after the bend 
u = the superficial velocity between the plates after the bend 

The vortex behind the bend will not form if AP > r- AP,_. 
r 2 b 

With the quantification described above a preliminary one-bend p r o f i l e was 
se t up and simulations with the ear l ie r described V-M0D1 model were carried 
out to e s t a b l i s h the s e n s i t i v i t y of the d e s i g n . Two examples of the 
simulat ion r e s u l t s are shown in figures 8.9 and 8.10. As can be seen, the 
vortex behind the bend i s in e f fec t no longer present and the amount of 
turbulence is drast ical ly reduced with respect to figure 1.29. 
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Fig. 8.9 Simulated flow field Fig. 8.10 Simulated turbulent kinetic energy 

After the theoretical justification of the new design philosophy for the gas 
flow path a prototype vane separator was conceived that consisted of only 
one bend. Care was taken to optimally locate the drainage slots (according 
to the findings in section 7-6) and to provide the drainage slots with 
gradually curved smooth upstream lips (see figure 8.11) to ensure cohesion 
of the film to the metal surface and to prevent the second reentrainment 
mechanism mentioned. 
This prototype featured a vertical shielded liquid drainage (see figure 
3.12) to ensure a design as compact as possible which would be suited for 
fouling operation. 

The experimental characterization showed in effect a drastically reduced 
pressure drop (it amounted to 20% of conventional vane packs with vertical 
shielded liquid drainage). The maximal capacity and separation efficiency 
proved to be comparable to conventional vane separators. 
It was expected that the maximal capacity was limited by reentrained 
droplets from the still thick film flowing into the first drainage slot. 
After the first bend these droplets were hardly given a second chance to be 
separated. Therefore, a second prototype was designed that exchanged part of 
the large reduction in pressure drop of the first prototype for an extension 
of the turn down ratio. Instead of one bend, three bends were designed. 
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Figure 8.11 shows an indicative example of the vane geometry. The results of 
the experimental characterization are shown in figure 8.12. In this figure 
the characteristics are compared to those of a conventional vane type 
separator. 

The prototype is presently being patented. For more specific information is 
referred to the sponsors. Vertical liquid drainage has been patented by 
Burgess Manning GmbH, which company has put this idea at the disposal of 
this project under certain conditions. 

Figure 8.11 Geometry of first prototype for new vane (indicative) 
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Figure 8.12 Extrapolated characteristics of second prototype 
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8.3 Improved design equations 

8.3-1 Introductory remarks 

In the next three subsections design equations are derived from the models 
of chapter 7 for axial cyclones, reverse flow cyclones and vane type 
separators. 
Attention is paid to the same design equations as in chapter 3: 
1. Maximal capacity as a function of gas density, liquid properties and 

separator geometry; 
2. Minimal capacity (primary separation efficiency) as a function of the 

same variables; 
3. Pressure drop as a function of the same variables and gas flow. 

Except for axial cyclones, the models of chapter 7 are nearly always too 
complex to derive simplified, general relations from that fully account for 
geometrical variations. Therefore, the practical design equations that are 
derived from these models are in most cases given in a general form from 
which the influence of changes in operating conditions can be quantified in 
a relative way. For instance, in case of reverse flow cyclones, the 
mechanism that limits the throughput has been identified. With this 
information changes in operating conditions can be predicted qualitatively. 
For each separator type each of the new equations are compared to the 
traditional equations and the effect of the discrepancies is described 
shortly. 

8.3-2 Traditional axial cyclones 

Maximal capacity 
In case of radially purging cyclones the most important limiting mechanism 
is the failure of the secondary separation zone to separate the discharged 
liquids from the purge gas. The criterion for reentrainment is described as 
follows (see equation 7-23): 

* 2 J V S ' ƒ S^ (-—) • C (8.2) 
g max v p^ u A ^ 3 ' 
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in which: ♦ = gas throughput S D = cyclone diameter 
S. = slit surface 
p% = percentage of purge gas 
v% = volume percentage of liquid in gas 
C = numerical constant 

In case of coaxially purging cyclones the same mechanism may take place, but 
in this case ♦ is better described by (see equations 7.20 and 7.21): 

g max J ' 

v ( p i " p
K> v ° 3 

* z 1 — s- ' 1 5- ' C (8.3) 
g max * p • p.. * „ . 2 \ ~II 

g 1 P% tg a 
in which a = the swirl angle of the exit plane and determines the ratio 

between tangential and axial velocity components. It can be 
quantified exactly from relations in section 5-5 or from AC-
MODI but as a simplification a can be taken equal to the 
swirler angle. 

An other limitation of the capacity of this cyclone type may be formed by 
the reentrainment mechanism depicted in figure 6.11. In this case it is more 
difficult to derive general relations from AC-M0D3, as there is much larger 
influence of the cyclone geometry. 
The magnitude of the radial velocities at the exit plane depends on, for 
instance, the swirl number. Generally, it can be expected that at swirl 
numbers lower than 0.8, high local radial inflow velocities are created. 
If the simulated gas velocities in figure 7-l^C are observed it is noted 
that for swirl numbers of S = 0.55 inward directed radial velocities up to 5 
m/s occur. Generalizing it can therefore be said that if the vane angle is 
lower than 50-60° one should seriously account for this limitation 
mechanism. 

To quantify v in this case, the absolute values of the velocity gmax 
components of the gas flow field should be derived from simulations. 
Qualitatively, the maximal capacity will depend on p , p and a as described 
by the equilibrium specified by equations 7-16, 7-17 and 7-19: 



-194-

X 
v = C. • -*— (8.4) 
gmax 1 u, v ' 

in which: x = -0.5 < x < -0.1, depending on swirl number; 
if S = 1.2 x ~ -0.15 
if S = 0.55 x ~ -0.35 

C. = numerical constant depending on gas flow field 

Minimal capacity 
The minimally allowable gas throughput strongly depends on the specific form 
of the gas flow field, which necessitates gas flow field simulations for 
quantitative predictions. Qualitatively, the minimal capacity will depend on 
p.. , p and d, as specified by equations 7-12-7-15 (assuming that the 

g 24 
centrifugal stabilization justifies C_ = =—). 

C2 
v . = 5 (8.5) 
gmin , . ,2 

<pl " pg> dd 

in which: C_ = numerical constant depending on gas flow field. 
If the influence of operating pressure on the turn-down ratio (T ) is 
determined from the above two characteristics it appears that: 

(Pi " PK> T ~ n _° in case of maximal capacity that is limited by a failing 
g secondary separation zone and: (8.6) 

{ p i" V 
T ~ „ _° in case of maximal capacity that is limited by reen-

g trainment. (8.7) 
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Pressure drop 
The pressure drop across an axial cyclone consists mainly of the pressure 
drop across the swir l element and the vortex f inde r . The pressure drop 
coef f ic ien t of the f i r s t can be approximately determined from table 6 .1 , 
while the determination of the second is straightforward. 
If s imula t ion modelling i s not used the pressure drop can be manually 
determined by assuming that no other influences play a role (see section 1A 
for jus t i f ica t ion of this assumption) and that : 

AP = 5 a c | >/g (8.8) 

in „hich: ? a c = esw ♦ ev f 

E = pressure drop coefficient of swirl element and sw 

E . = pressure drop coefficient of vortex finder. 

Evaluation of practical design equations for axial cyclones 

Maximal capacity 
One of the few references to the design of axial cyclones for higher 
operating pressures is: 

A = 0.3 

in which A = v J s — (the load factor); (8.9) 
g s pl " pg 

v is the superficial axial velocity in the cyclone. gs 

The cyclone in question is of the radial discharge type and has been tested 
in AC-EXP3 (table 6.IV, cyclone type II). The test results show a much 
larger dependency on p than predicted by equation 8.9 (see figure 6.12). 
In figure 8.13 the actual influence and the influence predicted by equation 
8.9 are compared. 
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Figure 8.13 Comparison of traditional with improved design equation 

The origin of the load factor (see appendix A 3.4.2) is not suited for the 
determination of the capacity of cyclones at all (see appendix A 3.4.2). 
This is reflected by the large discrepancy that appears when trying to 
describe the influence of p in experimental results with this equation. 
Relying on this equation might lead to gross underdesign of axial cyclones 
under high operating pressures. 

An example may illustrate this: suppose that a certain axial cyclone 
separator for application at 100 bar operating pressure is designed by 
upscaling from atmospheric test data. With equation 8.9 a vessel will be 
designed in which the maximum allowable superficial gas velocity as 
specified by equation 8.2 is exceeded by a factor 2.5. The diameter of the 
vessel is chosen at least 1.5 times too small. 

8.3.3 Reverse flow cyclones 

Maximal capacity 
The limiting mechanism can be compared to the second mechanism described for 
coaxially purging axial cyclones (see section 7-5-3)• The same remarks apply 
with respect to the necessity of knowledge of the gas flow field. The gas 
flow field, especially in this case, is very difficult to characterize in a 
simple way. It is recommended to rely on the full simulation model (when 
completed) for quantification of the local gas velocities. 
Because of the similarity of mechanism of limitation with coaxially purging 
axial cyclones the dependency of v on the operating conditions is also 
described by equations 7.16-1.19: 
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X 
P o 

v = C, • -S— (8.10) 
gmax 3 u, 

in which: x =-0.5<x<-0.1, depending on swirl number; 
if S = 1.2 x ~ -0.15 
if S = 0.55 x ~ -0.35 

C_ = numerical constant depending on gas flow field 

Minimal capacity 
The exact determination needs to be carried out by simulations; dependency 
of v . on operating conditions can be summarized as follows (see equations 
7.12-7.15): 

C4 v . = r (8;ii) 
gmm , , ,2 K ' 

(pl " pg> dd 

in which: C(. = numerical constant depending on gas flow field. 

The turn down ratio relates to the operating pressure as: 
( p i ■ V 

Tr ~ X
0 . 3

S (8.12) 
p g 

Pressure drop 

The pressure drop is well described by the relations in appendix A 3.4.4.4. 

Evaluation of practical design equations for reverse flow cyclones 

Maximal capacity 
The design equations of which an inventory is made in appendix A 3-4.4 and 
that recognized reentrainment as limiting mechanism with respect to 
capacity, did not take the stabilizing effect into account of the 
centrifugal field. Hence, they describe too strong a dependency of v on p (v ~ p ) . These criteria lead to oversized separators. Kg g max Kg 



-198-

Most design equations that are used in the oil field practice either use 
again a load factor or a pressure drop criterion. 

Minimal capacity 
Usual a minimal capacity is assumed that is independent of operating 
conditions. This is not justifiable for smaller (p. - p ) values. 

8.3-^ Vanes 

Maximal capacity 
Two limiting mechanisms have been identified and described. 
Both are treated in section 7-6. In case of shearing-off of the film from 
irregularities in front of the drainage slits it is difficult to give a 
simplified relation of significant reliability. It is recommended to use the 
complete model described in V-M0D3 to calculate the balance of reentrainment 
and redeposition. 

In case of smooth vane surfaces the maximal capacity is limited by 
reentrainment by roll-wave crest shear off (section 7-3-3)• The local status 
of the gas flow field determines the amount of centrifugal stabilization of 
the liquid film. In case of well located drainage slits the maximal velocity 
depends again on the operating conditions in the earlier described manner: 

x 
P o 

v = C • - S — (8.13) 
gmax 5 u, 

in which: -0.5 < x < -0.3, depending on locations of wetted areas and vane 
geometry: if wetted areas are located outside centrifugal field x " -0.5-
Otherwise x may be larger, depending on gas flow field. 
C_ is a numerical constant. 5 

Minimal capacity (primary efficiency) 
The flow field between vane blades is too complex to be generalized by 
simple relations. For the exact determination of the primary efficiency is 
referred to the models formulated in V-M0D3. 
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Generally (see section 7.2) the dependency on p will be larger than 
predicted for cyclone separators. The centrifugal stabilization will 
probably not be strong enough to extend the range of Stokes' Law. 
In case of smooth vane blades and for a given geometry and two-phase system 
the turndown ratio will be linearly dependent on: 

pl " "s T ~ a 0.3 < x < 0.9 depending on locations of wetted 
g areas and vane geometry (8.14) 

Pressure drop 
As the pressure drops strongly depends on the generated gas flow field 
(vortices!) between the vane blades it is difficult to formulate simplified 
relations that describe the influence exerted on this parameter by 
geometrical variations. Therefore, it is recommended to use the gas flow 
field simulation model to determine pressure drops. 

Evaluation of practical design equations for vanes 

Maximal capacity 
Two different criteria are encountered in practice (see appendix C) to 
determine the maximal capacity in vanes with shielded liquid drainage: 

P 
1. a load factor (v / ^ — ) limit varying between 0.1 - 0.3, 

1 g depending on several parameters (8.15) 

1 2 
~? p v -1 

2. a reentrainment cr i te r ion , *■ < C [m ] (8.16) 

In the l a t t e r case i s not accounted for the centrifugal film s tab i l iza t ion . 
In the f i r s t case there i s no connection between the liquid properties and 
the limitation of mechanism. In both cases the e f fec t of p on v i s 

g g max 
assumed too strong if vanes are described in which the wetted areas are 
carefully chosen. This might lead to overdesigned separators at higher 
operating pressures, which can cause too low operating velocities, because T reduces strongly with increasing pressures (equation 8.l4). r 
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Again an example may i l l u s t r a t e th is case: suppose that a certain vane type 
separator for appl ica t ion a t 100 bar opera t ing pressure i s designed by 
upsca l ing from atmospheric t es t data with equation 8.15. If the exponent x 
in equation 8.13 amounts to x = - 0 . 3 . then a vane type separator is designed 
in which the maximum allowable superficial gas velocity is not reached by a 
factor 2 .5 . 
Apar t from the f a c t t h a t an unnecessary large vesse l i s constructed 
(diameter 1.5 times larger than necessary) i t i s probable that in th i s case 
t h e separa tor wi l l sometimes not function properly because of too low 
throughputs. 

Minimal capacity 
As appears from chapter 3 usua l ly no c o n s i s t e n t c r i t e r i a i f any are 
encountered with respect to th is parameter. 
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LIST OF SYMBOLS 

Note: Separator internal geometries are characterized separately in: 
figures 3-36, 5-17 and 6.10 (Axial cyclones) 
figure A.9 (Reverse flow cyclones) 
figures A.4 and A.5 (Vanes) 

b film thickness (m) 
d diameter of dispersed particle (m) 
d_ droplet diameter (m) 
d diameter of spherical particle with equal frontal area (m) 
dsd droplet size distribution (-) 

2 
C. surface area of cyclone tube (m ) 
D diameter of flow duct (m) 
D, hydraulic diameter of flow duct (m) 
f friction factor (-) 
g gravitational acceleration (m s ) 
k wave number (m ) 

2 -2 
turbulent kinetic energy (m s ) 
height of film instabilities (m) 

K Stokes Cunningham Correction (-) 
L separator length (m) 

2 M„ flux of angular momentum (kg m U M flux of axial momentum (kg m s z 
N viscosity number (-) -1 u 
P operating pressure (kg m 
r radius (m) 

-2 
R reentrainment rate (kg m 

hi 
S swirl number (-) 
t time (s) 

2 
T. modular surface area of axial cyclone (m ) 
T turndown ratio (-) r -1 
u, U axial velocity (m s ) 
v velocity (m s ) 
V radial velocity (m s ) 



-204-

v%, vol# liquid volume percentage (= *,/($, + ♦ )) 
1 1 g w, W tangential velocity 

(-) 
(m s ) 

Greek 

V n 

U 
v 
P 
O 
T 
* 

0 
1> 

volume fraction 
dissipated energy 
separation efficiency 
angle of rotation 

load factor ƒ 7 S — 
g max v (p - p viscosity 

kinematic viscosity 
density 
surface tension 
shear stress 
volume throughput 
swirl angle of flow field 
vane angle of swirler 
Stokes' parameter 
angular velocity 

-) 
2 -2 

kg m s ) 
-) 

-1. m s ) 

kg m s ) 
2 , m s) 
kg m"3) 
kg s 

1 -2, kg m s 
3 -1 m s 
-) 
-) 
-) 
a"1) 

Indices 

ac 
g 
gP 
S2 

i 
1 
P 
sw 

axial cyclone 
gas 
purge gas 
gas in secondary separation zone 
interface 
liquid, film 
particle 
swirler 
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APPENDIX A 

3.3-2 Knock-out vessels 

2.A Operating characteristics (literature investigation) 
Vertical configuration 
When considering the vertical knock-out vessel of figure 3-6, it can easily 
be seen that the droplet will not be separated when the drag force of the 
upflowing gas stream is larger than the gravity force. 
A critical situation is reached when the terminal velocity of a certain 
droplet size equals the gas velocity. 
Following from the equilibrium of gravity and drag forces: 

v = d L ^ . r^i^i/2 (A>1) 
g max L3 CD

 J L pg
 J 

As v depends on the minimum value of d it is usually attempted to g max r P 
generalize equation A.l by assuming a relation between v and d that 

g P 
predicts the largest droplet size at a certain maximal gas velocity upstream 
of the separation section (thus where the largest shear forces are exerted 
on the droplet phase). 

2 . p v d 
We = S Spm P (A.2) 
er o l ' 

i n which: We = c r i t i c a l Weber number for d rop le t break-up = 15 
v = maximal gas v e l o c i t y upstream of t h e s e p a r a t i o n s e c t i o n ; gpm v 

usua l ly the r a t i o of v and v i s taken as —=E— - IQ gpm g v g 

a = surface tens ion 

r PX 
If the load factor A is defined as A = v J B — , substitution of 

gmax v f>x - pg 
equation A.2 results in: 

v 1/2 . ,. We g , 

g D D PS 
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A depends only little on the physical properties and amounts in most 
practical circumstances to A ~ 0.1 (A.4) 

Although some very crude assumptions have been made (uniform gas flow) the 
dependency of v on p, and p is clear. For this reason this equation is g max 1 g ^ 
usually applied in practice as a base for design procedures. 

Horizontal configuration 
When considering the horizontal knock-out vessel of figure 3-5. it can be 
deduced that the droplet will be separated if 

-*= f v 
DL 4 term 

(A.5) 

This theoretical equation is seldom used when designing horizontal knock-out 
vessels, because many of the necessary assumptions (especially uniform gas 
flow) are far from realistic. 

2B. Availability and reliability of design procedures (literature 
investigation) 

The design equations and methods used to calculate the dimensions of these 
separators are straight forward and easy to understand. In the following 
some presently applied design rules are inventarised. 

Vertical configuration 
Vessel diameter D : D is determined as such that: v v 
a. upward gas velocity will permit the settling of droplets; 
b. downward liquid velocity will permit the escape of entrained gas bubbles. 

ad_a. v = 3-S-5 < 0.07 (f-) 
4 n Dv S 

1/2 (de Graauw [1984]) 

v = T - S < 0.06 (^)1/2 (Younger [1955]) 

v = ̂ —S-5 < 0.04 (̂ 1 K 1 _ „2 lp_' 
1/2 (Kerns [I960]) (A.5) 

JI D 
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ad b. v. = 2-18;10 " (Ap) (de Graauw [1984]) pL 

»1 
'1 1 _2 77 n D 4 v 

< 0.04 m/s (Younger [1955]) (A.6) 

Vessel length L : L is the sum of the lengths required for the different 
compartments for: 
a. degassing the liquid hold-up L .; 
b. inlet device (establishing a uniform gas flow) L • 
c. Settling chamber L _. 

*1 ad a. t = 2 = 2~5 min- L i > °-6 m (Scheimann [1964]) 
4 v vl 

•l 
rr n D2 L . 4 v vl 

5-10 min. (Younger [1955]) 

A 2 1 
ft <P — 

[ — — ^ - ] 2 = 2.51 (Lubin and Springer [1967]) 
AP g 'vl (A.7) 

ad b. L 2 = I Dv Ly2 > 0.5 m (de Graauw [1984]) 
Lv2 = 0.4 Dy Lv2 > 0.3 m (Marr and Moser [1975]) 
Ly2 > 0.15 m (Niemeyer [1961]) (A.8) 

ad c. L = 0.75 D L > 1 m (Marr and Moser [1975]) (A.9) 

_2 It can be seen that the velocity in the liquid pool, (D ), and the 
2-1 v 

retention time of the liquid in the pool, (L . * D ) , are used in design 
procedures as degassing criterion. It seems that D is the most sensible. 
L - is also determined by the possible necessity to accommodate large slugs 
that can not be drained immediately. 

Inlet nozzle diameter d.: d. is chosen as such that no large mechanical, 
droplet shattering forces can occur. 
If v . is the average velocity through the inlet device: 

p v2. S 1000 N/m2 (Marr and Moser [1975], de Graauw [1984]) (A.10) g gi 
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Outlet nozzle diameter d .: When v is the average gas outlet velocity: 
ui gu 

v = 20-30 m/s (Marr and Moser [1975]) 
gu p 
p v S 3000 N/m2 (de Graauw [1984]) (A.11) 

Liquid outlet nozzle diameter d _: To prevent plugging of nozzle d _ should 
be chosen larger than d _ > 75 >™ and as such the v _ > 1 m 

(Marr and Moser [1975]) (A.12) 

I t i s recommended to i n s t a l l vortex breakers above the liquid to prevent 
vortex formation with possible consequences for carry-under. 

Horizontal configuration 
Vessel diameter D : D is determined as such that de-gassing of separated 
l iquid can take place. 
The same rules apply here as to a ver t ical separator and: 

K± = 0.2 Dv Hx > 0.3 m (Scheimann [1964]) 
H = 0.5 Dv (de Graauw [1984]) (A.13) 
H. = liquid depth 

Vessel length L : L i s determined as such t h a t wi th p r e v a i l i n g gas 
veloci t ies entrainment can reach the liquid surface (see figure 3-5) 

0.275 H 4> p j 
L = ^ — £ h 2) (Scheimann [1964]) 

A R2 d p 
g 

H = D-H. g 1 
A = interfacial surface area g 

* — \ O.56 
q—£-5 = v é 0.1 f^-r (T-T) (de Graauw [1984]) (A.l4) 
h< g ps 

Furthermore the ratio of L and D is dictated by economic considerations as 
v v follows: L /D = 3 for P < 20 bar v v 

L /D = 4 for 20 < P < 40 v v 
L /D = 5 for 40 < P < 60 
V V 
L /D = 6 for P > 60 (A.15) 
v v 
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Other criteria are analogous to those for the design of the vertical knock
out vessel. The relative advantages of a vertically or a horizontally 
positioned vessel are given in section 3-6 where other, not yet described, 
influencing factors are taken into account. 

3.̂ .2 Mesh type separators 

2. A Operating characteristics (literature investigation) 
As, up to now, no analytical or numerical models exist that can more or less 
exactly describe any of the three characteristics separators are judged on 
in this work (figure 3-2). Phenomenological models have been formulated 
which describe some aspects of the behaviour of the mesh type separator with 
empirical constants under certain circumstances. 
On the other hand empirical correlations exist but it is not easy to 
transfer them to other applications than those for which they were 
originally developed. As it appears to be difficult to set up a general 
valid model, these empirical correlations are still most popular for design 
purposes. 

Collection efficiencies 
It is assumed that the collection efficiency is built up of two parts: 
1. impact efficiency; the efficiency with which particles hit the wires; 
2. holding efficiency; the efficiency with which these particles are held by 

the liquid film around the wires upon impact. 

ad 1. Impact efficiency 
The most popular models assume impact efficiency that is reached stepwise. 
When the impact efficiency of a single wire is known, the collective impact 
efficiency of a wire mesh pad can be deduced according to LOffler [1983] 

n(dp) = l-ef * ( dp ) (A.19) 

in which: 
n(d ) = the impact efficiency of the total mesh pad as a function of 

droplet size; 
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Ü 1 - £ z 
f = a characterization of mesh properties f = — -=— (A.20) 

w 4(d )= the impact efficiency for a single wire as a function of d , P p 
physical properties of two phase mixture and geometrical aspects; 

d = the wire diameter; w 
z = the thickness of the mesh pad. 

Up to now, the determination of *(d) has been the reason for inadequacies of 
the model. Many correlations exist for *(d) which not always agree very 
well. In case of inertial transport mechanisms and Re > 50 the following 
equation should agree well with experimental results (Löffler [1983]): 

,|3 2p t ' 
♦W = -3 T^ + 3 ( Rf~ ) (A.21) 

^ + f1(Re) t|> + f2(Re) t|> + f,(Re) p l 
with 

f.(Re) = - 0.0133 In Re + 0.931 
f2(Re) = 0.0353 In Re - O.36 
f-(Re) = - 0.0537 In Re + O.398 
and t|i being the inertial parameter 

,2 P-, v d 
* = ihV^ <A-2 2> 

w 
Bürkholz [1972] finds a substantial disagreement between his experimental 
results and following quantification of *(d): 

6 ( £ - ) 2 / 3 3 d2 • v1'2 
3"u p_ 

,M,-/- „1/2 „2/3 1/2 ,11.1/2 ,j * ( < U = ,fcl/6 . .1/2 . .2/3 . 1/2 + ,u,l/2 . H3/2 (A-23) 

Obviously the first part of above approximation applies to diffusional and 
the second part to inertial transportation. 

ad 2. Holding efficiency 
When the cohesive force of the film on the impact of the droplet is larger 
than the kinetic energy involved the droplet will be hold by the film and 
its kinetic energy will be dissipated. 
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Analogous to Hiller [1980], who made this calculation for solid particles 
attracted by Van der Waals forces, the following applies when the surface 
tension reduction is in equilibrium with the transferred kinetic energy: 

E „ v = E. . (A.2H) 
sur f tens Tcin 

A a = i- m vf . k. . (A.25) 
p 2 p d 11 

A = surface area of particle P in which k.. is a constant that determines which part of the kinetic energy 
is not lost by inelastic effects during the impact. Hiller [1980] quantified 
k.. between 0.4 < k.. < 0.9 for solid particles. A conservative assumption 11 11 
for liquid particles is thought to be 0.6 when considering the fact that due 
to deformation inelastic effects will probably be much larger. 
So interception will take place when: 

vd < / ̂ | (A.26) 

This is a condition that sets conservative restrictions, because large 
droplets will disperse into smaller droplets on the first impact. These 
smaller droplets are subsequently more susceptible to successful collection 
deeper in the mesh pad. 

Maximal capacity 
As will also appear from the experimental results in this report, the liquid 
hold-up in the horizontal mesh pad increases with increasing gas flow and/or 
increasing liquid supply to the pad. This is caused by the fact that the 
draining of the separated liquid flow from the mesh is a function of both 
liquid hold-up (increased hold-up results in an increased drain flow) and 
gas velocity (increased gas velocity results in a decreased drain flow). 
So, on increase of either gas velocity or liquid supply the hold-up in the 
mesh pad will increase until a new equilibrium between liquid supply and 
drainage has been reached. The meshpad can only contain a certain maximal 
hold up, with an accompanying maximal drainage flow. When the liquid supply 
surpasses this value the meshpad stops functioning and floods. 



A.8 

Several theoretical models exist that describe this phenomenon under the 
assumption of film flow of the liquid phase and are generally developed for 
the operation of packed columns. 
The results of the derivation of Billet [1987] is taken as an example: 

s 'max *g 

i n which: 
- the flow fac to r under f looding cond i t ions : 

C P 1 = S ö (A.28) 

f l V p l lV 
c„- was experimentally found to vary between 1.5 and 3-0 for different 

packings for 5 < Q-, < 80 m3/m2hr. 
71 „, was experimentally found to be invariably -0.19'+. 

n1 P 0,05 
- the liquid hold-up under flooding conditions h. „. = 0,37^1 e ( — * ) 

'1 
(A.29) 

for 0 .1 < q. < 200 m3/m2hr and n > 10 kg/ms 

Ano the r more e m p i r i c a l l y t i n g e d b u t wel l -known r e l a t i o n s h i p between the 
f looding po in t of a packed column and the g a s / l i q u i d l o a d i n g o f f e r e d t o i t 
i s f o r m u l a t e d by Sherwood [ 1 9 3 8 ] . He d e f i n e d two parameters of which he 
determined the inf luence on the flooding p o i n t . The gas load i s r e p r e s e n t e d 
by: 

P 0.5 a 0 .5 n 0.05 

" « - V * l # ' ^ g ' ^ ( A - 3 0 ) 

in which a = specific surface of packing 
E = porosity of packing 

ql pl The gas/liquid ratio is determined by the flow parameter * = — (—) 
qe per 

1/2 

g rg 



A.9 

Figure A.l gives the flooding correlation for three types of packing. 

Figure A.l Flooding correlation 
of Sherwood 

Figure A. 2 Flooding correlation 
of Bürkholz 

The corre la t ion appears not to be completely geometry independent. I t gives 
a good ind ica t ion , though, of the i n f l u e n c e of d i f f e r e n t p h y s i c a l 
p rope r t i e s . After a s l i g h t modification of n (the inf luence of n, was 
doubled and n omitted), Btlrkholz used these parameters to represent the 
r e s u l t s of h i s expe r imen t s with d i f f e r e n t meshpads under d i f f e r en t 
circumstances and appears to have found good agreement (figure A.2). 

Pressure drop 
The pressure drop across the mesh pad AP will consist of two parts: 

a. pressure drop APM_ across dry mesh; 
b. pressure drop AP... caused by liquid hold-up. 

As the liquid hold-up of the mesh pad is a function of both liquid supply 
and gas velocity, AP„ may strongly increase when the gas flow increases. 
Many correlations exist for AP., . Saemundson [1968] has formulated a model 
in which all relevant geometrical mesh properties have been included. 

AP, MD 
- . h (1 - e) 2 2 $ — p J 5—<- v 

Dv g e 3 g 
(A.3D 

in which: D = diameter of meshpad v 
h = height of meshpad 
e = porosity of meshpad 
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3A+ i.t 
Reh Re°h'2 

(friction factor) (A.32) 

Re,. 4(l-e) vg "K d v p 
w g g 

i»(l-c)u (A.33) 

Re. refers to the hydraulic diameter of the pad. 
d = diameter of wires w 

As the model set up by Billet [1987], summarized by equation A.27, gives an 
1 2 expression for the pressure drop at the flooding point (AP = ^ rp v ) a 
<- g g 

qual i tat ive impression can be formed of the influence of the different two-
phase p r o p e r t i e s . To t h i s purpose f igure A.3 gives an example of the 
influence of the liquid loading on pressure drop (Marr and Moser [1975])-

DP 
nbar I 1 dry 

I 2 iust welted , 
I 3 80 kg/nj.bf 

5 

VG H/S 

Figure A.3 Effect of liquid loading on maximal capacity 

2.B A v a i l a b i l i t y and r e l i a b i l i t y of des ign p rocedures ( l i t e r a t u r e 
investigation) 

In p r a c t i c e the design of the maximal gas velocity through a mesh-pad is 
carried out very empirically. More sophisticated methods (such as suggested 
by Bil let) have not found wide-spread application. 
This may be due p a r t l y to the u n c e r t a i n t y with which the o p e r a t i n g 
conditions of a separator are formulated and partly to the very conservative 
nature of the oi l industry. 
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The design equations most often applied have the form of: 

v = A J -^-S- (A.34) 
g max v p 

Obviously this equation has been 'borrowed' from the situation in which the 
gravity and drag forces determine whether a droplet is separated or not 
(equation 3-5)- Usually A is a function of liquid loading, liquid- and gas 
viscosity, surface tension and even p. and p . Nevertheless A is assumed 
constant (A ~ 0,1) in a broad range of applications. According to Sorokin 
[1968] A should be quantified as 

1 g 

in which ♦ is independent of the physical properties. 

When substituting this in equation (A.34) it will appear that the original 
r pl"pK dependency of the v on J ~ is decreased. 

S Pk 

These separa to rs c l e a r l y bear much resemblance with the separa tors of 
section 3-3- The popular design procedures are also very analogous. 
For the ver t ical separator two differences can be mentioned: 
- D i s chosen according to the maximum allowable ve loc i ty v through 

v g max ° 
the pad; 

- v is determined according to the procedure described above. 
g max 

According to Marr and Moser velocity of the inlet device can be chosen so 
that p v2. < 1500 N/m2. (A.36) 
For the horizontal meshpad separator the same design equations apply as 
given in section 3-3-2 for the horizontal knock-out vessel, but according to 
Marr and Moser the inlet velocity can be chosen higher (corresponding to 
equation A.36). 
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3-4.3 Vane type separators 

2.A Operating characteristics (literature investigation) 
In this subsection attention is paid to existing theories (according to 
figures 3-1 and 3-2) describing: 
a. collection efficiency 
b. maximal capacity 
c. pressure drop 

Collection efficiency 
A p o p u l a r way of p red ic t ing the co l l ec t i on ef f ic iency of a vane type 
separator i s to approximate the efficiency of a single bend and consider the 
cummulative effect of a l l bends on the collective separation efficiency. 

Many authors assume a regularly oscil latory motion of the gas flow between 
the p a r a l l e l vane b lades . The droplets are considered to be influenced by 
i ne r t i a l and drag forces. 

Ranz [1985], Calvert [1974], BUrkholz and Muschelknautz [1972], Ushiki 
[1982] amongst others approximated the gas flow motion as connected c i r c l e 
segments (figure A.4). 

Figure A. 4 Plate form assumed Figure A. 5 Plate form assumed 
in equation A. 37 in equation A.38 
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In this case the efficiency of a single bend can be written as: 

d2 

"B = 9 *P = 9 Vfs* (A-37) 
in which: 8 = bend angle 

b = plate spacing perpendicular to gasflow 

Gardner [1984] assumed the bends of the gas flow to be sinusoidal (figure 
A.5), but still considered centrifugal and drag forces the only influencing 
forces on the motion of the droplets. In this case the efficiency of a 
single bend can be written as: 

"B = 2 ÏT t1 + *P
2) "1/2 <A-38) 

in which: Y = the amplitude of the wave plate 
t|i according to equation A.22 

These two determinations of nR apply only to horizontally flowed through 
vanes. For vert ically flowed through vanes Gardner [1977] derived the 
following equation: 

2 [ 1 V ^ ] 
nB = y t i - L j ( A . 3 9 ) 

=*[(! S - J (1 V ^ ^Fr)]172 
2 2' l 4 2 4 2' 

(1-wr * (1-w) <T (1-w) * 

in which w = 2— 
v 

P = the wave plate length 

As potential flow is assumed in the der ivat ions that lead to above 
expressions of n , no remixing of the two phases will take place after the 
bends. This would mean that after the very first bend no more liquid would 
be separated because the amplitude of the motion of the remaining droplets 
would not be large enough to reach the blades. As this is hardly a realistic 
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reproduction of the actual events, BUrkholz [1972], and Calvert [1974] 
assume complete mixing of both phases after each bend, and the restoring of 
potential flow before each next bend. 
Under these assumptions they derive the following equation for n , the 
total collection efficiency: 

v = 1 - (1' V n (A-4°) 
Gardner [1984] allows for incomplete mixing and states: 

n v t = 1 - (1 - *B)m (A.41) 

a is determined experimentally; Gardner reported values of a between 0.5 and 
0.63, but recommends a = 1 as he encountered unexpected additional 
separation mechanisms. 

From above description it becomes clear that the existing models for 
predicting the collection efficiency are far from exact, unrealistic in 
their assumptions (for instance the assumption of potential flow will prove 
to be very much in contrast to real events) and obsolete in respect to the 
utilization of modern numerical simulation techniques. 
The main shortcomings are: 
1. quantification of the forces on the particle is not correct; the applied 

centrifugal force would only be justified if the particle would follow 
the gas stream lines. 

2. the assumption of potential flow does not allow for remixing of droplets 
in gas, or taking into account effects caused by eddy currents, growing 
turbulence, etc. 

3. no consideration is given to possible effects as reentrainment. 
4. the geometry of the vane blades is of quite subordinate significance in 

the model. 

Maximal capacity 
The maximal gas velocity through a vane pack is usually determined by the 
onset of reentrainment of the film on the vane blades formed by separated 
droplets. One exception is formed by vertically flowed through vane packs 
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w i t h o u t s h i e l d e d l i q u i d d r a i n a g e s l o t s a t h i g h e r l i q u i d l o a d i n g . Then, 
comparable t o w i re mesh p a c k s , t h e max imal g a s f l o w w i l l be s e t by 
i n s u f f i c i e n t l i q u i d drainage c a p a b i l i t y which w i l l lead to f looding. 
Usually f looding w i l l take place a t considerable lower gas v e l o c i t i e s than 
those a t which the r a t e of reentrainment s t a r t s t o p lay a s i g n i f i c a n t r o l e . 
Two o t h e r d i f f e r e n c e s between f l o o d i n g and r e e n t r a i n m e n t r e s t r i c t e d 
s epa ra t i on , i s t h a t i ) f looding leads to an immediate c o l l a p s e of s epa ra t ion 
c a p a b i l i t y , whi le reentrainment only causes a gradual d e c l i n e of e f f i c i e n c y 
w i t h i n c r e a s i n g g a s v e l o c i t y and i i ) i n c a s e of f l o o d i n g r e s t r i c t e d 
sepa ra t ion , the maximal gas v e l o c i t y s t rong ly depends on the l i q u i d l o a d i n g 
of t h e g a s , w h i l e i n c a s e of reent ra inment t h i s dependency w i l l hard ly be 
n o t i c e a b l e . Also in case of o v e r - r e c t a n g u l a r , h o r i z o n t a l l y f l o w e d - t h r o u g h 
vane s e p a r a t o r s f looding can take p lace a t high l i q u i d load ings in the lower 
p a r t of the vane-box when l i q u i d drainage s l o t s overflow. 

Capacity l im i t ed by reentrainment 
When reentra inment s e t s the l i m i t Calver t [197**] assumes t h a t f o r h o r i z o n 
t a l l y f l o w e d - t h r o u g h vanes t h e maximal gas v e l o c i t y i s d e t e r m i n e d as 
fo l lows: 

^ „ « = / < L J ^ s i ( A .42) 
g max p o v ' 

g 
in which g- i s the th ickness of the l i q u i d f i lm, perpendicu la r t o t h e gas 
flow ( f igure A.6) and reentrainment t akes p lace a t the end of the b a f f l e . 
In a l a t e r p u b l i c a t i o n Calver t [1978] d e r i v e s an e x p r e s s i o n f o r <5, under 
a s sumpt ion o f e q u a l l i q u i d d i s t r i b u t i o n a c r o s s t h e p l a t e s (no sh ie lded 
d r a i n a g e ! ) . For a p l a t e angle of 45° he f inds t h e r e s u l t s g i v e n i n f i g u r e 
A.7 . Al though t h i s i s t h e only example of t h i s vane type , i n which i t i s 
attempted to desc r ibe phenomenologically the p h y s i c a l e v e n t s t h a t s e t t h e 
l i m i t s for t h e gas c a p a c i t y , t h e p r e d i c t i o n s u n f o r t u n a t e l y b e a r l i t t l e 
resemblance t o the experimental r e s u l t s descr ibed in l a t e r c h a p t e r s . 
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Figure A. 6 Reentrainment on baffle edges 

Calver t [1972] se t up an elegant phenomenological model for predicting the 
maximal gas capacity for v e r t i c a l l y flowed through vanes under the same 
assumptions as for h i s ho r i zon ta l model. The p red i c t i ons of this model 
re la te much more to ac tua l experimental r e s u l t s from capaci ty t e s t s of 
v e r t i c a l l y flowed-through vanes without shielded drainage. However, i t i s 
s t i l l quest ionable i f t h i s model w i l l be s u i t a b l e fo r ' u n i v e r s a l ' 
a p p l i c a t i o n , because the capaci ty l im i t s for these vane packs are set by 
f looding and not by reentrainment . The p r e d i c t i o n s of t h e model a r e 
summarized in figure A.8. 

QL/0|; Collected on Baffle, mVrnS 
9.6 10.8 

Gas velocity, m/sec. 

Figure A. 7 Effect of liquid loading Figure A. 8 Maximum liquid loading versus 
on reentrainment gas velocity in horizontal vanes 
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The reason for discrepancies lies mainly in the facts that: 
a. the reentrainment criterium is rudimental; 
b. the liquid film is assumed much thicker than in reality; 
c. geometry of the vane plates is of insubordinate significances. 

Capacity limited by flooding 
If the maximal capacity is set by flooding in a vertically flowed through 
vane pack, the analogy to the generalizations made for the mesh pad in the 
previous chapter is clear. Gardner [1977] lists some authors who 
specifically tried to quantify the flooding behaviour of vane packs. Most of 
these authors generalize vertically flowed through separation devices as 
mesh pads, vane packs and dumped packings and suggest empirical flooding 
correlations set up for the latter to be applicable to the former two 
separator types as well (Bradie [1969]). 
Mainly because of the fact that the behaviour of the gas flow between the 
vane blades has hardly been quantified, it appears that it is very difficult 
to derive exact models for predicting the maximal capacity through the vane 
under given circumstances. Although some phenomenological models have been 
set up, still most practical designing takes place with strictly empirical 
equations. 

Pressure drop 
The only reference in literature to the calculation of the pressure drop 
across a vane pack was found in Calvert [197^]: 

2 
v 

AP = n fD pg f- (A.43) 

in which: n = the number of bends 
fn = the drag coef f ic ien t of a s ing le p l a t e held a t a c e r t a in 

angle to the flow 

As these are the only c h a r a c t e r i s t i c s of the geometry of the vane pack, 
e q u a t i o n A. 43 w i l l probably not be very accura t e . Espec ia l ly not for 
v e r t i c a l l y flowed through vane packs without l i q u i d d r a i n a g e , as no 
consideration i s given to a possible liquid hold-up. 
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I t a p p e a r s ve ry c l e a r l y t h a t h a r d l y any s o l i d t h e o r y i s a v a i l a b l e t o 
d e s c r i b e e f f i c i e n c y , maximal c a p a c i t i e s o r p r e s su re drop as a function of 
t h e i r i n f l u e n c e s . The design of vane type s epa ra to r s i s a very good example 
of p r o p r i e t a r y p r a c t i c e cloaked in secrecy , based on p r a c t i c a l experience of 
the v o t a r i e s of t h i s a r t . 

2.B A v a i l a b i l i t y and r e l i a b i l i t y of d e s i g n p r o c e d u r e s ( l i t e r a t u r e 
i n v e s t i g a t i o n ) 

In t h i s s e c t i o n a t t e n t i o n i s only pa id to the design of the ac tua l vane pack 
i t s e l f , not t o the t o t a l s e p a r a t o r . Vane packs a r e u s u a l l y a p p l i e d i n two 
s t a g e s e p a r a t o r s of which the f i r s t s t age i s a knock-out v e s s e l . This type 
of s e p a r a t o r i s descr ibed in sec t ion 3-6. 

From p e r s o n a l communicat ion t h e w r i t e r f i n d o u t t h a t i n many cases the 
ub iqu i tous equat ion (A.44) i s used in i n d u s t r i a l p r a c t i c e . The e x p r e s s i o n 
for the load fac to r A becomes very complicated now and depends near ly on a l l 
phys ica l p r o p e r t i e s t ha t a re involved in the sepa ra t ion p rocess . 
Many m a n i f e s t a t i o n s of A e x i s t i n d i f f e r e n t p a r t s of t h e s e p a r a t i o n 
i n d u s t r y , which usua l ly do not bear any resemblance, but which a re r e g a r d e d 
as a h igh ly p r o p r i e t a r y p iece of informat ion. 

In SI q u a n t i t i e s A v a r i e s from 0.3 in atmospheric w a t e r / a i r systems down t o 
0.1 in high p res su re app l i ca t i ons with viscous l i q u i d s . 

Maximal capac i ty 
Horizontally flowed through vane packs 
Accord ing t o the e a r l i e r d e s c r i b e d e m p i r i c a l e q u a t i o n s a maximal g a s 
v e l o c i t y i s determined through the vanes as fol lows: 

v = A ƒ — £ (AAk) 
gmax pg 

A = 0 .1 - 0.3 

This velocity sets the minimal inlet area of the vane. It is not recommended 
to rely on this procedure. 
According to several sources the ratio between length and width of the inlet 
area should not exceed a value varying from 1.5 to 2.25 to prevent 
maldistribution and overflowing of the lower parts of the liquid slots at 



A.19 

higher liquid loadings. Sometimes when a more unfavourable ratio can not be 
avoided a perforated plate is mounted in front and at the back of the 
vanepack to induce a flow equalizing pressure drop. Often recommended 
perforated plates feature a free area of approximately 20$ and are mounted 
30-50 mm in front of the vane. 
Other specific geometrical properties of the separator as diameters of the 
nozzles are usually calculated according to the appropriate equations given 
in the mesh pad section A 3-4.2 and knock-out vessel section A 3-3.2. 

Vertically flowed through vane packs 
When mounted in horizontal vessels the above applies equally to vertical 
flowed through vanes. When mounted in vertical vessels the diameter of the 
vessel is chosen as such that the maximal allowable velocity through the 
vanes is not exceeded. 
The other geometrical parameters can be determined according to earlier 
described criteria (sections 3-3-2 and 3-4.2). 

3.4.4.2 Reverse flow cyclones 

2.A Operating characteristics (literature investigations) 
In figure A.9 a standard nomenclature is given for the type of cyclone that 
is most often encountered in practice and for which most theoretical and 
experimental work has been performed. 0 

Figure A.9 Nomenclature for cyclone geometry 
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Collection efficiency 
The published theories used for estimation of the collection efficiency of 
cyclones can usually be subdivided into three groups: 
a. models that determine a criticle particle diameter. Particles of this 

size are assumed to be separated for 50% ("critical diameter models"). 
b. models based on the assumption that the residence time of a particle is 

determining for collection ("residence time models"). 
c. models that, with the help of powerful computational techniques, attempt 

to describe the complex flow inside the cyclone more accurately than is 
possible under the assumptions of above mentioned models referred to as 
"numerical models". 

ad a. Critical diameter models 
In these conceptually very simple models it is assumed that the highest 
tangential accelerations take place at the surface of an imaginary cylinder 
which extends downwards through the cyclone under the vortex finder. 
Outside this cylinder the gas moves downward; inside this cylinder upward. 
The downflowing gas is thought to reverse direction proportionally 
distributed across the surface of this cylinder. 
Under these assumptions anywhere on the mentioned surface there will be a 
constant radially inward velocity, opposing the outward movement of the 
particles (figure A.10). 

Figure A.10 Concept of critical diameter model 
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It is possible to calculate the critical diameter of particles that are in 
equilibrium at the surface of this cylinder. It is assumed that they will be 
separated with 50% efficiency. 
The model predicts that particles smaller than this diameter will not be 
separated at all, while larger particles will be separated completely. This 
is clearly quite unrealistic and the gradual slope of the grade efficiency 
curve is brought into the model by empirical values. 
These empirical values of the collection efficiency are plotted against the 
particle size, which is expressed as a ratio to the critical diameter. The 
merit of the model is thought to lie in the fact that once an experimental 
curve has been determined for a certain geometry, the curve can be 
transponed to other geometries through the theoretical description of the 
critical diameter. In practice turned out that these models are very fast 
and worthwhile methods to design cyclones with fixed geometrical ratios, but 
hardly applicable to design cyclones with a geometry type different from the 
original cyclone. 

Lapple [1951] gives the following expression for d5, , which seems to have 
been derived from earlier work from Rosin et al. [1932] (see equation A.45). 

t b -1/2 
Sp d» ■ 3 ^ A Ï v iJ (A-45) g 

in which N, the number of turns of the gas. 

V N n Dab 

in which V is the volume of the cylindrical body outside the vortex finder. 
(Actually, this model is not based on the assumptions mentioned before, but 
on those in the next subsection. The reason it is given here is that 
experimental values are necessary for the complete grade-efficiency curve). 

Stairmand [1951] states: 

, * u D 1/2 
% = V ^ [2 n A*p ?H - g) D3 <A.*6> 
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i n w h i c h : 

, u ? , 4 f X 1/2 
[I I 1 / 2 , f l + 2-, 
l X ' LX ab J 

] (A.47) v = - L 

i n which: 

,, 2 (D -
X l " D 

0 
and 

a) 

2 f X2 

ab 

(A.48) 

,X2 = jjn (D2 - D2) + n Dh + n Dos + | n (D + a) [(H - h ) 2 + | ( D - a ) 2 ] 1 / 2 

(A.49) 

and the value of the friction factor, f, typically, 0.005. 

Stairmand [1951] assumed that the maximum tangential velocity takes place at 
r = jr D (This was a quite progressive assumption that has been justified 
much later.) 

Barth [1956] derived the following expression: 

u * 1/2 
*«, = 3 [ S-E =—] (A.50) 
5 n A p (H - S) v^r 

o 

in which v,_ is the tangential velocity at -^ D tr d. o o 

1 2 
I T " D D 

Vtr = Vgi ' K 1 ,H _. n ,. = Vgi 2f H D v . (A-51) 

o ab + j (H - S) D n 4f n + Si o vt D t o 
f = 0.02 
These values for f specifically apply to dust cyclones. In chapter 5 values 
for gas/liquid systems are given. 
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4 o 
(A.52) 

v can also be estimated by taking v r = constant in which 0.7 < x < 
o 

0.9, see Muschelknautz [1972]. 

The equations of Barth have been confirmed by Muschelknautz [1970][1972]. 

With the above mentioned correlations an expression can be derived for the 
d5o of a typical cyclone geometry. The fractional efficiency curve is 
determined experimentally for one typical geometry. 
Because different geometry types with an equal ds „ have different grade 
efficiency curves, the weakness of this design method becomes very clear if 
a certain curve is taken as generally applicable. 
In figure A. 11 these curves have been drawn together with experimental 
values for three different cyclone geometries of which the particulars are 
given in the figure. 

Figure A. 11 Comparison of grade efficiency curves 

Several authors have set up mathematical expressions to approximate the 
empirical curve that belongs to a certain geometry-family: 

Rosin et al. [1932] assumed that 
100 

x 1/2 
(A.53) 
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This applies to the cyclone geometry suggested by Lapple [1951]. 
Dirgo and Leith [1985b] suggest the following expression for the 
experimental curve of Barth: 

n = ^-"2 (A.5t) 
1 + x 3* 

in which x is the ratio of the settling velocity of a certain particle to 
the settling velocity of a particle of the critical diameter. 

n (H-S) v\r Ap d^ 
According to the theory of Barth x = r^ (A.55) 

g Pg g 

(If x = 1 the earlier given equation for d, „ can be derived). 

ad b. Residence time models 
These models assume that a particle will only be separated on the wall of 
the cyclone. The time i t needs to get there should not exceed the residence 
time of the particle. 
In i t s simplest form a model like this consists of calculation of the 
different radial velocities of particles of different sizes (Stokes' law, 
gravity constant replaced by tangential acceleration). With these 'set t l ing 
velocit ies ' and under the assumption of uniformly mixed particles in the 
inlet duct the grade efficiency curve can be calculated for a certain 
average residence time. The residence time of the particles is assumed to be 
equal to that of the gas. 

Leith en Licht [1972] recognized the importance of the profile of the 
tangential velocity in radial direction (also mentioned by Davies [1980], 
Stairmand [1951] and StraufJ [1966]) and moreover, allowed for the turbulence 
induced backmixing of particles. According to their model the separation 
efficiency TI can be expressed as: 

, " 2 C * 2nT2 
TI = 1 - e (A.56) 
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in which: 

A p d v (n + 1) 

n - 1 - [(i-o.67D0-l4).(^)°-3] 283' 

(A.57) 

(A.58) 

TtD' D 2 „ 
ei itS a ab L"11 D J JlD 2D' 3l D J ll D lDJ ' D D lD^) " D̂  

1 = ^ - 3 D m 
,2.1/3 

e LabJ 
(A.59) 
(A.60) 

d = D - (D - B) [ S + 1 + h, H - h ' (A.61) 

In a later publication Dirgo and Leith [1985a] give a correction for Cx. In 
case d < De, C should be determined as follows: 

C* = C + db D - d (A.62) 

In f i g u r e s A.12 , A .13 , A . l 4 and A.15 the p r e d i c t i o n s of t h i s model are 
plotted against experimental resul t s obtained with three d i f f e r e n t cyc lone 
geometries. 
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Figure A,12 Validation of model (1) Figure A.13 Validation of model (2) 
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Mothes experimental (19831 

Lelth and Licht theory (19721 

2 0.1, -

Lelth and Licht 

1 Dlrgo and Lelth 
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Figure A.14 Validation of model (3) Figure A. 15 Validation of model (4) 

Dietz [1972] developed fu r the r refinements and proposed a model which does 
n o t a s sume a w e l l mixed c o r e and a n n u l a r r e g i o n and which a l l o w s for 
d i s t r i b u t i o n of gas res idence times and exchange of p a r t i c l e s between the 
core and annulus. 

The model e x i s t s of th ree i n t e r a c t i v e sub-models t h a t d e s c r i b e t h e i n l e t 
r e g i o n (between w a l l and v o r t e x f i n d e r ) , the annulus region ( in which the 
gas flow i s d i r e c t e d downwards) and t h e c o r e r e g i o n ( i n which t h e gas i s 
f l o w i n g u p w a r d s ) . Accord ing t o Dirgo and Lei th [1985a] Dietz der ived the 
fo l lowing express ion for n: 

1 - [K0 - (K-
- / 0 -n (2S-a) p d v . 

K ) 1 / 2 1 exn r - — £ Si-
K2) J exp L 18 u ab 

Mg 

(A.63) 

i n which: 

D 2n 9 u ab 
■ g 

n. p I d v . 
• P. P Si 

(A.6ny 

1 D
Q

 2 n 

K1 = \ [1 - if-) (1 ♦ 
9 p ab 

n p ' 1 d v . 
P P gi 

-n (A,65) 

D 2n 
K 2 " 1 ^ (A.66) 
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in which: 1 (free vortex length) = 2.3 D (-r) 
,2.1/3 

In figures A. 16, A. 17 and A. 18 the predictions of this model are plotted 
against experimental results obtained on three different cyclone geometries., 
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Figure A. 16 Validation of model (5) 
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Figure A.17 Validation of model (6) 

Mothes [1984a] suggested further refinements to the model of Dietz and 
extended the three region model to a four region model of which the fourth 
region symbolized the dust container underneath the vortex. From this region 
an exchange of particles to the active part of the cyclone is possible. This 
way it becomes possible to allow for reentrainment. Apart from this asset 
his model takes also into account a concentration gradient of the particles 
in the annular region, which depends on particle size. 
This is in accordance to earlier work of Mothes [1982], and has hitherto not 
been considered by the models of Leith and Licht and Dietz, that employed 
uniform concentration. The predictions of this model are plotted against 
experimental results obtained on the listed cyclone geometry in figure A.19. 
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Figure A.18 Validation of model (7) Figure A.19 Validation of model -'(.8) 
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As appears from these figures there is no theory that closely follows 
all experimental results. Very disencouragingly, relatively simple models 
set up for a specific geometry type, are just as useful as complicated 
universal models. Some theoretically tinged models give very good results 
with their belonging geometry families (Mothes and Dietz with Barth 
cyclones). The discrepancies of the models can largely be explained by a too 
simplistic representation of the complex flow field inside the cyclone. Too 
little attention is paid to effects induced by turbulence. Realistic flow 
field modelling would result in a much more complex model with completely 
other computational requirements than the models described before. 

ad c. Numerical models 
Because the flow field in a cyclone is governed by physical laws that are 
not very easily modelled through an analytical approach, some efforts have 
been undertaken in the past few years to model the behaviour numerically. 
The finite element or finite difference methods used for these numerical 
simulations tend to require considerable software development efforts and 
hardware investments. However, the popularity of these methods is strongly 
increasing with the introduction of configurable software packages and the 
possibility of implementing those on smaller computers with growing 
computing power for money ratios. 
One of the first references in literature to an apparently very 
satisfactorily functioning numerical simulation of the behaviour of a dust 
cyclone is the work of Boysan and Swithenbank et al. [1Q82]. An example of 
the predicting possibilities of their model is given in figure A.20. 

ParNcle dla. um 

Figure A. 20 Validation of numerical simulation 
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Karvinen [1985] presented also a good cyclone s imula t ion . Of both models, 
though, no extensive proof was given of geometrical independence. 
Pericleous [1984] gives an example of a useful hydrocyclone model. 
As l a t e r in th is report the numerical approach will be extensively covered, 
specific d e t a i l s are not given here . I t must be remarked, though, t h a t 
numerical s imulat ion i s a very powerful technique that has proven to have 
the p o s s i b i l i t i e s to p red ic t the behaviour of a cyclone more or l e s s 
independent of geometry type. This way i t will become possible for the f i r s t 
time to perform cyclone design optimization for a specific application. 

Corre la t ions and models for p red ic t ing the pressure drop across a dust 
cyclone 
As in the design of dust separators the pressure drop across the cyclone is 
considered as a measure for the maximal capacity of the cyclone, many models 
and correlations exist for predicting the pressure drop. 
It appears to be possible to predict this operating property accurately much 
easier than the collection efficiency. 

Leith and Metha [1976] give an excellent review of pressure drop 
correlations up to 1976 and recommend the correlations of Barth [1956], 
Stairmand [ 1951. Shepherd and Lapple [1940] in this order after testing 12 
different geometries. 

All correlations are given as a factor of the entry velocity head: 

2 P v . 
4P = £ - S— S L, in which according to: (A.67) 

ah 
(1) Shepherd & Lapple [1910] 5 = K ~ (A.68) 

e 
in which: 

K = 16 for a cyclone with a standard tangential inlet 
K = 7-5 for a cyclone with an inlet vane (the inner wall of the 

tangential entry extends past the cyclone interwall to a point 
halfway to the opposite wall) 
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(2) Stairmand [1951] 6 = 1 ♦ 2 *2 (2(g"b) - l) + 2 (M^) , (A.69) ft ab, 1 2 n D 
in which: 

Dg 1/2 D *4 f A 1/2 
2̂(D-b)J * ^2(D-b) * ~~atP 

2 f A 
ab 

A = % (D2 - D2) ♦ r, Dh ♦ * De S ♦ f (D ♦ B) . [ (H - h ) 2 + (5-^_B)2]1/2 

f = friction factor = 0.005 

Stairmand assumes in this correlation that the pressure drop consists of 
energy loss in the cyclone vortex and entrance and exit losses. 

u. 2 H ab 2 
(3) Barth [1956] 6 = (̂ ) ( 2' 'ce + ei' (A-?0) 

i n D e 
in which: 

D e 
e - --e D l u. 2 2' 

(1 - (-i)(H-S)(rf]J 
1 

HA 1 
ei = ~I~2n + x 

1 

u. \ D (D - b) n . 
1 2 e ' ' _ . 1 p k 

v±
 = 2 ab a + (H - S)(D - b) n f : a ~ " D: 

f (friction factor) * 0.02 

Barth assumes in this correlation that the pressure drop is the sura of two 
correlations; e represents the entrance losses and internal friction, e. e i 
the exit losses. 

The determination method suggested by Barth has found wide application. 
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Muschelknautz and Krambrock [1970] and Muschelknautz [ 1 9 7 2 ] s u g g e s t e d some 
f u r t h e r r e f i n e m e n t s t h a t e s s e n t i a l l y a f f e c t t h e e s t ima ted va lues of the 
f r i c t i o n f ac to r and the l o s se s caused by d i f f e r e n t i n l e t geometr ies . 
In f i g u r e s A.21 and A.22 the r e s u l t s of t h e i r d e t a i l e d measurements of the 
f r i c t i o n f ac to r are given. 
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Fig. A.21 Hall friction factors (I) Fig. A. 22 Wall friction factors (II) 

F u r t h e r m o r e , Muschelknautz [1972] makes d i s t i n c t i o n between t h r e e k inds of 
s w i r l i n d u c i n g g e o m e t r i e s ; t he t a n g e n t i a l i n l e t w i t h g u i d e v a n e , t h e 
t angen t i a l s l i t i n l e t and the a x i a l i n l e t ( f igures A.23A, B and C). 

A 

Fig. A.2SA Inlet I Fig. ,23B Inlet II Fig. A.23C Inlet III 

For determining the f a c t o r a which i s of i n f l u e n c e on t h e p r e s s u r e d rop 
c a l c u l a t i o n of the i n l e t s ec t ion he s t a t e s : 

- vane type t a n g e n t i a l i n l e t : a = 1 + 
/ 3 " » (D - |b) 

J" ab 

slit type tangential inlet: a according to figure A.2h 

- axial inlet a = 0.9"0.95 for curved guide vanes 
a = 0.85 for simple straight guide values 
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a 0.75-

0.50 
0.75 

Figure A. 24 Determination of a for slit entry cyclones 

He recommends axial inlets for cyclones with: zr~ = 1.5 - 2 
o 

(the slit would otherwise become too narrow) and for ,multicyclone batteries 
(for preventing maldistribution). The values of f mentioned in this section 
are typical for dust cyclones. In chapter 5 typical values for mist cyclones 
will be derived. 

After these reasonably reliable correlations had been developed, little work 
was done on new correlations. Also numerical methods as discussed before 
appear to have little problems in predicting the pressure drop across a 
cyclone as can be seen in figure A.25 Boysan and Swithenbank [1982]. 

11.00 -

1200 

1000 -

800 

600 

400 

200 -

0 

O Experiment 
• Theory 

0.00 
— I — 

0.01 
—I 

0.02 0.03 
— I — 

0.01. 
Q,, mVs — 

Figure A. 25 Predicted pressure drop by numerical simulation 
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Models for predicting maximal capacity of dust cyclones 
The maximal capacity through a certain dust cyclone is limited by two 
constraints: 
1. a maximal pressure drop set by process conditions; 
2. a maximal velocity inside the cyclone above which separated dust will be 

reentrained. 
ad 1. With the given pressure drop correlations it will be straightforward 

to predict whether a cyclone can meet possible pressure drop 
requirements. 

ad 2. No quantitative references have been found in literature to dust 
reentrainment criteria. 

Other inlet geometries 
Sofar mostly models and correlations have been discussed that concerned 
essentially only single dust cyclones, with one tangential inlet. 
Except for a few examples (e.g. Muschelknautz [1972]) no information could 
be found with which the influence could be quantified of other inlet 
geometries as axial, double or tangential even quadrupple tangential inlets, 
of which some are often applied in practice. 

2.B Availability and reliability of design procedures (literature 
investigation) 

Stairmand [1951] recommends two types of cyclones. One geometry for a high 
efficiency, the other for a high throughput cyclone. Both geometries and 
accompanying data are given in figures A.26 and A.27. Stairmand based his 
suggestions on extensive experimental results, of which most have been 
obtained under atmospheric conditions. 
Barth [1956] recommends in the same line five types of geometries and uses 
the pressure drop across and required efficiency of the cyclone as two 
primary mutually dependent criteria for the design. As Muschelknautz [1972] 
later refines this method it will be superfluous to give more details here. 
Rumpf [1968] suggests a method to optimize cyclone geometry to pressure drop 
and collection efficiency requirements. His optimization procedure starts 
with the two characteristic cyclone parameters that Barth and Leineweber 
described and that will be used again by Muschelknautz. Unfortunately Rumpf 
does not give any experimental verification of his predictions. 
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Figure A. 26 Stairmand High Efficiency Figure A. 27 Stairmand High Throughput 

Muschelknautz [1970], [1972] s t a r t s from the same point and proposes a 
procedure with which the pressure drop across a cyclone can be minimized 
while maintaining constant collection efficiency and cyclone volume. 
He theoret ical ly described some experimentally developed optimal cyclone 
designs with standard expressions with respect to pressure drop and cyclone 
geometry (developed by Barth and Leineweber) and condensed these findings in 
the graphs of figure A.28. 
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Figure A. 28 Geometry optimization proposed by Muschelknautz 
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The characteristic numbers he proposes: 

AP £* = ■; r ; the resistance coefficient and a l »<i 
r p V* 
2 Kg a 
_s a 
g D 

; which characterizes cyclone size required collection 
efficiency. 

w* represents the terminal settling velocity of particle under gravity s 

A p g d 
w* = s E 

s 18 ti 
v* represents a characteristic velocity inside the cyclone a 

a KW*\m\« 
For a given geometry Ap can be calculated according to the method described 
by Barth and Muschelknautz given in the previous subsection. By an iterative 
trial and error method, D and H are varied for a given value of D as such 
that E* is minimized. This is possible as Muschelknautz derived from his a 
cyclone theory an unambiguous relation between the two mentioned parameters 
(line b) . He succeeded to prove this kind of relationship with cyclones of 
varying geometries that had appeared to be practical in reality (line c). 
Muschelknautz suggests to use this curve under the following restraints: 

A ~ 0.01 

Still, very much care has to be taken not to take the geometries developed 
with this method for an absolute truth: a large part of this design 
procedure is still based on simplifications (for instance the assumed flow 
field). 
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Leith and Metha [1976] developed an algorithm that was based on the 
collection efficiency theory of Leith and Licht [1972]. Basically they 
rewrote the original theory as such that cyclone dimensions could easily be 
changed, under observation of theoretical consequences of these changes. As 
only one of all possible geometries has been tested to verify the results 
this method is not recommended for practical purposes. 

In an overview article Leith and Dirgo [1985b] tested four designs they 
obtained with a geometrical optimization based on four different theories 
for predicting cyclone behaviour. They tested these new designs both 
theoretically (with the concerning theory used for optimization) and 
experimentally against the Stairmand high efficiency cyclone. Although the 
four new designs were predicted to be much more efficient, three had lower 
collection efficiencies and only one new design was about as efficient. 
This cyclone was developed by using the Barth pressure drop and a 
modification of his efficiency theories. 
The theories for predicting collection efficiency used by Leith and Dirgo 
were those of Leith and Licht and a modification of the Barth theory. 
Theories used for predicting pressure drop were of Barth and Stairmand. 
The modification of the original Barth theory consists of an empirical 
alteration of the empirical curve suggested by Barth to fit other particle 
sizes than the critical diameter to obtain the fractional efficiency curve 
(see part 1 of this appendix). 

As the above clearly illustrates, it is still more advisable to rely on 
empirical design information than to use blindly some of the theorical 
design procedures described before. Especially for fields of applications of 
which relatively little information is available (as on earlier emperically 
developed optimal designs) there is quite an incentive to develop more 
powerful theories for predicting cyclone behaviour. Multiple experiments to 
achieve this can be quite expensive, in case of for instance high pressure 
applications. To this purpose extensive attention is paid to the development 
of a numerical approach to simulate the cyclone behaviour in chapter J. 
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3.4.4.3 Mist cyclones 

2.A Operating characteristics (literature investigation) 

Collection efficiency and pressure drop 
It is referred to the corresponding section of the dust cyclones; no 
specific theories have been published that take into account the differences 
in reentrainment behaviour between the two separated phases. 

Maximal capacity 
The maximal capacity through a certain cyclone is limited by two constraints 
1. a maximal pressure drop set by process conditions; 
2. a maximal gas velocity inside the cyclone above which reentrainment of 

the separated liquid will take place. 

If the maximal pressure drop prescribed by the application leads to 
velocities lower than the reentrainment velocity, the correlations given in 
the previous chapter can be applied. 

In the next chapter the physical phenomena that accompany reentrainment are 
extensively described. With this information the maximal allowable velocity 
can be determined. 
Calvert [1974] cites Zhivaikin [1962] and recommends the following criteria 
for determining the onset of reentrainment in cyclones: 

(A.7D 

100 ft - ~ - = Re -• for ^ ^ - £ Re, S a ^ (A.72) 

43.2 g m a x : X = Re 1" 0 for Re, i ^ S . (A.74) 

g max'Ml „ - 4 
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1 
* m a x 1 = Re" k 

a 

vg max-ul R 1.25 
0 

„ „ 0.085 for Re. S =̂-
vl 

for 2̂ 85. , Rei , 28.8 
vl w.l 

for Re, £ ^ 
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It will, however, be questionable if these correlations apply to the 
situation at hand as no consideration is given to increased gravity forces 
inside the tangential flow field. 

Stairmand [1951] gives an even more general criterion and states that: 

2 p v . < 1800 kg/ms2 in case of gas/water separation and (A.74) 

2 p v . < 3600 kg/ms2 in case of gas/oil separation. (A.75) 

Stearman and Williamson, quoted by StrauB [1966], have suggested values for 
above limits of 1330 and 2660 kg/ms2 respectively. 

With an atmospheric water and air system these correlations lead to the 
following maximal allowable gas velocities. 

Zhivaikin/Calvert : v . = 1 0 - 5 0 m/s (A.76) 
Stairmand : v . m a x = *»3 m/s (A.77) 
Stearman/Williamson : v . =33 m/s (A.78) 

' gi max ' ' 
It is expected that in reality this limit value will also depend strongly on 
other operating conditions and the cyclone geometry. The above mentioned 
figures should only be regarded as indicative. 

2.B Availability and reliability of design procedures (literature 
investigation) 

The basic form of a mist cyclone can be determined analogous to the 
procedures for dust cyclones. At the same time extra design Features as 
skirts and straight discharges, described before, can be added. Meanwhile 
care should be taken that the maximal allowable inlet velocities, described 
in this appendix but refined in chapter 5» a r e n°t exceeded. 
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3-4.4.4 Multicyclones 

2.A Operating characteristics (literature investigation) 
The overall efficiency of a 'multicyclone' is not necessarily equal to the 
efficiency of a unit cyclone tested single. Kropp [1981] and Potapov [1976] 
found deteriorations of the overall efficiency from 1 up to 35% in respect 
to the efficiency of a single cyclone under comparable conditions. 
They attributed this effect mainly to two reasons: 
a. constructional carelessness, like air leaks between bin and inlet section 

(0-ll#); 
b. maldistribution of the gas/dust mixture to the different cyclones in the 

bundle (1-24%); 

Although it is not very difficult to avoid the former defect, minimization 
of the latter is less trivial. Maldistribution of the gas/dust mixture 
effects the pressure of the cyclone dust (liquid) outlet which can cause 
dust laden gas to be transferred from one cyclone through an other to the 
clean gas outlet. 
The gas phase can be maldistributed among the cyclones because of partial 
clogging of internal parts of the cyclones but also because of cyclones that 
are not properly positioned in respect to each other. When varying relative 
positions of cyclones in a multicyclone Kropp [1981] and Potapov [1976] 
found the overall separation efficiency to vary from 82% to 99%. They 
attribute this effect not only to maldistribution of the gas phase. They 
also found considerable variations in overall separation efficiency when 
varying the dust distribution among cyclones under otherwise comparable 
circumstances (from 91% to 99%). They explain this effect by stating that 
the relative dust content of a cyclone in operation is of considerable 
influence on its pressure drop. This is in accordance with experiments of 
Muschelknautz [1972], Mothes [1984b]. 
Jackson [1963] mentions the detrimental effect of unequal distribution of 
either phase to individual cyclones discharging in a common hopper as well. 
He describes an experiment performed by Smellie [1942] in which the 
carry-over of three identical cyclones related to each other as 2 : 1,5 : 1 
because of non uniform dust distribution. 
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Kof fman [1953] reports a reduction in efficiency from 96% to 92% when a 1,5 
inch cyclone i s grouped with 13 others to feed a common hopper. 
The necess i ty to arrange the flow conditions of both gas and part iculate 
phase to be similar for each individual cyclone in a multicyclone to ensure 
optimal operation has been stressed on many occasions. 
None of the above mentioned authors , though, succeeded in formulating a 
g e n e r a l l y a p p l i c a b l e model or c o r r e l a t i o n . The n a t u r e of t h e s e 
g a s / p a r t i c u l a t e phase d i s t r i b u t i o n s and pressure drop i n t e r a c t i o n s i s 
complicated to such an extent that only numerical simulations as described 
before could be of use when attempting to predict the multicyclone effect on 
the overall separation efficiency. 

2.B A v a i l a b i l i t y and r e l i a b i l i t y of des ign p rocedures ( l i t e r a t u r e 
investigation) 

The s iz ing of these multicyclones s impl i f ies to chosing the number of 
cyclones and s e t t i n g up a plan as how to d i s t r i b u t e the cyclones over a 
certain minimal area. 
The determination of the number of cyclones i s very often done on the basis 
of a maximum pressure drop tha t can be allowed across the separa tor , a t 
which the individual cyclone s t i l l functions well. 
The importance of the distr ibution of both gas and particulate phase to the 
cyclones, however, seems hardly to be realised in this field of application 
and no standard design rules were found. 

3.4.4.5 Straight-through cyclones 

2.A Operating characterist ics ( l i terature investigations) 
Again most models that are mentioned in l i t e ra tu re concerned dust separating 
cyclones. Under the same precondit ions as in the case of reverse flow 
c y c l o n e s , t h e s e models apply e q u a l l y well to t h e i r mist separa t ing 
counterparts. 
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Collection efficiency 
As the flow field in the separation chamber of this type of cyclone is 
easier to predict than that of a reverse flow cyclone, different authors 
have succeeded in formulating residence time type models. Analogous to the 
reverse flow residence time models they achieved reasonably good agreement 
with experimental results for specific geometries, while the behaviour of 
other geometry types was less adequately predicted (although, generally, 
more satisfactorily than in the case of reverse flow cyclones). Good 
examples of these first models are those of Daniels [1957] and Solbach 
[1958]. 

Crowe and Pratt [197**] already succeeded in formulating a sophisticated 
numerical model based on a finite difference formulation of the Navier 
Stokes equations, based on earlier work of Spalding (see also [ ]). Large 
computers were necessary at the time. Dobbins et al. [1979] suggested a very 
simplified way to represent the flow field. Nevertheless, the model seems to 
render some agreements that are fairly geometry independent. 

Stenhouse and Trow [1979] succeeded in formulating a comparable kind of 
model in which they used experimental flow field measurements to carry out 
particle trajectory calculations. They validated it with extensive 
experimental results. 

The collection efficiency models that have been formulated sofar lack the 
reliability that is necessary for the exact information for designing 
purposes. This can, to a great extent, be explained by the simplifications 
of the flow field (except for the model of Crowe and Pratt) and by 
insufficiently accurate turbulence models that have been used. 

Pressure drop 
Plekhov [1972] summarized his pressure drop measurements across the cyclone 
depicted in figure A.29 with the following correlations: 

Ap = C I p Vg± (A.80) 
in which: 

-, /, M, 0-08 
C = (5-2 m-1,4 + ?2k) (10 ±+ 1) 

G 
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m = the ratio of the area of the tangential inlet slots to the cross 
sectional area of the tube 0.2 < m < 1.0 

5 = hydraulic resistance coefficient of the internal ring at the 
outlet of the sleeve 0 < £, < 3 

M = liquid feed in kg/s 
M„ = gas feed in kg/s 
ML 
s - 1 0 0 < 6 ^ o 

* Without ring Wlth-rlno, 

tin 
,|üi 

tfifl) 

t« 
Figure A. 29 Axial cyclone of Plekhov (1972) 

Maximal capacity 
As i s the case for reverse flow cyclones the maximal capaci ty i s e i t h e r 
de te rmined by the maximal allowable pressure drop or by the maximal 
allowable velocity inside the cyclone prior to the onset of reentrainment. 
Because no convincing pressure drop models could be c i t e d , no explicit 
information is available for determining the former cr i ter ion. 
As for the second c r i t e r i o n the same models can be used as given for the 
reverse flow cyclones. The maximum occuring velocity i s d i f f u l t to p red ic t 
inside a straight-through cyclone because of operation of the swirl element. 
A safe guess i s that the maximal loca l v e l o c i t i e s near the wall are 2-3 
times the average ax ia l ve loc i ty . In figures A.30 and A.31 the results of 
Plekhov [1972] are presented, obtained with experiments under d i f fe ren t 
conditions with a cyclone of ear l ier described geometry. 
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Figure A.30 Relations between reen- Figure A.31 Relations between reen-
trainment and geometry (I) trainment and geometry:■ (II) 

Designs and design procedures for axial cyclones 
Sofar for ax i a l cyclones no general design procedures e x i s t . Therefore 
different designs will be described with specific information regarding the 
geometry given by the manufacturer t h a t could be of importance to the 
operating characterist ics of that design. 

Length of separation chamber 
Daniels [1957] found an optimal ra t io between body length (L) and diameter 
(D) of 5 : 1 . S tenhouse e t a l . [1982] an optimal r a t i o of 2 . 5 : 1 . Most 
commercial units have values that l i e in this range. However, both authors 
did not find a strong dependence of the separation efficiency on this design 
c h a r a c t e r i s t i c . Plekhov [1972] found a minimal p r e s s u r e drop when 
L/D * 1.0 - 1.3-

Diameter of gas out le t , De (axial discharge) 
Daniels [1957] and Stenhouse [1982] reported experiments in which D was 

e 
varied between 0.8 and O.96 D, respectively 0.25 and 0.5 D. Both found 
drastical improvements of efficiency with decreasing D at the cost of 
higher pressure drop (Stenhouse reported a 5-3 fold increase with a twofold 
decrease of D ). 
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Area of gasoutlet (radial discharge) 
No information has been found with respect to this subject. 

Length of insertion of gas outlet L (axial discharge) 
In most commercial designs L /D < 0.3- No experiments describing the 
influence of L /D are reported. 

Inlet section 
The specific advantages of both axial and tangential inlets have already 
been described in the main text. In most cases commercial designs make use 
of fairly simple fixed-angle swirl elements. To prevent a region of violent 
turbulence in the centre of the tube Umney [1948] suggests restrictions for 
the geometry of the swirler. 
Smith [1962] concluded that a vane angle of 45# to the cyclone axis was 
optimal; a rapid rise in pressure loss was showed when vane angles were 
increased above 45" • 

3-5 Diffusional separation 

2.A Operating characteristics (literature investigation) 

Collection efficiency 
Theories describing the collection efficiency of a diffusional separator 
closely follow those set up for mesh type mist extractors. Analogous to 
equation (A.19) the total impaction efficiency can be represented by 

n(D) = 1 - ef *(D) (A.81) 

in which the geometry constant f equals 

„ 4 1 - e z 
e d 

w 
(A.82) 

*(D) in equation (A. 81) represents the collection efficiency of a single 
fiber and is quantified as follows (according to an overview given by 
LOffler [1983]). 
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In case of diffusional separation (v ~ 0.1 m/s, d < 0.5 um) Re << 1. 

" = i/i2'9o<i + % ^ < F u c h s e t al- [^W]. Löffler [1983]) (A.83) 
kl/3 Pe2/3 Pe 

K = - 1/2 ln(l - e) - 0,5 

Pe = S
D
 w; D (diffusion coefficient) = ̂  n

T °^ 

k* = constant of Boltzmann; Cn = Cunningham correction 

Inertial forces will prevail above these values mentioned of v and d 
g P 

if Re < 1; (v > 0.1 m/s d < 10 um) g P 

•n (D) = 1.03 + (0.6 Re - 1.5) O ^ * + °*5) (Hiller [1980], 
Löffler [1983]) (A.84) 

if 0.5 < Re < 50 

« (D) = (d * (1-^-0.23 in R e . 0.0167 in2 Re),'2
 + ,_! W ^ 

g 
(A.85) 

2 p * 1/2 

(Suneja [1974]), 
t 1 + 3(^) ] 

As the kinetic energies of the droplets will be much smaller than those that 
will occur in mesh type separator operation, it can be assumed that a 
droplet will be held by the liquid film upon impaction. This means that the 
total collection efficiency of a fiber bed can be represented by equation 
A.81. 
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Maximal capacity 
As the film of separated liquid moves in the same direction as the gas flow, 
the permitted maximal velocity through a fiber bed is very low (unless the 
fiber bed i s operated as a coalescing element). 
No spec i f i c cor re la t ions were found that gave indications how this maximal 
velocity i s influenced by gas and l iqu id physical p roper t i e s and by the 
geometry of s p e c i f i c des igns . In most p r a c t i c a l cases the f ab r i ca to r s 
provide the necessary information. 

Pressure drop 
The same as for mesh type separators applies here: adequate and well known 
general t heo r i e s e x i s t to calculate the pressure drop across porous media, 
but no effects of the liquid hold up in the fiber bed are taken into account 
in these calculations. 
However, the most influencing factor on pressure drop is the rate of fouling 
of the fibre bed. 
The maximal allowable pressure drop in t h i s r e s p e c t i s the l i f e t i m e 
determining character is t ic . 

2.B A v a i l a b i l i t y and r e l i a b i l i t y of des ign p rocedu re s ( l i t e r a t u r e 
investigation 

As has become clear from the previous chapter, hardly any theoret ical model 
can subsist a design procedure. 
I t can be expected that with increasing opera t ing pressure forces on the 
l i q u i d film that lead to reentrainment grow, and that the permitted maximal 
ve loc i ty of 0.15 m/sec in case of water and a i r o p e r a t i o n w i l l be 
substantial ly lower in case of high pressure o i l field operation. 
In pract ice values of v = 0 . 0 5 m/sec have been encountered in case of 
operating pressures of 70 bar. 
Usually the required surface area i s determined according to a maximally 
allowable pressure drop; a pract ical form of such a design correlation is 
for instance: 
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in which: 
A = required surface area r 
P = operating pressure 
♦ = gas flow in Nm3/s (atmospheric conditions) 

In case of coalescing operation it can be expected that a maximal velocity 
is prescribed for the outlet velocity. If the outlet velocity would be too 
high, redispersion of the coalesced droplets can be expected. In practice 
v i k m/s. The above only applies to the situation in which the coalescer out 
element is flowed through outside - inwards. The reverse would be more 
logical for coalescer operation if no fouling is expected. 
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APPENDIX B 

REPRESENTATIVE EXAMPLES OF SWIRLING FLOW CHARACTERIZATIONS 

B.1 Swirling flow in a smooth pipe 

Loxham [1976] measured the evolution of a swirling flow in the vortex finder 
of a reverse flow cyclone. The vortex finder had a diameter of 50 mm. 
The measured axial and tangential velocity profiles are depicted in figures 
B.1 and B.2. The decay of the swirl number S is calculated from these data 
and depicted in figure B.3-
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Velocity measurements were carried out with a pitot tube of 3 "■ ̂ . 
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B.2 Swirling flow in axial cyclones 

Stenhouse [1979] carried out Laser Doppler Velocimetry measurements in axial 
cyclones. 
The geometry is given in figure B.k. His results are depicted in figure B.5. 
The radial planes at which these measurements have been carried out are 
indicated in figure B.4. 
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B.3 Swirling flow in reverse flow cyclones 

Mothes [1983] characterized with LDV techniques the cyclone of figure B.6. 
His results are given in figure B.7• 
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APPENDIX C 

EXPERIMENTAL RESULTS 

Physical properties of test fluids (20°C, 1 bar) 

SF6 
water 

ethylene glycol 

butanol 

Pg = 
Pg = 
Pg = 
p l = 

»1 = 
a = 
pl = 
^1 = 
a = 

Pi = 

1.3 
1.9 ' 
6.5 
1000 
1.0 • 
7-3 ' 
1113 
21 • 
3-6 ■ 
806 
2.9 ' 
2.5 • 

kg/m3 
10"5 Pa.s 

kg/m3 
kg/m3 

10~3 Pa.s 
10~2 N/m 

kg/m3 
10"3 Pa.s 
10"2 N/m 

kg/m3 
10"3 Pa.s 
10"2 N/m 
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TABLE 6.IV 
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TABLE 6.VII 
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APPENDIX D 

TURBULENCE MODELS 

It appeared from section 7-2 that assumptions have to be made with respect 
to the quantification of the turbulent shear stresses in order to be able to 
solve the Navier Stokes equations. These assumptions are usually referred to 
as turbulence models. 

D.l Turbulence models based on the concept of Boussinesq 

D.1.1 Background of Boussinesq models 

Already in 1877 Boussinesq assumed that, analogous to viscous stresses in 
laminar flows, turbulent stresses are proportional to the average velocity 
gradients. 

T. . 
- <u'.u'.> = -3J- = v . D . . - f k 6 . . i, j = r, *, z (D.l) 

i J P t ij 3 ij v ' 

in which: 6. . = the Kronecker delta; 6. . = 0 for i f j; d.. = 1 for i = j 
v = the turbulence viscosity ('eddy viscosity') 
D.. = the deformation velocity tensor. 

The different components of D.. for cylindrical coordinates are: 

D = 2 T- Dt = Dt 4-^^r 
rr or r» *r ór r r<5» 
n ? [<Sw V| _ _ óu öŵ  
00 'ró* r' 0z ~ z* ró0 öz 

D = 2 ^ - D =D = ^ + | ^ (D.2) 
zz 6z zr rz óz or 

The r e a s o n f o r t h e second term in equation D.l i s the f ac t t h a t the sum of 
t h e < u ' 2 > , <v ' 2 > and <w'2> (normal s t r e s s e s ) d e t e r m i n e d wi th o n l y t h e 
d e f o r m a t i o n tensor w i l l amount to ze ro . This assumption i s not r e a l i s t i c as 
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the normal shear stresses, that act as a pressure, are always positive in 
2 turbulent flows. Therefore, each normal stress is assigned r- k resulting in 

<u'z> + <vw> + <w'2> = 2k, the original definition of k, representing the 
turbulent kinetic energy. 

The determination of the six unknown stresses has been reduced to the 
determination of v . This turbulence viscosity is a scalar, which means that 
an isotropic gas flow field is assumed. The latter aspect is the largest 
disadvantage of this model concept when predicting anisotropic flow fields. 
The models to determine v are traditionally subdivided with respect to the 
number of partial differential equations (PDE) that has to be solved. 
In the following subsections turbulence models will be described that are 
based on the concept of Boussinesq, with 0, 1 and 2 PDE's. 

D.l.2 Zero PDE models 

A representative example of a zero PDE model is the Prandtl-mixing length 
model. Prandtl assumed that eddy currents in a fluid flow would behave 
corresponding to molecules in the kinetic gas theory. They collide and 
exchange impulse momentum. He assumed that the turbulence viscosity would be 
dependent of a turbulent velocity scale U and a mixing length L . Analogous 
to the average velocities of gas molecules and their average free path they 
can traverse in the kinetic gas theory. The average velocity U 'is defined as 
the mixing length multiplied by the gradient of the time averaged velocity 
(derived from the Reynolds decomposition). 

\) = L • U t m 

in which: Ü = L (^ ♦ £*■] m l6z or' 

s ° : % = K (f-+ ë ) (D-3) 
t m 02 or 

As appears from the notation used above, it is assumed that a main flow 
direction exists and that it is parallel to the z axis in the coordinate 
system. These two assumptions are not valid in cyclones with swirl 
intensities necessary for practical operation. L is usually determined by 

m 
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empirical relations that will not be cited here, see for instance Pelsma 
[1987] or Rodi [1984]. 

D.1.3 One PDE models 

In these models one extra partial differential equation is formulated that 
is solved iteratively. In the Prandtl Kolmogoroff relation this equation 
accounts for the transport of the turbulent kinetic energy (k). This 
quantity is used as a measure for the velocity scale U of the eddy currents: 

v. = L • U t m 

Ü = c' k1'2 
u i 

v = L c' k1/2 (D.4) 
t m u ' 

L and c' are again determined empirically, k is determined with the 
transport equation for the turbulent kinetic energy that can be derived from 
the Navier-Stokes equations. This transport equation is described in the 
next subsection. 

D.l.U Two PDE models 

These models accommodate a second partial differential equation with which 
the variation of L can be quantified. 

In the well-known k-e model a transport equation for e is formulated. 
e represents the dissipation of turbulent kinetic energy and relates to L 
in the following way: 

,3/2 
L - ^ 

1/2 when U = c' k then: u 
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i n which: c ' = 0 , 0 9 u 

The t r a n s p o r t e q u a t i o n s f o r k and e a r e d e r i v e d from th e Navier Stokes 
equa t ions and are represented as follows: 

6k ók 6 v ök 16 v 6k 
k: u -r- + v . = -r- — — + - — r — — + P - E (D.6) óz or Óz o óz r ö r o ór v ' c c 

convect ion d i f fus ion produc- d i s s i -
t i on pa t ion 

öe 6c 6 v <5e 1 6 v 6c e e2 

u 6z" + V 6r = öz" 5 " 6 Ï + ? öF r o~ 6? + C c l P k " c e2 ÏT ( D - 7 ) 

c c .1 I I I I I . 
convection diffusion production dissipation 

a , c - and c _ are determined experimentally. In both codes (Phoenics and 
Fluent) for simulation modelling they amounted to: 

a 
c 

C -
c l 

c - > e2 

= 
= 

= 

1, 
1 

1, 

.3 
44 

.92 

This k-c model is generally applied for fluid flows with a distinct main 
flow direction. It is not suited for the modelling of strongly rotating 
flows as has been demonstrated in chapter 7-

D.2 Direct modelling of turbulent shear stresses 

In this section will be demonstrated how the equations for the individual 
turbulent shear stresses can be solved individually. The six partial 
differential equations can be solved directly, in which case the model is 
referred to as Reynolds stress model. 
The six PDE's can also be simplified to algebraic equations, in which case 
the resulting model is the Algebraic Stress model. A short description of 
both models is given below. 
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Reynolds stress model 
Starting from the full Navier Stokes equations the transport equations for 
the individual turbulent shear stresses can be derived. This will be done 
first for a Carthesian coordinate system, after which the expressions will 
be derived for cylindrical coordinates. 

The general transport equation for the individual shear stress is 
represented by: 

D <u'.u'.> óu. óu. 6u'. óu'. 
r^H- = - <u'.u,'> T-^ - <u*u.*> T- 1 ~ 2 v < T - A T J - > 
Dt j K ox. i k óx, óx, ox k " k " k 

.1 
production = p.. dissipation 

ö 6<u'.u'.> p' 
6^ t* ~ ó x ^ " <UiUjUk> " V (U1 V + Uj Öik^] 

I 
diffusion 

p' óu'. óu'. 
< — [~ + j-1) (D.8) 

p lÓX. ÓX.' 
J 1 

pressure/stress 
correlation 

To express the dissipation, diffusion and pressure/stress correlation in 
quantifiable units some assumptions have to be used: 

1. The dissipation is simplified by: 

óu'. óu'. 
2 v <- r

i
 x-i> = ~ e Ö. . 

k 6 xk ^ !J 

óu'. óu'. 
in which: c = v < - — T ~ > óxk óxk 
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This only holds when the dissipation is equal in all directions, which is 
the case in areas where the local turbulent Reynolds numbers are large. 
Also in non-isotropic flows this assumption appears to be a simplifica
tion that does not influence the results strongly. 

2. The turbulence diffusion is, according to Donaldson [1968], approximated 
by: 

<5 <5<u'.u'.> 
D. . = « ^-"L ij 6x^ t 6x^ 

i n which D. . i s t h e t o t a l d i f f u s i o n and v,_ t h e s c a l a r t u r b u l e n c e 
i j t 

v i s c o s i t y , as follows from the k-e model. 

3 . The p r e s s u r e / s t r e s s c o r r e l a t i o n i s , a c c o r d i n g t o Gibson and Launder 
[1976] , approximated by: 

p ' <5u'. <5u'. c _ 
<— [-r-^ * TJL)> = " c1 z (<u'.u'.> - |- k <5.,) - c_ (P. . - f P 6 . .) p lóx 6x ' 1 k a j 3 l j ' 2 i j 3 i j ' 

in which: c1 and c_ are constants 
1 
2 il . 

<5u. ó u . 
P.. = - <u'.U,*> rj-i- - <U'.U,,> T

JL 

ij jTc ÖXĵ  i k óx̂ . 

Substitution of the three assumptions in equation D.8 gives: 

D<u'.u'> p e 
* J = P . . - f e 6 . . + D . . - c , r (<u'.u'> - f k6..) - c,(P. . - f P <5. .) Dt ij 3 ij ij Ik 1 j 3 iJ 2V ij 3 ij' 

(D.9) 

Thi s forms a s e t of s i x p a r t i a l d i f f e r e n t i a l e q u a t i o n s . With the th ree 
Navier Stokes equat ions and the t r anspor t e q u a t i o n s fo r k and e , 11 PDE's 
have to be solved for t h i s Reynolds s t r e s s model. 
Although i t i s p o s s i b l e to accommodate t h i s model and i t s so lu t ion scheme in 
p r e s e n t l y a v a i l a b l e h a r d w a r e , i t i s sometimes p re f e r ab l e to s implify the 
f i r s t s i x PDE's mentioned above to an a lgebra ic form. 
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Algebraic Stress model 
To simplify the six PDE's represented by equation D.9 to an algebraic form, 
Rodi [1984] made an extra assumption: The transport of Reynold stresses is 
proportional to the transport of k. 
This assumption is justified if the changes of the ratio between Reynolds 
stresses and K with respect to time and location are small in comparison to 
the changen of the Reynold stresses themselves. If the convection and 
diffusion term are combined to a term T.., the assumption of Rodi is 

ij 
represented by: 

<u'u'.> 
T. . = . 3 (p " e) ij k (D.10) 

Substitution in equation D.9 gives the general algebraic form of the Reynold 
stresses. 

? (1 - c.) 7 
<u!u'.> = f k 6. . [l - 5 *—*■] 

1 J 3 1J £ - i ♦ c 
e x cl 

1 + c, 
e 1 

k 
- (P. ij f P 6. .) + 3 iJ 

1 + c. e 
e l 

- A. . 
ij 

(D.ll) 

A. . is the 'added convection' term, which is formed in the transformation 
from a carthesian to a cylindrical coordinate system. 
In case of a rotating flow A. . is of great importance. It consists of: 

A. . 
ij 

<u'w'> -

<u'v'> 

<u'w'> 

2 <v'w'> 

(<v'2> - <w'2>) 

<u'v'> -r 

- (<v'*> - <w'2>) -v ' r 

-2 <v'w*> 

(D.12) 

When equation 7.5 is substituted in equation 1 .h the algebraic form of the 
expressions for the individual Reynold stresses is obtained. 
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<U'2> = : J- k 6 U [ f k f 1 " " ? ) - 2 a J < u ' V > g ] (D.13) 
1 + 2 a F & 

< v ' 2 > = " - T ^ [ 3 k ( 1 - a F > - 2 a ^ < u ' v ' > f + 2 ( a + A) ^ < W > ^ 
1 + 2 a - . e <5r 

(D.14) 

<•"•> = S n ? [ f " ( l - « f ) - 2 a j <u'W> g ♦ 2 J w > ( « & + A ï ] 
1 + 2 a F F 

(D.15) 

, , , . k2
 r <u ' z > 6w <v'w'> óu <u'v '> f<5w A w n , . ,_ , , . <u'w'> = - a I—: -z : T— + —: I - j - + ] I / A, (D.16) e L k óz k or k l ór a r ' ' 1 * ' 

<u-V> = - a ^ [ ^ ^ + ^ f ^ + ^ - ( l ^ ) *] / A . (D.17) 
£ L k ór k óz k l a ' r J ' 2 ' ' ' 

. , , . k2
 r < v " > r<5w w, <u'v '> ó~w <u'w'> 6v-\ , . <v'w-> - - a — [ n r - [ ^ - F) - - ^ ^ + - j ^ / A3 

Version 2.9 of Fluent (that has been used in some of the models in chapter 
7) accommodated the algebraic stress model described above. 
In this version the used constants had the following values: 

A = (1 - a * P-) = 1 1 l E ór' 

A 2 = d - a ^ ) = l 

(1 - c2) f~ ~ 1 ♦ e,) 

c3 
-* (D.19) £ - l ♦ c,) 
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cx = 2,5 c2 = 0,55 c 3 = 1 

The production of turbulent k i n e t i c energy, P, i s given in c y l i n d r i c a l 
coordinates by: 

P . . < u . . > g - < v . . > g - < w . . > ^ - < u . w . > g 

- < u ' V > ( g + g ) - < W > ( g - = ) (D.20) 
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