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Abstract

A CFD code for the prediction of the flow in a spray dryer has been developed as a design
tool for optimisation of spray drying plant efficiency. The advanced research CFD code, that
takes into account buoyancy effects due to evaporation and product specific drying
Characteristics was developed by the Nationd Technical Universty of Athens within the
scope of this project supported by contributions of Bayer and Niro. It incorporates a collison /
coalescence developed by Cranfidd Universty and an evgporation modd. The code was
evduaed agang experimentd measurements carried out by Imperid College, Bayer and
Niro and commercial CFD codes, used by Bayer and Niro. A Heat Damage Index Number
was defined by the Nationa Technicd Univerdty of Athens, Imperiad College, Bayer and
Niro and incorporated in the advanced ressarch CFD code, dlowing a prediction of dryer
performance in terms of product qudity to be established as an output of the code. This
number indicates the length of time a particle has resded in an environment of a specific
critical temperature or higher.

The experiments carried out by Imperid College include a study of the effect of arflow bulk
velocity, temperature and turbulence levels on the evaporation rate of droplets, a study of the
development of co-axidly condraned turbulent jets. Findly Imperid College caried out
smultaneous size and velocity measurements of partidly dried particles of arbitrary shape by
shadow Doppler velocimetry in both laboratory and indudtria scae dryers. The preparation
and taking of the measuring in indudtrid scale dryers were performed in cose co-operation of
Bayer, Imperid College and Niro a the indudrid partner’'s dte. The shadow Doppler
veocimeter ingrumentation was modified by use of fibre optics to dlow the use of a
protective opticad probe for the measurements a industrid scade. The shadow Doppler
velocimeter's accuracy was caculated by the generdised Lorenz-Mie Theory by the
Universty of Rouen.

Findly a parametric sudy was carried out on severd desgns by the Nationd Technica
Universty of Athens, Bayer and Niro to establish new designs of spray dryer geometry with
higher energy efficdency while mantaning product qudity. All the results of the project
became a part of the new computer based desgn methodology for spray dryers with increased
therma efficiency, which was developed throughout the project.
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2. Objectives

The objective of the project was to develop state-of-the-art CFD-based design methodology
for the optimisgtion in teems of enegy efficdency of soray drying plants. This design
methodology endbles the optimisation of spray dryers in terms of more compact (intendfied)
plant, grester energy efficiency and higher product yidd while maintaining product qudlity.
The project results will assist the spray dryer designer to control the drying gas flow pettern,
the droplet/particle flight paths and the heat and mass transfer process so as to prevent product
charring, coating of the chamber wadls and of hot surfaces in the drying ar inlet region, as
well as enhance or prevent agglomeration. These process characteristics must be consdered
according to the demands of each product.

The difficulty in improving energy use or intendgfying the unit operation of spray drying was
the multiple parameters a a designer's disposa. The flow pattern is complicated and the
underganding of underlying processes, such as agglomeration, was poor: Thus empirica
devdopments were unlikely to lead to satisfactory process intendfication. It was dso an
objective of this project to increase the energy efficiency of spray dryers and to intensfy the
desgn of this unit operation, primarily through the use of a desgn tool in the foom of a
computationa fluid dynamics (CFD) computer code. The code incorporates a novel modd of
paticle agglomeraion and a modd of the characteristic-drying behaviour. It has been
evauaed by means of measurements at laboratory and industrid scde To fulfil the ams, the
objectives and expected technica achievements of thiswork were to:

devdop a laser-based instrument, the shadow Doppler veocimeter (SDV),
which permits the dImultaneous messurement of the Sze and veocty of
sphericad aswell as nonspherica particles asfound in spray dryers.

cdculate the accuracy of the SDV ingrument through computer codes, which
describe the scattering of laser light.

measure, by opticad insrumentation, evaporation rates of particles in turbulent
flows under carefully controlled conditions permitting precise evduation of the
accuracy of CFD predictions of evaporation rate in spray dryers.

measure Soray Sze and velocity didributions within a laboratory-scae model
of a soray dryer usng opticd indrumentation and dso measure the fidd
digribution of a scdar variable anaogous to temperature or humidity.

messure paticle sze veocty and flux in indugtrid scde spray drying plants
a indugtrid ingalations usng the SDV ingtrument.

develop a new modd for agglomeration of paticles suitable for use in the
description of a spray dryer and incorporate this model in patner NTUA's
CFD code.

asess the accuracy of a commercid and of the NTUA CFD codes by
comparing predictions with the measurements a laboratory and a indudtrid
scale.

use the advanced research, and the evaluated commerciad, CFD codes to assess
the effectiveness of proposed new and retrofit designs of spray dryers in terms
of improved process intendfication, improved energy effidency while
maintaining product qudity.



3. Technical description
3.1 Task1- Theoretical evaluation of a shadow Doppler velocimeter

The Universty of Rouen undertook the caculations of the accuracy of the SDV instrument.
The geometry studied is representative of the actud device developed at Imperid College.
However, a unique thin lens was used ingead of a complex three-lens arangement.
Nevertheless, this thin lens was chosen to be eguivdent to the three-lens arrangement of
Imperid College. The angle between the two incident beams was equal to 2.86°, and the
incident wavelength was 0488 um. The lens L1 had a focd length equa to 600 mm and a
diameter equa to 100 mm. This lens was located a 720 mm from the intersection of the two
incident beams. The image plane was located 3.6 m behind the lens with a resulting image
meagnification of 5.

The computationd scheme used in this dudy is farly dandard. It was based on the
Generdised Lorenz-Mie Theory (GLMT), associated with the localised approximation to
compute the scattered fidd's incident on the input surface of the lens. The thin lens transform
was used to compute the fields from the input surface to the output surface of the lens, and a
Huygens-Fresnel quadrature dlowed one to compute the fields from the output surface of the
lens to the detector plane. To numericadly compute the Huygens-Fresnd quadrature, a
Hopkins scheme was used. The detector plane could be arbitrarily located on the axis,
including the case of it coinciding with the mage plane. The detector plane was understood as
being located a the image plane as predicted from the nomind focd length (here 600 mm).
The detector is assumed to be a line of 640 regularly spaced points. This scheme of
computation had dready been used for onraxis imaging under one plane wave or one
Gaussan beam illuminations and for in focus off-axis imaging with one Gaussian beam.

The same code was used for dl the cases. Input parameters were changed to match the cases
examined. In particular, the phrase "plane wave" is used to designate a Gaussan beam with a
dianeter equa to 3 mm, i.e. much larger than the biggest paticles under study (80 pm in
diameter) and the phrase "Gaussan beams' is used to designate a Gaussian beam with a beam
waist diameter equd to 300 um.

3.2 Task 2 - Measurements by SDV of dispersed phase and scalar field in a lab scale
spray dryer

In order to undergand the mixing process within a spray dryer during its operation it was
necessary to invedigate the temperature gradients, humidity variations, evaporation rates,
velocity, droplet sze and resdence time didtribution, obtaining appropriate data wherever
possble. Although there ae measurements of the aforementioned quantities published
separatdly and for a wedth of flow geometries, there is no single comprehensve sudy of dl
quantities for a particular dryer geometry. Thus it was necessary for the purposes of this
project to obtain the most comprehensive set of data possible.

3.2.1 Evaporation measurements
The evaporation rates of droplets in a heated airflow as a function of turbulence levd, arflow

temperature and velocity were measured a Imperid College. The tak was completed by
collecting data on the evaporation rate of droplets in a hested arflow and its dependence on



the airflow temperature and velocity. The evaporation rate is estimated by measuring the size
of a droplet a several podtions adong its path as it is acceerated by a heated arflow. The
experiment is then repeated at different temperatures and turbulence levels to edtablish ther
effect on the evaporation rate. The experimenta gpparatus used for the measurements of the
evaporation rate of monodisperse droplets conssted of a "Phase Doppler Anemometer”
opticd arangement, a cusom built ar-hesating unit, a monodisperse droplet generator and a
Perspex cylindrica duct for optical access with the PDA.

3.2.2 Passve scdar fidd measurements

The tak was completed by congructing a smdl lab-scde, isothermd, single-phase spray
dryer, and measuring the didribution of the Mixture Fraction of injected Argon in the
measuring volume as well as and by peforming experimental smulation of the process. The
Mixture Fraction of Argon acts as a passve scdar, which is a partid analogue for temperature
or water vapour. The digribution of Mixture Fraction of Argon in this smplified spray dryer
smulation provides the partners with data for evauation of their CFD codes. The smdl lab-
scde, isothermd, single-phase oray dryer smulation sst-up was based on the injection of a
jet of an Air and Argon mixture into a co-axid surrounding airstream chosen based on the
Craya-Curtet gmilarity of jets theory. The diameter of the cylindricd ducting for the
secondary flow was chosen for convenience and materid availability. The secondary arflow
was s&t by Reynolds down-scading of the test dryer a the Bayer dte in Leverkusen. The
ducting condsted of severd flanged sections of 80, 90, 180 and 270 millimetres length
dlowing a piece of ducting desgned for optical and physica access to be pogtioned a a
vaiety of digances from the injection point. This physicd access dlowed measurements on
samples from the flow to be taken, in order to establish the loca concentration of Argon. This
loca concentration was measured using a Katharometer.

The secondary flow was aranged to have a flat profile a the point of injection. This was
achieved by placing two condraints in the flow upstream of the injection point, thus causng
large pressure drops. These pressure drops caused the flow to emerge with uniform veocity
across the duct cross-section. The condraints were both baffle plates with 5 mm holes
aranged radidly, with a pitch of 1.5 mm to give an open area ratio of 0.5. The plate closest to
the point of injection also acted as a turbulence generator. The length-scae of the turbulence
is thus arranged to be about 5mm. The velocity profile was found to be axi-symmetric and the
velocity was uniform over alarge part of the cross section.

3.2.3 Smultaneous Szing and velocity measurements by SDV

The task was completed by collecting data on the size and velocity of droplets in a heated
arflow. The experiments were caried out usng Shadow Doppler Veocimetry (SDV). The
collison and coaescence of droplets is dso examined by comparing the probability density
function of droplet S9ze compared to that immediatdy beow the nozzle The experimentd
gpparatus conssted of a "Shadow Doppler” optica arangement, a commercia air-heating
unit, a Ddlavan two fluid nozzle and the laboratory spray dryer assembly.

In order to provide the most accurate and complete boundary conditions possible for the
evauation of the CFD codes, the spray produced by the Delavan nozzle was characterised by
use of SDV. This characterisation comprised of measuring the Sze didributions and velocities
of the droplets produced by the nozzle under the operating conditions to be used in the lab-



scde spray dryer. Sprays of water and 33.3% by mass Madtodextrine solution were
characterised at averticd digance of 25mm from the nozzle.

3.3 Task 3 - Develop and Use shadow Doppler velocimetry within industrial spray drying
units

Shadow Doppler velocimetry is an opticd technique for the smultaneous Szing and veocity
measurements of arbitrary shaped particles first proposed by Hardalupas et d. (1994). It is
differentiated from other opticd Szing techniques by its independence from the amplitude of
diffractivdly — scettered light. The method is based on the collection of light diffracted by a
particle illuminated by two laser beams. Paticle Szing is achieved by directly measuring the
image (shadow) produced by diffraction. Since the technique is not amplitude based, no
complex cdibration of the developed indrument is required before measurements. The
technique is ided for use in flows to which access is ganed through optical windows. The
grictly geometricad definition of the sampling space area results in patide mass flux
measurements of higher accuracy than those of intendty-based Szing techniques Sizing
errors should not exceed 8% for the mean and 10% for the RMS vaues and the accuracy of
the Cartesan velocity measurements should be better than 10% in the mean and 15% in the
RMS. The technique was modified with fibre-optic technology to alow measurements in hat,
humid environments with high particle dengty, by use of a probe.

A probe was required to cool the instrument, maintain the optical surfaces clean and without
condensation. It was decided, in order to minimise the probe sze that al eectronic
components should remain outsde the plant, while the necessary opticad components were
placed insde the probe. Due to limited access to the drying tower, the probe would need to be
cantilevered indde the tower from one dde of it. The optics behaviour and resulting
misalignment insde the probe as the dryer temperature increased was a cause for concern and
it was decided not to use mirrors insde the probe. Fibre optic cables were chosen to transmit
the laser light to the far dde of the probe, where a tranamitting unit was placed, and the
receiving optics were placed near the dryer wal. The linear diode array and photomultiplier
remained outsde the probe limiting the opticd components insde the probe to lenses and
fiores. In the spray drying tower environment, the high number of partices crossng the
beams dong ther length (outsde the probe volume) causes the sgnd from the linear
photodiode aray to be very noisy as wdl as dgnificantly reducing the intendty of the laser
beams, due to light scatering. For this reason two lengths of duminium box section were
mounted on either Sde of the probe volume, mantaning the flow disurbance to a minimum
while protecting the beams from particles in the flow and thus improving the acquired sgnd.

34  Task 4 - Development of a computational model for use in the NTUA CFD code
3.4.1 Coallison and codescence mode

The firg sep in developing the collison modd was to define when a collison occurs. Since
only a sngle paticle was being tracked, it was not possible to caculate the occurrence of a
callison directly. In order to specify this collison time the idea of a Mean Free Pah (MFP)
length from the study of paticle kinetics was used. This dlowed us to specify the time
between successve collisons and the distance travelled by the tracked particle between
callisons. Due to the presence of concentration gradient within the flow it was necessary to
continuoudy update this MFP length as the tracked particle traveled through the flow field.



This distance could be converted to a ‘mean free time that corresponds to the time between
callisons

The second pat of the process was the collison modd. Clearly for the case of binary
calligons it was necessary to specify a collison patner for the tracked particle. A virtua
particle was therefore created for the purposes of the collison. This new particle was termed
the ‘shot’ particle and the particle being tracked as the ‘target’ particle. The shot particle
corresponded to a particle selected out of the particle cloud found at the current location and
any change in mass, momentum or kinetic energy that occurred due to the collison was taken
into account in the second phase datistics. The properties of the shot particle were chosen at
random from given digributions. Its Sze was taken from a Rosn-Rammler digribution with
gpecified mean and exponent parameter. At the collison time the virtud ‘shot’ droplet with a
random velocity vector and random contact point was introduced.

Next, it was necessary to digtinguish between codescing and non-codescing collisons,
Whether two colliding droplets would codesce or not was an extremely complex issue and
depended on a large number of factors such as droplet Weber number, the collison incidence
angle and the physical properties of the droplets or particles. Since a the time little data was
avalable for these vadues in spray dryer flow conditions, coadescence probability was
Specified as an input to the modd.

A random number (0O£e£1) was generated and compared againgt the specified coaescence

probability, e. If e was greater than & then an indadtic non-coaescing collison was sad to
have occurred and the target droplet velocity after collison was caculated. If efe then a

codescing collison occurred and the target droplet mass is smply specified as the sum of the
two calliding masses and again the veocity after collison is cdculated. After a collison the
MFP was recaculated and the process repeated until the droplet had left the calculation
domain.

3.4.2 Evaporaion modd

The evaporation of droplets in a spray involves a smultaneous heat and mass transfer process
in which the heat for evaporation is trandferred to the droplet surface by conduction and
convection from the surrounding hot gas and vapour is trandferred by convection and
diffuson back into the gas stream. The andlyss used for this sudy was based on the work of
Lefebvre. Firg the hypotheticd case was conddered where a liquid droplet is ingantly
injected into a gas & eevated temperature. At typica injection temperatures, the liquid vapour
concentration a the droplet surface is low, and there is little mass trandfer (diffusion) from the
droplet early in the process. In generd, temperatures are not uniform within the droplet, with
the maximum temperature located a the surface due to the finite heat conductivity of the
liquid. As the liquid temperature rises, the rate of mass transfer increases as a result of higher
vapour concentration at the droplet surface. This has two effects;, an increasing portion of the
energy reaching the droplet surface must supply the heat of vaporisation of the evaporating
liquid, and the outward flow of liquid vapour in the boundary layer reduces the rate of heat
transfer to the droplet. This dows the rate of the increase of the liquid surface temperature and
later on in the process, droplet temperatures become more uniform. Eventudly, a dage is
reached where dl the heat reaching the surface is utilised for the heat of vaporisation and the
droplet dtabilises a the wet-bulb temperature. The effect of convection on the raie of heat
transfer and evaporation is also considered.



The next leve of complexity was to account for the time taken for the droplet to achieve the
wet-bulb temperature. The infinite conductivity model consders a droplet with rapid interna
mixing where droplet temperaiure is gpatidly uniform but varying with time. The uniform
droplet temperature arises by letting the liquid thermal conductivity go to infinity. The
temperature, Ts of the droplet varies with time. When the droplet reaches its wet-bulb
condition, the heat and mass trandfer number are equivdent and its temperature remans
congtant and the evaporation continues at a congtant rate, as given by the d® law model.
During the hegt-up period, however the droplet diameter varies with time,

A further development to the mode consdered vaiaions of compostion and temperature
within the droplet in both time and space. It was assumed that internd liquid motion was not
ggnificant, and heat trander ingde the droplet was controlled by thermd diffuson only,
hence the model was cdled the conduction limit evaporation modd. The surface temperature
was dill assumed to be uniform. The level of detall presented by the infinite conductivity
mode was suitable for the flows that are of interest to us, and hence the added computationa
expense of the effective conductivity model was not warranted for this project.

35 Task 5 - Compare predictions of dryer performance between NTUA and commercial
CFD codes

In order to provide a sufficient tool to develop guiddines for new and improved spray dryers
the NTUA CFD-code has been extended and adapted to the specific requirements of
predicting the spray drying process. Models have been included for heat transfer, evaporation
and codescence while locd grid refinement is used for a better resolution of the near nozzle
region. The effects of dendty gradients in the flow were dso teken into account through
buoyancy terms in the momentum equations and it was found that they have an important
influence on the flow fidd. The code has been vdidaed aganst measurements published in
the literature and caculations of the particulate and gas phase agrodynamics in an indudrid
sde spray dryer have been peformed. Preiminary comparisons with the cdculations
performed by BAYER using acommercial CFD code have shown generd agreement.

Numericd cdculaion of the scdar mixing, which was experimentdly studied in a laboratory
scae apparatus a IMPCOL, was performed. Caculations were performed by NTUA using
their universal CFD-codes and by BAYER usng commercid CFD-code. The results of the
cdculations were compared, shortcomings andysed and the codes and the guiddines for
setting up a problem in the CFD-codes improved.

In an initid step to access the CFD-codes of NTUA and BAYER an industrid scae spray
dryer was chosen. The pilot plant industrial scde spray dryer geometry provided by BAYER
as well as boundary and operating conditions were agreed upon.

To compare the advanced research CFD-code of NTUA and the commercid CFD-code used
by BAYER the injection of the feed stock in the spray dryer was modelled as a cone injection.
Water was chosen instead of a feed stock suspension for the comparison. It was much easer
to modd only the evaporaion without including the complex moddling of the drying of a
suspension droplet. In order to get redidtic inlet conditions the spray of a Delavan hollow
cone nozzle was measured and this data were compressed into six different Sze classes of
droplets. Each class was pecified by its one velocity magnitude, velocity direction, droplet
size and mass flow. The tota of the Sx cones resulted in a spray equivdent to the measured
hollow cone spray.
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3.6 Task 6 - Design of new spray dryer arrangements, using CFD codes, and assessment
in terms of energy efficiency and process intensification

The CFD tool gives the chance to study not only a wdl known desgn of a spray tower but
aso new, unconventiond, innovative and cregtive forms. Since the god of spray drying is to
get a dry product, the design of the study showing the highest mass fraction of water in the
exhaud is the best in terms of energy efficiency. This sudy will not give a find desgn for the
most efficient poray dryer. However, it demondrates the power of this tool as wel as the
necessity to look for and to study innovative design forms.

To evauate the efficiency of the different goray dryer designs one needs a tool to compare the
different results. Index numbers chosen carefully are an outstanding tool to work out this
crucid question.

In terms of energy efficiency equation 3.6.1 is frequently used:

n

T

n

h =

T -T

' el (3.6.2)
What has to be taken into account, is that one can only apply this equetion in order to
compare different types of spray dryer designs if the product which is dried in the spray dryer
leaves the gpparatus having exactly the same resdua moisture content. And this is in generd
not the case. This point is very important sSince the water leaving the gpparatus not as vapour

but as liquid has a tremendous influence on the energy badance. Furthermore equation 3.6.1 is
only vadid in the case of an adiabatic dryer.

4. Resultsand conclusion
41  Bayer AG, Niro A/S

The SDV has the ability to measure sphericd as wel as non-spherical particles down to
paticle diameter of about 5 pm and 10 pm, respectively. The SDV is in principle suitable to
meesure particle sze and paticle velocity in an indudrid scde soray tower and with some
improvements of the measuring device will extend the messuring range of the device and
make easer its operation. The advanced research code of NTUA modd improves the
meaningfulness of the CFD-caculation. The “Hest Damage Index Numbe” (HDIN) is an
extraordinary tool to assess new spray tower designs in terms of product quaity and energy
intendty. Measurements of the scdar fiedd were performed and used to evduate and improve
the advanced research and commercial CFD-codes. Of great importance is the round jet
anomay to correct caculations of the scdar fidd in the case of a two dimensond problem.
In order to caculate the evaporation during a spray drying process, it is necessary to set up a
model of the evaporation and incorporate it in the CFD-code. Furthermore the buoyancy
effect has to be taken into account. Design guiddines were developed on the base of the CFD-
cdculaion usng the improved CFD-codes and the experience of partners NIRO and BAYER.
Of great vdue for energy efficent intendfied spray drying is the use of meaningful index
numbers. Numbers known from literature were used, like energy efficiency, and new numbers
were developed like the Heat Damage Index Number (HDIN). This number gives outstanding
information on the intengity of the process as well as on the product qudity.
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4.2  University of Rouen

Table 1 summarises the conclusons. When the scatterer diameter is larger than about 40 pm,
measurements for sphere or cylinder are equa, and in good agreement with the actud
diameter. For a scatterer diameter of 10 or 20 um, the measure overestimates the diameter of
the sphere and cylinder. This over estimation increases when the scatterer diameter decreases.
Furthermore, this overestimation is aways larger for acylinder than for a sphere.

Red Diameter 10 um 2 um 40 ym
D measured (cylinder) 24 um 28um 40 ym
D measured (sphere) 14 um 24 um 40 pm
Dcyl i nder/ Dsphere 1.7 1.2 1

Table 1 Comparison between the measured particle size

4.3  Imperial College of Science Technology and Medicine
4.3.1 Dataon thevariation in droplet evaporation rate in aturbulent, heated airflow

The Probability Dendty Function (PDF) of the measurements indicated that collisons
resulting in droplet codescence took place within the 450 mm through which measurements
were taken. In order to obtain data on the evaporation rates of the droplets under the various
tested conditions, the szing and veocity daa of the noncolliding droplets was used. The
evaporation rates were found to increase with the veocity and temperature of the surrounding
arflow. Moreover, the turbulence grid aso incressed the eveporation rate while aso
increesing the percentage of colliding droplets. The initid velocity of the droplets at the
injection point was 9 nVs. The droplets were very rapidly acceerated in the airflow to the
arflow velocity and then continued accelerating under gravity.

4.3.2 Laboratory-scae measurements of passve scaar fiddd and smultaneous droplet Sze
and velocity

According to the Craya-Curtet number Ct=1.1 used in this experiment, no recirculation zone
was formed as the jet expands. Changing the Craya-Curtet number of the flow, adding
shoulder to the flow entry, adding a bluff body around the nozzle and modifying the turbulent
length-scale of the flow, alowed data to be obtained in a smilar fashion according to the
partners needs.

4.3.3 Simultaneous szing and velocity measurements by SDV in alab-scae spray dryer

The results showed a highly turbulent flow with large recirculation zones in the laboratory
scae goray dryer. The droplet Sze digribution, even 60 mm from the nozzle shows very fine
droplets compared to the nozzle spray size digtribution above. This indicates a large degree of
evaporation took place in the first moments of contact between air and spray.

4.3.4 Simultaneous measurements of particle Sze and velocity in apilot plant spray dryer

Flow characterigics andysed included the particle sze, axid and circumferencid particle

velocity, and the paticle trgectory angle. The effect of the drying medium inlet temperature,
nozzle operating pressure and radia postion were examined. For the purposes of detecting
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differences in paticle path characterigtics, particles were grouped into 60-70, 100-150 and
170-200 micron series.

The vdidation rate (ratio of particles with accepted sze and veocity measurement to the tota
number of paticles detected in the probe volume) was amost congtant during esch
measurement batch with some deterioration (~1-2%) with time due to misdignments from
heating of the optics and mechanicd vibrations.

Although it was evident there was dgnificant fluctuation with time it was not possble, due to
the low number of measurements and vaidation rate to detect any periodicity in the flow. The
nature of the technique means that measurements were not acquired a fixed intervas, which
did not dlow the use of a norma fast-Fourier-transform (FFT) technique to edtablish a
dominant frequency. A USFFT (unequa spacing fast-Fourier-transform) technique was
therefore gpplied to the data. This resulted in a period of 25-40 s being detected in some of the
flow characterigtics. Since the periodicity was only pronounced in measurement positions
with large numbers of measurements, it was not possble to detect a trend in the frequency of
this periodicity with changing flow characteristics.

4.4  Cranfield University

The incluson of an evaporating droplet mode into a collison modd produced results, which
enable the study of a number of more complex flow characteridtics. The current cdculation is
based on the droplet free-fdling in a stagnant gas. The collison modd uses a mean free pah
time between collisons and, during this time, the droplet is dlowed to evgporate. Thus the
droplet diameter reduces between collisons and when a codescing collison occurs, the
droplet diameter increases.

The results show an initid increese in droplet diameter before the eveporaion process
becomes dominant and the droplet is vaporised fully. It was assumed tha a each collison the
droplet codesces with a virtua shot paticle. The evaporation of the droplet can be seen
between collisons. The mean free pah, and hence time between collisons, increases as the
droplet Size decreases, reflecting the fact that a smdler droplet is less likdy to encounter
another droplet.

The effect of mass loading was dso investigated using inlet loadings of between 2% and 40%.
In the case of the lowest vdue very little collison is observed and only a sndl increese in the
concentration for size groups larger than 20um is noted near the inlet. This peak concentration
rgpidly disperses due to action of the turbulence, and only very smdl centre-line
concentrations are found at points further than 0.5m downstream. For the high mass loading
cases (twice that used in the previous cdculations) the initid pesk concentrations are much
higher than in the preceding cdculaions due to the larger impact of droplet
colligson/codescence. The influence of this increase in initid concentration can be seen
further downgtream and leads to a dgnificant incresse in the centre-line. Clearly the inlet
meass loading has a subgtantiad effect on the spray development due to the increased likelihood
of collison producing large droplets near to the inlet.

Comparison with suitable experimental data is clearly necessary, however data that isolates
the effect of codescence from other effects found in these types of problems (i.e
vaporisaion) is not widdy avalable The two sets of results suitable for comparison dlow us
to draw some conclusons as to the accuracy of the caculation method compared to data
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obtained in an indudsrid setting. The overdl agreement between the caculation and
experiment is vey encouraging. The ability of the cdculations to predict the bulk
characteridics of the experimenta flow field is clear.

45  National Technical University of Athens

The durry droplet evaporation modd was peformed in the standard case of BAYER pilot
plant and with four different inlet conditions The moisure mass content (‘durry’) used,
which is defined as X= my/ms (m,, m are the masses of moisture and solids in the droplet),
had an abitrary vaue of 3.0. The porosty of solids materid according to Elperiv and
Krasovitov was 040 and the critical values for the diameter and the moisture content of the
droplets were set to a standard. The predictions indicate that the gas temperature increases and
the vapour mass concentration decreases due to the existence of the durry particles which
have lower overdl evgporation rate. As far as the four different arrangements of the proposed
Desgn2 of the BAYER spray dryer concerns, the differences are not very wdl defined, but
the introduction of dow ar in the perimeter of the cross-section seems to produce the best
reult of al as the energy efficiency concerned. The collison-codescence and durry droplet
evaporation models have been incorporated into the NTUA CFD code and tested by
predicting the flow processes in the standard BAYER spray design. The initid conditions for
the arflow and the spray injection remained the same as in the sandard BAYER spray design
that had been previoudy predicted by taking into consderation only the buoyancy effects.
The vdue of moigure content (water masy/solid mass) of the particles with solid burden was
infinite and 3.0. The introduction of the collison-codescence modd into the code had an
effect on the results obtained by the previous cdculations for the gas and droplets
characteridtics, especidly in the case of the lower moisture content. The gas temperaure
increases and the vapour mass concentration decreases due to the existence of the durry
particles which have lower overdl evaporation rate.

The introduction of durry paticles into the spray dryer changes a lot the behaviour of the
characteristics of the particles, egpecidly in the temperature and the diameter. This is
epecidly important when the product changes from the first drying stage to the second one,
which can be seen good by presenting the vaues of moisture content (‘durry’) of the particles
adong with ther critical moisture content, which is 1.55 in the sudied case. From this point,
the evaporation rate changes from the first stage to the second stage and the particles start to
raise their temperature.

5. Exploitation plansand anticipated benefits
51  Shadow Doppler velocimeter for industrial heated flows

The shadow Doppler velocimeter is not avalable commercidly. Imperid college can provide
measurements usng the developed SDV in indudrid flows, which can directly determine the
optimum conditions for industria processes. This could lead to higher quaity production,
more efficdent emissons control and higher production efficiencies. Moreover, the
development of the gpparatus widens the use of the SDV for pure research purposes. The
developments dlow measurements in larger experimenta set-ups and in denser flows. The
use of such apparatus gives the Huid Mechanics Section of the Imperid College Mechanicd
Engineering depatment the &bility to continue providing the industry with cutting-edge
research.
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5.2  Computational calculations of spherical particle images

The Code predicts the accuracy of the opticd instrumentation by rigoroudy computing the
image of homogeneous spherica particles, taking into account: the particle diameter, the
particle complex refractive index, the polarisation and shape of the incident beam(s), the
paticle location indde the beam(s), the imaging optics (focd length and diameter), and the
detector location. This method dlows the modification of optica indrumentation with
predicted results, thus minimisng the time required for experimentation when an opticd
ingrument is developed or modified. Such a code is of interest to commerciad companies,
which develop or use optical instrumentation or to inditutions which use such apparatus for
research. Such a code must be viewed as an "etdon”, permitting a very accurate evauation of
the sgnd-processng scheme in the domain of imaging of clouds of sphericd particles Then
the main users of such a tool are researchers in metrology of particles and industria designers
of paticle szes. The deveopment of this code will provide various publications a
exhibitions, conferences, in professond and scientific journas.

53 The NTUA CFD code

The NTUA CFD code that has been developed and widened during this project is directly
competitive with the dtate of the at commercid CFD codes through the constant comparison
that has been performed in the project. The results and conclusons derived were used for
improving moddling practices in other research areas currently of interest to the partners in
the consortium. The CFD code could be used for comparable vdidaion of numerica
processes used in other aess of industry which have physcd smilaities with the
mechanisms involved in spray drying. A maket andyds was made regarding indudtrid
processes involving two-phase flows with heat trandfer, evaporation and liquid sprays with
solid burdens (eg. panting processes, coating formation on complex surfaces etc). A
universty code has obvious advantages over commercid codes in implementing new
moddling practices and testing complex methodologies. Pinpointing the areas of industry
whose processes are Smilar to those studied in spray drying will lead to contacts and possible
collaborations so that the desgn and research procedures can be improved. Furthermore, in
the context of Category C of exploitable results, the computer code could be avalable as a
marketable software product provided that the tasks of making a user friendly software
environment and the maketing procedure ae taken on through outer-universty
collaborations. Searching for such partners and performing a market study are aso tasks that
must be consdered for this type of exploitation.

54  Cranfield University agglomeration model

All gpplications, that include a dudy of sufficiently dense two-phase flows, could benefit
from this result. Users of the modd would include equipment designers and code developers
in the process industry and automotive sectors. The innovative features of the mode are its
adlity to gmulate the devdopment of a soray in a computationdly efficent manner while
retaining the correct datistical features of the problem. However, the man barier to the
widespread use of the modd is the need for implementation in commonly used commercid
CFD codes. In addition the current lack of suitable experimentd test cases avalable for
vadidation may dow the uptake of this type of collison/coaescence mode by code vendors
and end users.
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55  New design methodology for spray dryers

Benefits

The benefits of the new spray dryer design methodology are as follows:

improved product quaity as a consequence of
- improved flow pattern

- lessdepositson dryer wdlls

- improved product temperature control|
increased product yield

increased production rate

increased energy efficiency

avalability of newly developed tools for trouble shooting in spray dryer plants
new methodology for retrofitting of old spray dryers
new design methodology for new spray dryer concepts

Retrofitting of old Spray Dryers
The use of these benefits leads a firg to retrofitting activities for soray dryers in the Bayer

group:

Bayer will use the newly developed tools for a worldwide review of al important
oray drying operations of the Bayer group. During checking of these facilities we
will identify al cases with potentid for energy saving and product qudity
improvemen.

On demand dl above described tools and methods for the andlysis of production
problems will be used after gathering information of the performance of Bayer
Spray dryers

After this andyds and identification of potentid improvements action plans for
the redisation of dl aited detals (eg. flow patern, nozzle arangements,
temperature profiles, ...) will be proposed — &fter intensve discusson with project
partner NIRO _. This close contact to al competent project partners increases the
acceptance of the above-described proposals.

These project proposaswill then be presented to al concerned plant managers

At the end of a successful retrofitting according to our methodology Bayer will run
Soray dryers with leading edge technology.

Design of New Spray Dryers
NIRO A/S intends to use the new Design Methodology in two dightly different but related

ways.

A review of dl exising plant concepts that are being used for production or

processng of heat sendtive products or substances, such as dary products, food
products, pharmaceuticals and certain products of the polymer industry.

A systemdic approach to the desgn of new and improved plant concepts for the
same range of products where heat sendtivity plays a mgor role in the definition of
the process parameters.

The new Desgn Methodology, comprisng the NTUA durry droplet evagporation mode and
the Cranfieddd collison/codescence modd in combination with the Heat Damage Index
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Number (HDIN), provides an effective and informative tool for assessment of the intendty of
the process as well as the heat sendtivity aspects of product qudity. The man purpose of
usng the new Design Methodology will be to search for improved energy efficiency of the
soray dryers by changing the process parameters without detrimental effect on product
quality.

The new Desgn Methodology has its only implementation in the NTUA CFD code that has
been developed and expanded during this project. This fact poses a problem to be solved in
order to achieve wide exploitation of the results of the project. The NTUA code is competitive
with and in certain aspects superior to the dtate of the at commercid CFD codes. But it will
be necessary to attempt implementation of the Design Methodology in a commercid CFD
code, mainly because the two tasks defined above will require a very large amount of very
time consuming caculations to be carried ouit.

It is a fact tha dl use of the new Design Methodology will be based on a pre-cdculaion
definition of spray dryer geometry and process conditions. Before the CFD cdculation can be
initiated, the soray dryer geometry must be processed in a grid generator. The following CFD
cdculdion is very time consuming and dthough the concept of HDIN will dlow an
immediate comparison of different cases, great care must be shown to make sure, those cases
being compared on equa terms. The combination of spray dryer geometry definition, grid
generation and CFD cdculation becomes very time consuming and, in the opinion of Niro
A/S, favours the use of acommercidly available code.

A logicd plan to accomplish the above mentioned two-way use of the Design Methodology
will therefore be the following steps, which must not necessarily be carried out in succession,
but may be pursued in pardlel:

Investigate posshilities for implementation of the new Desgn Methodology,
comprisng the NTUA durry droplet evgporation mode and the Cranfidd
collison/codescence modd in combination with the Hest Damage Index Number
(HDIN) concept, in a commercidly availadble CFD code with due respect of the
intdlectud property rights (IPR) of the originating partners.

Launch a sysemdtic effort to derive information about product hest sengtivity and
heat damage rate from dready existing database on product and substance properties.

Launch review of the exiging plant concept manly gpplied for production or
processng of heat sendtive products in the dairy indusry with the purpose of
generding experience with grid generation and CFD calculation procedure in order
to obtain reliable data background for design changesin industrid plants.

Launch series of pilot plant and industrid field tests to validate results of generated
data with specific reference to reduce product heat damage or increase energy

efficiency

Proceed with @ove mentioned two man gpplications of the new Dedgn
Methodol ogy.
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6. Figure
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