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Abstract

The air-pumping characteristic of a 63 mm diam centrifugal atomiser running dry within a cocurrent spray dryer was studied extensively
using a novel experimental technique which involved the direct measurement of the wheel vacuum pressure together with the power
required to pump the air. Approximately 10% of the power consumed by the atomiser was utilised in pumping the airstream. A further 25%
was consumed in shearing the air around the wheel and the remaining 65% was consumed by friction and motor losses within the drive
train. Typically, the wheels considered pumped between 21s~' and 6.51s™" of air at a maximum rotational speed of 50 000 rpm which
corresponded to between 5% and 16% of the primary air supply to the dryer. A dynamic closure of the wheel/atomiser body gap was
observed occurring at 30000 rpm to 40000 rpm which was thought to be due to an upward acting force generated by the pressure
differential either side of the wheel. This significantly affected the air-pumping behaviour of the wheel. © 1999 Elsevier Science S.A. All

rights reserved.
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1. Introduction

Centrifugal wheel atomisers are used throughout the
process and allied industries to produce a spray of relatively
small mean droplet diam. A typical application of such an
atomiser is the atomisation of feedstock during the spray
drying process. The principle of operation of centrifugal
atomisers involves the addition of energy in the form of
centrifugal energy to the liquid feed in order to produce an
increase in surface area. The liquid is fed onto a rapidly
rotating surface and the action of the rotation is to throw the
liquid radially outwards from the axis of rotation, thereby
imparting energy into the liquid. Disintegration of the liquid
film results in the formation of a stream of droplets. In the
case of a wheel atomiser the rotating surface is a thick disc
which has radial ports machined around its circumference
which are fed from a central cavity.

A detrimental effect of wheel rotation is the generation of
a region of low air pressure at the wheel centre as illustrated
in Fig. 1 [1]. This region establishes an air flow which flows
radially inward through the clearance gap between the wheel
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and the atomiser body and upon reaching the cavity in the
wheel centre, the flow then changes direction and flows
radially outwards through the ports. This air stream typically
draws air from the hot air inlet in the roof of the dryer and
this can simultaneously aerate and partially dry the feed-
stock within the atomiser wheel. These effects are detri-
mental to the operation of the spray dryer as feedstock
aeration can lead to an increase in product porosity and a
decrease in bulk density. Dried particles deposited on or
within the wheel will overdry and can constitute a source of
product contamination and a potential ignition source for fire
and explosions [2]. Lastly, the pumped airstream, which
possesses a large amount of radial momentum, can signifi-
cantly affect the dryer flow pattern in pilot plants of up to
2 m in diam [3].

In order to numerically simulate the dryer flow field using
for example a computational fluid dynamics code, it is
essential to include the pumped airstream as a mass flow
inlet boundary condition [4]. To do this a means of estimat-
ing the mass flowrate for a wheel operating under a given set
of conditions is required. Little data relating to this is
available in the open literature. During the course of con-
ducting such modelling [4], an estimate of the pumped air
stream flowrate was made from data described by Keey et al.
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Fig. 1. Air-pumping circuit within a centrifugal wheel atomiser [1].

[5]. In this study the authors considered a 120 mm diam
wheel by estimating the power required to pump the air and
using this value within a numerical model of the atomiser to
estimate the pumped-air flowrate. Their conclusions were
that at speeds of 21 800 rpm and 24 000 rpm in air at room
temperature and at 200°C, the air flowrates corresponded to
7% (281s™ ') and 17% (581s™") of the primary air flow
through the dryer. The measurement of pumping power was
made by taking the difference in the power consumption,
with and without the wheel fitted. This ignores the power
consumed in shearing the fluid on the upper and lower
surfaces of the wheel which does not contribute to the
centrifugal pumping action.

The present work was aimed at a more explicit measure-
ment of the flowrate of the pumped airstream in the absence
of a liquid spray, by measuring the power required to pump
the airstream, taking account of the shearing power
described above, together with the measurement of the
vacuum pressure at the wheel centre. In this way a direct
estimate of the flowrate was made and by using wheels with
a differing number and size of radial ports together with a
range of air gaps, the influence of these parameters on air
pumping was quantified.

2. Equipment

A CE-63 wheel atomiser (APV Anhydro A/S, Copenha-
gen, Denmark) was investigated which consisted of a
63 mm diam wheel driven by a 500 W electric motor via
a pair of parallel spur gears at speeds up to 50 000 rpm.
Four different wheels were considered which had differing
numbers of ports and port diam, namely, 2 x @2 mm;
4 x @32 mm; 8 x @2 mm; and 4 x @34 mm. Fig. 2 shows
the schematic diagram of the wheel with 4 mm diam ports.
The other wheels differed from this only in the number and
diam of the ports. The atomiser was located within the roof
air disperser unit of an APV Anhydro Laboratory No. 1 pilot
plant spray dryer which was supplied with unheated air
nominally at 40°C and 0.04 m® s~ .

The wheel vacuum pressure was measured with a digital
micromanometer fitted to the pipe within the atomiser which

would normally be used to pass feedstock to the central
cavity of the wheel as shown in Fig. 3. The atomiser speed
was controlled by an auto transformer fitted to the motor
electrical supply and the wheel speed was measured using
an inductive transducer fitted to the wheel drive train. This
allowed the wheel speed to be measured to within 10 rpm.
The electrical power consumption to the atomiser was
measured using a clamp wattmeter fitted to the motor supply
lead together with a supply voltage connection from the
autotransformer. This configuration took a direct account of
the electrical supply power factor.

3. Method

The power drawn by the atomiser motor was consumed in
three principal ways:

1. Frictional losses in the motor and drive train gears and
bearings, W;

2. Power required to shear the air along the circumference
and upper and lower surfaces of the wheel, W;

3. Power required to pump the air through the radial ports,
W,
W; was measured by running the atomiser without the

wheel and measuring the power consumed. W was calcu-

lated by running the atomiser with the wheel fitted but with
the ports sealed. By deducting W; from the measured power,

W, was calculated. W, was calculated by running the

atomiser with the wheel fitted and the holes unblocked.

By deducting (W + W) from the measured power, W, was

calculated. Fig. 4 shows the variation of measured friction,

shear and pumping power with speed for the 4 X @4 mm

wheel. It should be noted that at 50 000 rpm, the three power

values are typically Wy 130W, W,~50W and

W, =~ 20 W, respectively. Hence the assumption made by

Keey et al. [5] in not separating the shear power (W;) from

the pumping power (Wp) would result, in this case, in an

overestimation of pumping power by 350% which would
introduce a substantial error.
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Fig. 2. Cross-section of an APV Anhydro A/S CE63 atomiser wheel showing detail of the port and gap geometry.
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Fig. 4. Friction power Wy, shear power W, and air pumping power W, for the atomiser wheel with 4 x @4 mm ports. Air gap, x = 0.6 mm.

The pressure difference across the wheel Ap; which
caused air to be drawn in to the wheel centre through
the air gap was calculated from the measured chamber
pressure p., and the measured pressure at the wheel centre,

pw?
Apl = Pch — Pw (D

Pch Was measured with the wheel stationary and p,, with
the wheel rotating at the appropriate speed.

As the flow velocities within the wheel ports were high it
was considered that compressibility effects were liable to be
significant. To this end, the air pumping process was con-
sidered as an adiabatic compression process, hence the
pumped air flowrate Q was estimated using W,, p., and

pW [6]9

(v=1)/
Wy, = Op: 2l l(ﬁz) —11
v—1 1
Cp

where p; = pw, p» = penand 7y = — = 1.4 2

The speed range considered was 30000 rpm to
50000 rpm, which corresponded to a peripheral speed of
99ms '-165ms ' and the air gap range was chosen
to be between 0.6 mm to 1.5 mm. These ranges were
considered to be representative of the values relevant to
industry.

Each experiment was repeated three times in order to
achieve a statistically representative result and the data

presented here were the arithmetic mean of the repeated
runs.

4. Results and discussion
4.1. Wheel speed vs pumping power

Fig. 5 shows the typical behaviour of the pumping power
with wheel speed and air gap for the 4 x @4 mm wheel and
the general trend observed is an increase of pumping power
with wheel speed and air gap. This trend was also present in
the data obtained for the other wheels considered. An
unexpected trend is the localised minima at speeds of
30000 rpm to 40000 rpm which became less marked at
larger air gaps. It is proposed that this was due to an
observed physical closure of the wheel air gap occurring
at these speeds. A degree of axial movement was present in
the shaft assembly, estimated at 0.3 mm, which allowed the
shaft to move vertically upwards within the housing thereby
reducing the air gap which was set with the wheel stationary.
This play was believed to be present in order to allow for
thermal expansion when the atomiser is running for
extended periods within a high temperature air stream.

The mechanism of gap closure was thought to be due to
two contributory actions, namely an axial thrust generated
by the pair of parallel helical spur gears and the axial force
generated by the presence of a vacuum on the wheel top side
and the positive chamber pressure on the wheel underside.
The forces due to these actions were estimated at 0.4 N and
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Fig. 5. Air pumping power variation with wheel speed and air gap for the atomiser wheel with 4 x @4 mm ports.

3 N, respectively, which would be sufficient to raise the
shaft assembly which weighed ~3 N.

An opportunity was taken to compare the measured shear
power W, with a theoretical model based on boundary layer
theory. Appendix B details this model which took the form
of a combination of expressions for power required to shear
the fluid on the upper and lower surfaces of the wheel [7],

1/5
—0. Q3R5 H
W, = 0073 ( - Qp) ()

and the power required to shear the peripheral surface of the
wheel,

1/5
W, = 0.13pQ°R* (R;;z;) 3b)
Fig. 6 shows the comparison of the measured shear power
with this expression. It can be seen that the theoretical
expression predicted ~20% less power than was measured
at 50 000 rpm. This could be accounted for by consideration
of the complex convective flow cell within the wheel air gap
departing from the basis of expressions 3a and 3b. Hence, it
is reasonable to suggest that this form of modified model
could be used to accurately predict the shear power for this
and other wheel designs.

4.2. Wheel speed vs pressure difference

The typical behaviour of the wheel pressure differential
with wheel speed and air gap is shown in Fig. 7 and the

general trend observed is an increase of pressure difference
(i.e., a decrease of pressure at the wheel centre) with wheel
speed and a decrease with air gap. The latter effect is due to
the increased resistance to flow through the air gap as the
gap narrowed. Again, the influence of the closure of air gap
can be seen as the data diverges at wheel speeds between
30000 rpm and 35 000 rpm.

Interestingly, the pressure differential across the wheel
within this speed range corresponds to =2 kPa. It is esti-
mated that this pressure difference across the upper and
lower surfaces of the wheel generates an upthrust of ~3 N.
This corresponds to the weight of the wheel and shaft
assembly which reinforces the proposal made above, in
which the governing mechanism in gap closure was the
force generated by the pressure differential between the
upper and lower surface of the wheel.

4.3. Wheel speed vs pumped flowrate

Figs. 8-10 illustrate the behaviour of the pumped flow-
rate with wheel speed and air gap for the 4 X @2 mm,
8 x @2 mm and 4 x @4 mm wheels and the general trend
observed was an increase of flowrate with wheel speed and
air gap. Again the influence of the gap closure can be seen as
a reduction in the pumped air flowrate between the speed
range from 30 000 rpm to 40 000 rpm. The effect of the gap
closure becomes less marked at larger values of original gap
size. This is due to the smaller percentage reduction in gap
flow area as the prescribed gap size increases.
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Fig. 7. Variation of wheel pressure differential with wheel speed and air gap for the atomiser wheel with 4 x @4 mm ports.

The maximum air velocities within the ports correspond- As two flow paths were present i.e., the air gap path and
ing to these flowrates are shown in Table 1. the port path, it was decided to investigate which one, if any,
It can be seen that the Mach numbers are greater than 0.2 controlled the flow process. In order to do this the sensitivity
which reinforces the decision to consider the air-pumping of the pumped airstream to increments in the air gap and the
process in a wheel of this size to be approximated by an port flow area were considered. These are shown in Figs. 11

adiabatic compression process. and 12, where it can be seen that the flow within the
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Fig. 9. Variation of pumped air flowrate with wheel speed and air gap for the atomiser wheel with 8 x 2 mm ports.

4 x @2 mm wheel appears to be relatively insensitive to
changes in the air gap size which suggests that in this case
the port circuit controls the flow. This is reinforced when the
8 x @2 mm wheel is used (100% increase in port circuit

flow area) under the same conditions at which point the
flowrate increases by 100%. Increments in air gap for this
wheel produce a much greater increase in flowrate which
suggests that the influence of the air gap path on the flow is
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Fig. 10. Variation of pumped air flowrate with wheel speed and air gap for the atomiser wheel with 4 x @4 mm ports.

Table 1
Mean air velocities assuming plug flow within wheel ports corresponding
to maximum pumped air flowrates

No. ports x port Max. pumped Mean port air
dia flowrate 15~ velocity m s~
4 x @2 mm 2.1 167 (Ma = 0.47)
8 x @2 mm 5.0 199 (Ma = 0.56)
4 x @4 mm 6.6 131 (Ma = 0.37)

on the increase. A further increment in port flow area with
the 4 x @4 mm wheel (a 100% increase in flow area
compared with the 8 x @2 mm wheel) resulted in only a
30% increase in flowrate, whereas increments in air gap
continued to substantially influence the pumped flowrate.
This suggests that both flow paths have similar dominant
effects on the flow process.

4.4. Modelling the air gap flow path

In order to accurately model the air pumping phenom-
enon it would be necessary to take a combined account of
the three-dimensional air flow within the wheel gap, the
compressible nature of the flow within the wheel ports and
the rotodynamic characteristics of the wheel. This topic is
out of the domain of this paper, however, some of these
topics have received attention elsewhere [5].

Fundamental to any combination of the approaches
described above is a model of the flow circuit within the

air gap. This is reinforced by the data shown in Figs. 11 and
12 where the gap flow path is seen to be a flow controlling
path. A simplistic analytical model of the flow path was
developed which considered the flow within the gap to be
purely two-dimensional and incompressible. This last
assumption is a reasonable one to make as the Mach number
within the gap ranges was found to vary between 0.08 to
0.22.

The flow model consisted of the application of Bernoul-
li’s equation along the air gap flow path. An account was
taken of the pressure losses due to friction and ‘fitting’
losses through the use of standard empirical correlations for
friction factors and loss coefficients, as well as pressure and
velocity changes due to cross-sectional changes. More
details of this model can be found in Appendix A.

The model was used to determine the pressure difference-
flowrate relationship for the flow path within the air gap. The
experimental values of flowrate were used within the model
to yield a comparable wheel pressure difference and hence
wheel centre pressure value. Fig. 13 shows a comparison of
the measured and derived air pressures at the wheel centre
and it can be seen that the dynamic closure of the wheel gap,
which is not taken account of within the model, significantly
affects its performance. Prior to the gap closure the model
underpredicts the vacuum pressure at the wheel centre by an
offset of ~1000 Pa. Once closure occurs this under-predic-
tion increases to ~4000 Pa. It is likely that if the actual gap
size that the rotating wheel possessed was used instead of
the initially set value then the disparity with the measured
value could be reduced to the typical levels before gap
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closure. It is considered that the assumption of pure radial
flow within the air gap, as well as the measuring point for the
central wheel pressure not being at the same spatial location
as the perceived section used in the model, were the reasons

behind the disparity between the measured and calculated
data.

Significant improvements within this model would have
to be made before it could be integrated with a system of
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equations which would take account of the centrifugal
pumping effect, most likely represented by a derivative
of Euler’s equation for hydrodynamic machinery in order
to explicitly predict the pumped flowrate within such an
atomiser wheel.

5. Conclusions

The experimentally derived values of pumped air flowrate
were found to be between 5% and 16% of the primary air
flowrate through the dryer. These values were lower than
those found by Keey et al. [5] who considered a wheel of
larger diam (120 mm). These authors did not take account of
an additional source of power loss which would not con-
tribute to air pumping, which would be liable to significantly
reduce the amount of air pumped. This trend of reduced
relative amounts of air pumping with increasing wheel size
is consistent with Masters [1] who suggests that the magni-
tude of air pumping diminishes with wheel size and the
corresponding influence of the pumped air stream on the
dryer flow diminishes with increasing dryer size.

Although the flow of air through the wheel was a function
of wheel speed, the flow process was strongly influenced by
the size of both the port and gap flow paths. Readings of air
flowrate with an atomising liquid present were not possible,
however this result reinforces the standard operating prac-
tice of running such an atomiser with the minimum practic-

able gap in order to reduce air pumping, whatever the wheel
speed.

The relative magnitudes of the pumped air stream flow-
rate and momentum, which are of the same order as those
possessed by the primary air stream within the dryer,
suggest that their influence on the dryer flow patterns would
indeed be substantial and that it would be prudent to account
accurately for their presence when simulating such flows,
using for example CFD codes.

The issue of the amount of air pumped when such a wheel
is running with a liquid present still requires substantial
investigation, however if similar quantities of air are
pumped under conditions of liquid loading then the momen-
tum of the emerging spray/pumped-air stream would be
substantially more (perhaps 2-3 times) than that possessed
by the spray alone, which again would have a substantial
effect on the dryer flow field. It is likely that the presence of
a liquid within the wheel would have the effect of reducing
the port flow area available for pumped air flow and con-
sequently reducing the amounts of pumped air present.
Combining the reduction of the relative rates of air pumping
as wheel and dryer scale increase together with the reduc-
tion in pumped air flowrates due to liquid loading, it is likely
that air pumping has a less substantial effect on dryer flow
fields in large industrial scale dryers. However in situations
where small scale dryers are the industrial norm, i.e., in the
drying of high value added pharmaceuticals and catalyst,
then the impact of air pumping may still be substantial.
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6. Nomenclature

A cross-sectional flow area (m?)

b wheel axial thickness (m)

Cp specific heat capacity at constant pressure
(J/kgK)

Cy specific heat capacity at constant volume
(J/kgK)

de equivalent hydraulic diameter (m)

f friction Factor (-)

g acceleration due to gravity (m/s?)

h gravimetric head (m)

h head loss due to friction losses in flow path of
length 1 (m)

k loss coefficient (-)

1 length of flow path (m)

Ma mach number (-)

n index of position within wheel air gap (—)

N wheel rotational speed (rpm)

p pressure (Pa)

DPch chamber air pressure (Pa)

Pw air pressure at wheel centre (Pa)

Ap;  pressure difference between the wheel centre and
the chamber bulk (Pa)

0 volumetric flowrate (m3 s_l)
r radius (m)
R wheel radius (m)

Re Reynolds number (-)

u fluid velocity (m s)

7 mean fluid velocity (m s)

Wi power consumed due to fluid friction (W)
Wy power consumed due to air pumping (W)
W power consumed due to shear flow (W)

X wheel air gap (m)

Greek letters

v Ratio of specific heat capacities, cp/cy (=)
I Fluid dynamic viscosity (kg ms™")

v Fluid kinematic viscosity (m*s™

p Fluid density (kg/m?)

Q Wheel rotational velocity (rad/s)
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Appendix A

A flowrate-pressure difference model for the air flow
path

If we make the assumption that the air is drawn into the
gap with a radial velocity component only, then we can
define the pressure variations at various points within the
gap by applying Bernoulli’s equation accounting for pres-
sure losses due to friction and fitting losses. The general
form of this equation applied between positions n and n + 1
is as follows,

P+ 0.5012 + pghy = puyr +0.5p12, | + pghus
+ AP(ni1)-n (A.1)

where the pressure loss Ap,1y_, is estimated either by an
appropriate loss coefficient k or in the case of a frictional
loss, by Darcy’s equation. Values of k and friction factor
were taken from the literature [8].

Referring to Fig. 14, we can estimate Ap,1)_, between
positions within the air gap as follows.

1-2

We define P; as the chamber pressure P,. The pressure
drop from 1-2 can be considered to be that of an entry loss
from an infinite reservoir to a finite channel, defined by,
Apy_, = ().Skpug (A.2)

where kK = 0.5.

-

Fig. 14. Schematic of atomiser wheel showing radial positions used in the
predictive model.
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The entry is considered to be directly into the gap i.e., the
constriction of the shoulder of the gap is ignored.

2-3

This is considered to be a narrow channel with pressure
drop due to an associated friction factor calculated by
Darcy’s equation, thus,

Aflu?
o 2d.g

hy (A.3)

where the friction factor fis defined by Blasius’ equation,

f=0.079Re " (A4)
The Reynolds number Re is defined by

Re = piide (A.5)

u

and,

de = 2x (A.6)

where x is the set air gap thickness.
The flow path length / was defined as,

l=r—n (A7)

The mean flow velocity was defined as the arithmetic
mean of the gap inlet and outlet velocities, thus,
175 + us - Q/27rr1x+ Q/27TI‘2)C o Q(l”] —+ l"z)

= = A.
" 2 2 drrarix (A-8)

3-4
This was approximated by a constant cross-section 90°
bend with a loss coefficient of 1.2.

4-5
Approximated to a flow constriction into the throat of the
annular constriction with a loss coefficient of 0.5.

2
m(r3 —13)

uZp
Apy_ 5= 0.5% where us = (A.9)

5-6

The flow expansion on outlet of the annular constriction
was approximated by a rapid expansion with the following
expression.

2
0%p [A3
Aps 6=~ |51 (A.10)
247 |A2
where As = 7(r] —r3) (A.11)
and Ag = 7(r3 —13) (A.12)

Position 6 was considered to be closest to the central
region of the wheel where the measured pressure p,, was
taken. Expression (4) was applied between positions 1-6

taking account of changes in fluid velocity due to cross-
sectional variations thereby creating a means of predicting
Do as a function of pumped air flowrate.

Appendix B

Derivation of power required to shear flow at the wheel
surfaces (Eqs. (3a) and (3b)).

Consider the external surface of a solid cylinder of radius
R and thickness b. If we define v as the velocity relative to an
observer who is stationary on the surface of the rotating
cylinder, then the skin friction force D, on the external
surface due to the shear stress 7 is,

D = br2nR (B.1)

A momentum balance through the boundary layer of
height § above the cylinder surface yields,

s
D= bp/ v(veo — V) dy (B.2)
0

where y is the distance in the radial direction from the wheel
surface and v, is the fluid velocity in the bulk fluid relative
to the wheel surface, defined as,

Voo = RO (B.3)

If we assume a 1/7th power law for the velocity profile
within the boundary layer, where the relative fluid velocity,
v at a height y is given by,

V= Ve (%) 17 (B.4)

then substitution into the expression within the integral sign
in Eq. (B.2) yields,

3
/ (Voo — v) dy = 0.09726v%, (B.5)
0

Equating Egs. (B.1) and (B.2) and substituting with
Eq. (B.5), gives

L\ 1/
§ = 1.364R <R> (B.6)

Voo

Schlichting [7] gives an expression for the shear stress
within a boundary layer for a flat plate, which is a good
approximation to the peripheral surface of the wheel, thus

1/4
T =0.02280% (L> (B.7)
Voo O

Substituting Egs. (B.6) and (B.7) into (Eq. (B.1)) gives,

oo

1/5
D = 0.13Rbpv>. (L) (B.8)
Rv
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The associated power required to rotate the wheel at €2 rad/s
due to skin friction at the periphery only is

1/5

W, = DRQ = 0.13pQ°R*b (ﬁ) / (B.9)
Furthermore an account of the additional power consumed
due to skin friction along the upper and lower surfaces of the
wheel can be made by consideration of the wheel as a thin
circular disc immersed in a large body of fluid again
assuming a 1/7th power velocity distribution within the
turbulent boundary layer [7],

1/5
Ws = 0.073p8R’ (ﬁ) (B.10)

Therefore the total power consumed in rotating a wheel of
radius R, thickness b at ) rad/s is,

Wy =W, + W, (B.11)
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