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ABSTRACT

The most critical part of the flame spray pyrolysis (FSP) process is the nozzle, since it plays a key role in setting the
spray properties. In this study, we developed an approach to adjust the nozzle throat gap size for a desired
dispersion gas flow rate and upstream pressure, based on the external size and shape of a two phase external
mixing nozzle. An equation was derived and validated by comparing the predicted gas flow rates with the data
provided in a commercial nozzle supplier chart. Experiments were also conducted in our lab-scale FSP reactor to
test the validity of the predictions. The approach developed here was found to closely predict the gap size
necessary to pass the required dispersion gas flow at a desired pressure drop. Error in predictions was found to be
less than 3% at an upstream pressure range of 3-10 bars. The isentropic flow assumption for perfect gases across
the convergent-divergent nozzle was found to fail below 2 bars, consistent with the theory applied. By using the
method here, the nozzle setting for a desired operation in an FSP process can be easily done, minimizing the time-

consuming trial and error steps needed otherwise.

1. Introduction

Flame Spray Pyrolysis (FSP) is a versatile and cost-efficient produc-
tion process for nanoparticles, which relies on the oxidation of liquid raw
materials containing metal or transition metal compounds at flame
temperatures. Product nanoparticles are formed within milliseconds, and
collected as a dry powder on a filter. An FSP reactor consists of 3 main
parts; a two-fluid nozzle for liquid precursor delivery and atomization,
which is located in the center of a burner, a premixed or diffusion burner
as an ignition source for the liquid precursor, and a downstream filtering
system for nanoparticle product collection. Configuration of an FSP
system affects the performance of the process and product powder
characteristics. Liquid droplets’ diameter in the spray as well as droplets
and particles residence times in the flame effects the chemical and
morphological structures of the nanomaterial produced. This process can
be used to produce different types of nanoparticles of almost all the el-
ements in the periodic table [1].

Flow regime at the nozzle throat depends on the nozzle type and
configuration, ultimately changing the spray properties. FSP typically
employs two-phase fluid nozzles, where the liquid is atomised to droplets
by a high-velocity dispersion gas. These nozzles can be further catego-
rized into external and internal mixing types, depending on the mixing
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location of the two phases. The former types are preferred in FSP pro-
cesses [2, 3,4,5,6,7,8,9,10, 11]. A typical external mixing two phase
nozzle configuration consists of two separate bodies: a fixed inner body
(including the liquid delivery tube) and a movable body (dispersion gas
cap, or air cap) [12]. By turning the air cap clockwise or
counter-clockwise, the gap size decreases or increases, respectively.

A representative sketch of the nozzle top drawn with the Ansys Fluent
(v.19) Space Claim drawing package is shown in Figure 1. The nozzle
throat is formed by connecting the fixed inner body with the movable top
part, which sets the size of the gas exit gap (X), depending on the height
of the distance shown in the figure as DR. A convergent-divergent
configuration of the nozzle forms when the dispersion gas cap is con-
nected. Gap size at the throat can be adjusted by moving the gas cap up or
down.

In this study, a mathematical relationship between the measurable
external geometry and the internal throat gap size (X) of a commercial
nozzle was developed [12]. Lowest and highest standard settings (gap
sizes) correspond to position 1 (P1) and position max (Pmax), respec-
tively. Gap size X cannot be measured after inner and top parts of the
nozzle are connected, and it is needed to calculate the cross-sectional
area (A) to set the nozzle position for a desired gas flow rate at a
required pressure drop. This approach is used for the production of
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Figure 1. 3D view (a), and cross sectional view of the nozzle tip at closed (b), intermediate (c), and higher (d) positions (DR, distance ring height, H; liquid delivery

tube extension length, H,; liquid delivery tube height above air cap).

nano-TiO, in an FSP system in our laboratory. Details of the FSP set-up
can be found in references [13, 14]. The nozzle used in this work came
with a standard distance ring (DR) on the air cap, which guaranteed after
disassembly and assembly the correct air-cap position number 4 (P4)
with a distance ring height of 3.01mm [15]. In order to produce TiO; at 5
to 10 LPM oxygen dispersion gas flow rates with 1-1.5 bar pressure drops
for Schlick 970, a nozzle position of less than P1 was required, as can be
seen in Figure 2 [15]. Clearly we needed to work at positions that were
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Figure 2. Gas flow rates versus pressure drop readings at throat gaps P1
to Pmax.

less than the manufacturer's standard production could provide, but there
was no guidance in the manual, other than the instruction to use the trial
and error method to find the required position. Therefore, we had
manufactured distance rings, ranging from 2.20 to 2.99 mm, with 0.01
mm increment(s) to adjust the pressure drop for required dispersion gas
flow rates that would provide linear gas velocities at or above sonic speed
to obtain a fine spray.

Fabricating new distance rings was costly, and time consuming due to
the number of distance rings required for the trial and error method to
adjust the pressure drop for a desired gas flow rate. While going through
the trial and error steps for the correct distance ring size, we developed
an approach to predict the distance ring height for a required pressure
drop to save time and cost for the future experimental studies. As
depicted in Figure 1, when the dispersion gas cap (or air cap) is turned
clockwise (forwards), X will be reduced, H, will increase while DR de-
creases. Thus, a relationship between X, H, and DR can be derived by
using the geometrical relationships between the measurable outer di-
mensions. This relationship can be used as a tool for external-mixing gas-
assisted atomisers to calculate the gap size at any dispersion gas flow rate
and applied pressure, based on the nozzle outer dimensions, therefore
eliminating the time consuming trial and error procedures during the
experiments. Additionally, commercial nozzle producers do not provide
the information concerning the inner nozzle dimensions, due to the
“know how” rights. However, nozzle gap size is not only important for
experimental studies, it is also an important parameter in drawing and
meshing the geometry in computational fluid dynamics modelling of FSP
processes. Therefore, this approach provides the necessary information
in setting up the computational domain as well. Moreover, by using the
equation derived, an existing commercial nozzle can be utilized beyond
the data range provided in standard nozzle charts. Validation of the
equations was performed by comparing the flow rates predicted in this
study with the supplier charts for applied pressures up to 10 bars.
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2. Theoretical background
2.1. Calculation of the minimum cross section area

In an external mixing two phase nozzle, dispersion gas first passes
vertically through the constant cross-section annulus, and subsequently
the reducer, where the cross-section gradually decreases to its minimum
at the nozzle throat (convergent part). Gas finally passes through the
expanded cross-sectional area (divergent part). In convergent configura-
tion, the maximum gas velocity in the throat cannot be higher than 330
m/s (sonic regime) for air at an applied pressure. After the sonic condition
isreached, the duct then becomes choked and cannot carry any additional
mass flow, unless the throat gap size is widened [16]. As the applied
pressure is increased above a critical value, flow transitions to supersonic
in the divergent section. Ma number is a measure of defining the flow
regime, and effects the relative velocity between the liquid and dispersion
gas, which is a key factor governing the size of the droplets. It is the ratio
of the dispersion gas linear velocity to the speed of sound of the same gas
at room temperature and sea level. In an FSP process, flow rate of the
dispersion gas therefore is an important operational parameter that en-
sures the appropriate dispersion gas velocity required for the atomisation
process. For external mixing two-phase nozzles, initial droplet size (ID) is
calculated by using the correlation by Lefebvre et al. [17] as,

0.29

ID =51 d, Re *¥We 018 (m—m“ ) ¢))
mgas

The droplet Reynolds (Re) and Weber (We) numbers are defined as,

2
= p4mix dn (Ugas — U'"i") and We — pmixdn (D[!“S - Umix)
Hinix ¥ mix

Re

Eq. (1) reveals the dependency of the liquid droplet size to various
parameters as,

1 1 1
0.39 0.18 0.29 .
ID o pnii's Vs + Mg » 57 o7s: and 0.29
Phix (Dgas - l)mix) (mgas)

It can be deduced that the relative velocity between the liquid and
atomisation gas is a key factor that governs the atomisation quality, such
that the relative velocity between the gas and the liquid should be
increased to decrease the initial droplet size. Initial droplet size can be
reduced by 40% by increasing the pressure drop, and doubling the
relative velocity at a constant gas flow rate. On the other hand, it can only
be reduced by 15% if the dispersion gas flow rate is doubled under a
constant pressure drop. To attain a good atomisation quality (fine spray),
the nozzle air cap setting must be adjusted to increase the relative ve-
locity as high as possible for a given pressure drop.

Physical properties of the gas at the throat that are required to find the
cross section area can be calculated by combining the isentropic
approximation with the assumption of adiabatic flow for a perfect gas
[16].
Ty Y- Dy @)
T

Pressure and density ratios can be computed from power-law re-
lations for an isentropic perfect gas.
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Figure 3. Nozzle throat geometry between minimum and maximum air
cap positions.

For sonic flow at Ma = 1.0, the critical properties are denoted by
asterisks p*, p*, a*, T*, and y=1.4 for air and oxygen, common
dispersion gases used in FSP processes. Egs. (2), (3), (4), and (5) become:
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When the upstream pressure is raised above the critical pressure (P*/
0.5283), discharge velocity of the gas from nozzle increases beyond the
speed of sound and becomes supersonic. When the critical conditions are
reached, the maximum discharge mass flow rate can be calculated from
the continuity equation,

1’hmax = p*Amin V (10)

where V* is critical velocity (speed of sound),

WR T, "
V=28 e 11
<v+1> an

Combining Egs. (8) and (10) and (11) gives:

M\%/ 2 \T
m= P, ! — Anin (12)
R T, y+1

where the maximum mass flow m is proportional to the critical cross-
sectional area Ap, and the absolute upstream pressure P,. Dividing Eq.
(12) by the standard density of the dispersion gas and rearranging gives,
Y+l
=

24-1)
Py (M 2
pu R Ty y+1

Eq. (13) can be used to calculate the value of Ap;, for an upstream
pressure above the critical pressure. This equation can also be used to
find the required dispersion gas flow rate Qs for a desired pressure drop
across the nozzle throat.

Qs

Y

Amin = (1 3)
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Table 1. External measurable dimensions of the nozzle Schlick 970 Form 4 [12].

Symbol Description Dimension, mm
H, Liquid delivery tube extension length 2.50

5 L Height at zero gas flow 2.64

I, Air cap inner radius 0.95

e Liquid delivery tube outer radius 0.80

t Air cap wall thickness 0.50

B Angle of inclination for the air cap 45°

6 Angle of inclination for the liquid tube 32°

2.2. Derivation of the relationship between the nozzle gap and the air cap
position

Nozzle geometry and the notations for external dimensions used in
the derivation are shown in Figure 3.

This sketch represents the axisymmetric cross-section of an external
mixing nozzle after connecting the liquid delivery tube and air cap parts
used in this study [12]. In this figure, Hmax, Hy, T¢, 6, B, Iy, and t are easily
measurable external dimensions, and are given in Table 1.

Liquid flows through the delivery tube in the center, and dispersion
gas through a convergent-divergent flow passage formed between the
liquid delivery tube and the air cap. When the air cap tip touches the
liquid tube body (position I), it is the maximum downward movement of
the air cap (clockwise turn), no dispersion gas can pass at this position,
and we have referred to this as the “zero flow position”. Turning the air
cap counter-clockwise will move it up in the Y direction, and increase the
gap perpendicular to the gas flow (X;,), which cannot be measured. Any
position in between position I and III will have an area that is larger than
0 and less than or equal to Ayy:

Am= N(l‘az - rcz) a4

After position III, the air cap tip will move up beyond the conical
section of the liquid delivery tube, and the area perpendicular to gas flow
in this region (e.g. IV and V) will be higher than Ayy. Position V is shown
as the maximum movement of the air cap, and after this position, mixing
of the gas and the liquid phases would occur internally (internal-mixing
nozzle). A relationship between A, and H, (liquid tube height above
the air cap) is developed by considering the two limiting cases. Case 1
considers the air cap positions that are below the conical section of the
liquid delivery tube (III), and Case 2 considers the air cap positions above
the conical section. Derivation for both cases will be shown next.

Case-1. Air cap movement on the liquid insert cone:

N g g >
i éXm éra:(XmJ" r.) i
| a a i
; : ! ’
e st LAY D . i ’

Figure 4. Nozzle configuration for Casel.

Cross-sectional area perpendicular to the gas flow is:

T
A=7 (D~ (D, - 2X,)") as)

In this configuration, Xy is the vertical gap between the air cap and the
liquid delivery outer tube surface, and 0 < X, < Xp,. Eq. (15) can be

solved for Xp as,

X,? —nD,X, + A =0 (16)
Solution to Eq. (16) yields;
2 2 4
Da Da 7z A
X =— - 1
P 2 an

The root with the positive sign in Eq. (17) is omitted, because it would
yield an X, higher than the inner radius of the air cap.
Now X, can be found as,

X, =Xp/sin(90 — )

XV:(Da/z—\/D,}——ztA/n/2>/sin(9o—6)

The nozzle geometry and dimensions displayed in Figure 4 then can
be used to obtain the liquid tube height above the air cap as:

(18)

(19)

H, =Hpax — (Yiax — (X — X,) / tan0) (20)

Eq. (20) relates the un-measurable dimension Xy to a measurable
quantity H, within the limits of Case I as:

t< HO < Ymux

Y inax = X /tan®

D, D> —4A/ :
X — (;—f>/sm(90—9) }/tan 6}

2D

Ho = Hinax

- {Ymax -

In order to adjust the nozzle throat gap X and maintain the flow at the
nozzle throat away from the choking conditions, area in Eq. (21) is
replaced with Ap;n:

H(D = Hmax
/D2 = 4Amin/ ©
=[x (e Do #AMIN T 00— 0)| [ ane
2 2
(22)
Case-II. Air cap movement beyond the liquid insert cone:
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Figure 5. Nozzle configuration for Casell.

Here, the cross-sectional area perpendicular to the gas flow is:
A :g ((2Xs + D.)* —D.2) (23)
Eq. (23) can be arranged to the quadratic formula for Xp as:

X, +aDX, —A =0 29

The valid root for the equation after omitting the negative sign
(because it will produce a negative value for Xy), is found as:

Xp=-D./2 + /D> +4A/n/2 (25)

In this Case, the relationship between Xy and Xp can be found by
applying the "law of cosines” for the triangle in Figure 5.

X,? =d* + X, — 2dX, cosp (26)

From Figure 6, it can be seen that, d = (X, — X,,)/cos 8.

s =

Figure 6. Triangle geometry.
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Figure 7. Dispersion gas flow rates as a function of upstream pressure at po-
sitions P1 to Pmax (Lines-predictions, symbols nozzle supplier data [15]).

Substituting d in Eq. (26):

X2 =[((X, — Xu)/cos B +X,* — 2X,cos (X, — X,) / cos f] 27)
Eq. (27) can be arranged to the quadratic equation to find Xy:
X,? [1 / (cos ﬂ)2 — 1] + Xy [ZXm —2X,, / (cos ﬂ)z} + [sz / (cos ﬁ)2 7Xp2} =0
(28)
To simplify the equation, the constants are grouped together as,

a=[1/(cos p)’ —1] b=[2X,—2X, [ (cos p)’] c= [X.> [ (cos p)’ — X,*]

The solution to Eq. (28) after omitting the root with the negative sign
(because it would result in Xy less than Xp,):

X, = 7b/2a+\/bzf—4ac/2a

After substituting X;, from Eq. (25) into Eq. (28):

Xl,_b/2a+\/b24a [X,,,Z/(msﬁ)z{fp[/ﬂ\/mn /Za

(29)

The nozzle geometry and dimensions displayed in Figure 5 can be
used to obtain the geometrical relationship in terms of measurable di-
mensions as,

H,=H, —t — (X, — X,,)tan (30)

In Case II, Hy should confirm the condition; Y.< Hy < Hpax+ t.

Table 2. Predicted DR, X, and Ap,;, at air cap settings P1 to Pmax for Schlick 970 Form 4.

Air cap Position Distance Ring Height DR, mm Throat Gap Size Xp, mm Amin, mm?
P1 2.45 0.08 0.47
P2 2.57 0.14 0.80
P3 3.02 0.18 0.97
P4 3.04 0.19 1.02
P5 3.05 0.20 1.06
Pmax 3.06 0.21 1.10
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Figure 8. Comparison of the predicted gas flow rates (Lines) with the nozzle
supplier data [15] at P1 to Pmax (symbols) as a function of applied dispersion
gas pressures up to 2 bars

After substituting Xy in Eq. (30) and replacing A with Ap;p,

H,=H,—t—

{—b/2a+\/b2—4a [xmz/(cosﬁ)z—(—a,/u\/m) 2}

/ZaX,,,

Finally, Eq. (22) or (31) and the relationship between H, and Ap;, can
be used to adjust the nozzle throat gap X, and maintain the flow at the
nozzle throat away from the choking conditions for a specified pressure
drop. The distance ring height (DR) for the new condition can be
calculated by using a reference distance ring as:

tanp (31)

DRpew = DR; + (Hor — Honew) (32)

where,

Heliyon 6 (2020) e04840

DRyew: new distance ring height needed for a new gas flow-rate at a
specific pressure drop

DR;: height of a reference distance ring

Hor: Ho for the nozzle with a reference distance ring DR,

Honew: calculated H, using Eq. (22) or (31)

A validation study by using the data in Figure 2 was conducted to
check the accuracy of the predicted distance ring height (DR). In order to
validate Eq. (32), the first step is to find the minimum nozzle cross section
area Anpin by using the gas flow rate, versus the applied upstream pressure
shown in the Figure 2. If our approach in section 2 is correct, the distance
ring height that is calculated by using Eq. (32) should yield the same
dimension with the standard distance ring that the nozzle comes with.
Step by step details of this calculation and the other results given in this
section can be found in the supplementary excel file.

3. Results and discussion

Our calculations showed that the distance ring height DR for posi-
tion 4 is 3.04 mm, a close match with the 3.01 mm height of the
standard distance ring height that came with the nozzle. After this
verification, we calculated the cross section areas, throat sizes and
distance ring heights for other positions (P1-Pmax), and results are
presented in Table 2.

The next step is to calculate the gas flow rates by using the predicted
DR heights, and comparing the results with the data given in Figure 2. An
objective function E was defined as the difference between the calculated
distance ring height at each step, and the heights as listed in Table 2 for
positions P1 to Pmax. A Generalized Reduced Gradient (GRG) nonlinear
algorithm was used in excel program to minimize the objective function,
while the gas flow rate was set as the variable. Gas flow rate that would
yield an E = 0 was then calculated by the solver, and the results are
presented in Figure 7.

The difference between the predicted flow rates and the nozzle
supplier data is small above 2 bar pressures. Pressures above 10 bars
were not considered due to the deviation from the perfect gas
assumption. However, a 10 bar pressure drop is more than enough for
FSP operations. Figure 8 focuses at a low pressure range, and it is clearly
seen that the deviation in flow rate below 1 bar pressure drop is above
70 %, as shown in Table 3. Large error at low pressures, especially at
upstream pressures less than 2 bars is no surprise. According to Eq. (7),

Table 3. Percent error between the predicted gas flow rates and flow rates read from the nozzle supplier chart [15] as a function of the upstream pressure (P,,) at air cap

settings P1 to Pmax.

Py % deviation in predicted flow rate

Bar (gage) P1 P2 P3 P4 P5 Pmax
0.2 68.1 71.1 68.6 72.5 68.2 68.1
0.4 30.6 32.9 33.7 335 323 33.8
0.6 19.2 23.0 19.4 20.6 20.8 19.2
0.8 16.0 13.7 14.3 15.7 15.0 15.3
1 8.0 8.2 9.2 8.7 10.3 9.3
1.2 6.7 7.9 7.6 7.6 6.9 6.7
1.4 5.6 5.5 5.3 5.6 5.7 5.8
1.6 4.3 4.2 4.6 4.2 4.1 4.0
1.8 3.4 3.5 3.5 3.6 3.8 3.7
2 2.3 2.4 2.1 2.5 2.5 2.6
B8 0.4 0.5 0.5 0.3 0.5 0.5
4 0.5 0.5 0.3 0.3 0.4 0.5
5 0.5 0.5 0.3 0.3 0.6 0.5
6 0.4 0.4 0.3 0.3 0.5 0.5
7 0.4 0.3 0.3 0.3 0.7 0.5
8 0.4 0.3 0.3 0.3 0.4 0.5
9 0.3 0.3 0.3 0.3 0.5 0.5
10 0.5 0.3 0.3 0.3 0.4 0.3




M.A. Alhaleeb, N.E. Machin

Heliyon 6 (2020) e04840

Table 4. Predicted distance ring heights by Eq. (32) and error in pressure drop.

O, gas flow rate, LPM Required Pg, Bar

Predicted DR, mm

Experimental Pg, Bar % Error in Pg, Bar

5 1.0 2.37
5 1.5 2.35
10 1.0 2.44
10 1.5 2.41

0.92 8.7
1.43 4.9
0.92 8.7
1.43 4.9

to maintain the nozzle throat at sonic conditions, the upstream pressure
P, must be above the critical pressure P, = P4/0.5283, where Py is the
downstream pressure (1 bar) [16]. Therefore, at upstream pressures less
than 1.89 bars (absolute), Ma < 1, the gas velocity is below sonic speed,
and supersonic above 2 bars. The assumption in the derivation of our
equation is not valid below 2 bars, and isentropic flow approximation
does not hold. The error is in between 8 to 10% above 2 bars, and
becomes much smaller after 3 bars.

Results show that, with the distance ring height calculation method
suggested here, the nozzle can be operated under conditions that are not
provided in the supplier charts, without the need for time consuming and
costly experimental trial and error methods. Additionally, one can easily
calculate the flow rate to achieve the same pressure drop with a much
smaller amount of gas with the same spray properties, achieving a more
economical production. For example, the minimum amount of gas needed
would be 14 LPM for an applied pressure of 1.5 bars according to the
lowest standard nozzle position P1. However, by the method presented
here, one can easily calculate that, with a distance ring of 2.35 mm, the
same pressure drop can be achieved with a 5 LPM gas flow. After vali-
dation of our approach, the required distance ring heights for 5 and 10
LPM oxygen flows at 1 and 1.5 bars to produce TiO, were calculated and
given in Table 4. The pressure drop for the distance rings in Table 4 was
also measured experimentally, and the error in prediction was found to be
about 9 % at 1 bar and 5 % at 1.5 bars. Nano-TiO; productions with an
average primary particle diameter of 20 nm were successfully done with
the distance rings that were determined by the technique presented here.

4. Conclusions

A simple mathematical expression was developed using the external
measurable dimensions of a two phase external mixing nozzle, in order to
set the spray properties at a desired flow rate and pressure drop. The
error in predictions was found to be higher at applied pressures less than
2 bars, due to the isentropic gas approximation failing at pressure drops
less than 0.89 bar and Ma < 1. Nozzle gap size and cross sectional area
were calculated for a commercial nozzle, and validated by using the
supplier chart for the nozzle positions P1 to Pmax [15]. The results
revealed that the equation predicts nozzle settings well within the range
of 2 < P, < 10 bars, which is sufficiently high for pilot scale production
rates such as the one studied by Torabmostaedi et al. [18]. By using the
derived Eq. (32), the user can adjust the air cap setting close enough to
the targeted applied pressure and flow rate required for their application,
ultimately saving time in the number of trial and errors otherwise
needed. The method discussed here also allows utilization of a com-
mercial two phase external nozzle beyond the ranges presented in the
standard supplier charts, as well as providing information on gap size,
which is necessary information in geometry meshing in computational
fluid dynamics studies of FSP.
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