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On the Performance of the Spray Fans used in
HARAM for Improving Climate Conditions

A. Balabel, M. S. Youssef, M. Faizan and T. K. Kassem
Abstract— The present paper introduces the numerical simulations of two important jet atomization techniques for liquid jets either in co-
flow or coaxial air stream. This work is motivated by the desire to improve the performance of the large spray fans used in HARAM piazzas
for improving the climate conditions. Such large spray fans are fitted with a number of small nozzles distributed all over the rim of each fan.
The optimum performance of the atomization process for the liquid jets issuing from the distributed nozzles is highly desired to obtain the
so called fog cooling and to reduce the suspended air pollutants. The atomization process is numerically simulated using a numerical code
developed previously by the authors. A new design for the implemented nozzles is introduced in order to increase the atomization
efficiency in forms of fast breakup process of the liquid jet and the fine droplets obtained. In general, the numerical method applied showed
a remarkable capability to predict the atomization process encountered in such large spray fans and it gave the possibility to extend the
numerical simulation to include the nested effects of the distributed nozzles on the whole atomization process and the new atomization

regimes encountered.

Index Terms— Atomization process, Co-flow/Coaxial liquid jet, droplet dynamics, Spray fans.

1 INTRODUCTION

CCORDING to the general presidency for the affairs of

the Al Masjid Al Haram in MAKKAH and Al Masjid Al

Haram in MADINAH, there are about 500 large spray
fans were distributed in the open piazzas of the both Harams
for humidifying the air outside and to reduce the suspended
air pollutants. This can lead to improve the climate conditions
during the Hajj and Umrah seasons and to reduce the respira-
tory diseases during and after such seasons. By successive sea-
sons, an improvement of the air quality levels and a reduction
of the effect of the suspended air pollutants are mandatory.
Due to the arid and hot atmospheric conditions and large ex-
posed sandy deserts, the levels of particulate matter in
MAKKAH are high and often exceed the air quality limits.
Moreover, the particulate matter resulting from the expansion
projects and the construction activities in both Harams can
affect the air quality level.

According to the recommendations published in the previ-
ous symposiums for Hajj and Umrah researches, the number
of the large spray fans should be increased to overcome such
weather and pollution problems. This may require huge prep-
arations and could impede the flexible movement of visitors.
Alternative, as we suggest in the present research, is to in-
crease the atomization efficiency of the existing spray fan sys-
tem through either altering its operating conditions or by
changing its geometrical design.
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The general specifications of the large spray fans used in HA-
RAM piazzas are shown in Table 1, however, no operating
conditions could be obtained during performing our research.
Consequently, our results will be presented in form of dimen-
sionless numbers that can be applied for any group of operat-
ing parameters.

The physical domain of the large spray fan, shown above,
can be illustrated in Fig. 1, where the axisymmetric liquid jet
(internal flow) issuing from the nozzle is subjected to a co-
flow air stream (outer flow) of infinite extent. The dimensions
of the computational domain are given in [1], and it is used as
a test case for verifying the numerical method adopted.

TABLE 1

SPECIFICATIONS OF THE LARGE SPRAY FANS USED IN HARAM
PIAZZAS

Parametr Value
Diameter 80cm
Width 38cm
Weight 120 kg
No. of blades 7 blades
No. of nozzles 16 nozzles
Height of the fan from ground 35m
Rotation angle of the fan 180°

The general specifications of the large spray fans used in
HARAM piazzas are shown in Table 1, however, no operating
conditions could be obtained during performing our research.
Consequently, our results will be presented in form of dimen-
sionless numbers that can be applied for any group of operat-
ing parameters.

The physical domain of the large spray fan, shown above,
can be illustrated in Fig. 1, where the axisymmetric liquid jet
(internal flow) issuing from the nozzle is subjected to a co-
flow air stream (outer flow) of infinite extent. The dimensions
of the computational domain are given in [1], and it is used as
a test case for verifying the numerical method adopted.
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Fig. 1. Schematic diagram of the co-flow jet computational do-
main.

Recently, the increased attention turned to studying the
atomization of liquid jet in co-flow is motivated by its effect in
different industrial and engineering applications, e.g., com-
bustion stability [2], such as turbulent diffusion flames of
combustion chambers [3], mixing mechanisms of turbulent jet
[4]. Although of the importance of the co-flow in application
of liquid atomization, the experimental and numerical investi-
gations of such type of flow are relatively scarce [5].

Although several papers have recently reported experi-
mental efforts to understand the physics of the liquid jet
breakup, ligaments and droplets formation and its related dy-
namics in turbulent flow, however, experimental measure-
ments and the observation of dense and small region with
high spatial-temporal resolution in such applications have
been difficult [6].

More recently, the carefully executed numerical simula-
tions in such context can virtually replace experiments. In
general, the numerical predictions of turbulent jet dynamics
have been limited in accuracy partly by the development and
the performance of three key elements, viz.: development of
the computational algorithm, interface tracking methods, and
turbulence models. In more particular, recently the numerical
simulation of the coaxial liquid jet is of important interest due
to its wide range applications and challenges. Phenomenologi-
cal studies of coaxial liquid oxygen atomized by a fast, coaxial
gaseous hydrogen jet under a broad variation of influencing
parameters including injector design, inflow, and fluid condi-
tions are performed in [7].

Recently, Spray formation was simulated in ANSYS CFX
under a Lagrangian model. The primary breakup Blob model
is used to handle atomization of the liquid while the second-
ary breakup TAB and ETAB models are evaluated for the sub-
sequent breakup of the atomized droplets [8].

More recently, a Large Eddy Simulation is applied to pre-
dict the mixing and the intermittency of coaxial turbulent jet
discharging into an unconfined domain [9]. In a coaxial shear
injector element relevant to liquid propellant rocket engines, a
numerical simulation for liquid water issued into nitrogen gas
at elevated pressures is performed [10]. It ca be concluded
from such literature review that, the numerical simulation of
coaxial liquid jets is also few and required further improve-
ment and continuation.

Consequently, in the present paper, the developed numer-
ical method on the basis of the control volume approach is
applied to predict the co-flow/coaxial jet dynamics. The com-
plete system of the governing equations is solved using a de-

veloped computer program [11]. A comparison is made be-
tween the two jet orientation in terms of the atomization effi-
ciency and characteristics.

2 MATHEMATICAL FORMULATION

The governing equations for 2D unsteady, axisymmetric,
isothermal and incompressible turbulent two-phase flow are
described in the present section. The system of the governing
equations is based on the known RANS equations which stand
for the Reynolds-averaged Navier Stokes equations. The
standard two-equation STD k-¢ turbulence model is applied
for predicting the turbulence characteristics. The volume of
fluid method is adopted for describing the topological changes
of the liquid jet. Consequently, the associated boundary condi-
tions and the numerical algorithms and models applied for
solving the appropriate governing equations are also dis-
cussed.

The physical domain of the liquid jet to be solved numeri-
cally is shown in Fig. 2. The governing equations are solved
numerically using the control volume approach.
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Fig. 2. Configuration of the computational domain and boundary
conditions

2.1 Reynolds-Averaged Navier Stokes Equations

The Reynolds form of the continuity and momentum equa-
tions for turbulent two-phase flow, called here RANS equa-
tions, at each point of the flow field can be represented by the
following equations after neglecting the body force:

V- (pn)|, =0 (1)
%w.(p@)wwv.(zy&sﬁt) @)

a

where the subscript o takes the values 1 and 2 and denotes the
properties corresponding to the liquid and gas phases, respec-
tively. In the above system of equations, U is the velocity vec-
tor, p is the pressure, p is the density, 4 is the molecular viscos-
ity, Sis the strain rate tensor and ‘R, is the turbulent stress
tensor which are given as:
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where §;; is the Kronecker delta and UU’ are the average of

the velocity fluctuations. The turbulent viscosity is defined as:

4, =pCﬂk2/6‘ ®)

The turbulent kinetic energy k and its dissipation rate ¢ can be
estimated by solving the following equations:

a(é:k)+V'(,DkU):V'(ﬂ+ﬂt/2k)Vk+2ﬂt§§_p€ (6)
o(pe) T —V.
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The coefficients for the so-called STD k-¢ turbulence model are
given as follows [Launder and Spalding (1974)]:

C,=009,3, =15, =13C, =144,C, =192

2.2 Level Set Function

The level set method is a class of capturing method where a
smooth phase function ¢, is defined over the complete compu-
tational domain. The level set function at any given point is
taken as the signed normal distance from the interface sepa-
rates the two fluids with positive on one side (i.e. ¢>0), and
negative on the other (i.e. ¢<0). Consequently, the interface is
implicitly captured as the zero level set of the level set func-
tion, as shown in figure 1. This level set function is updated
with the computed velocity field and thus propagating the
interface.

The update of the level set function with time can be deter-
mined by solving the following transport equation:

op
@ T-V=0 8
el ¢ 8)

where U is the velocity vector. Since the interface is captured
implicitly, the level set algorithm is capable of capturing the
intrinsic geometrical properties of highly complicated inter-
faces in a quite natural way. Consequently, the normal vector
and the curvature of the interface can be defined as:

Ve
v
The time-stepping procedure for the level set equation is

based on the second-order Runge-Kutta method. An im-
portant step in the solution algorithm of the level set function

n= k=V-n ©)
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is to maintain the level set function as a distance function
within the two fluids at all times, especially near the interface
region, i.e. the Eikonal equation; |V ¢| =1 should be satisfied
in the computational domain. This can be achieved each time
step by applying the re-initialization algorithm described in
[Sussman, Smereka and Osher (1994)] for a specified small
number of iterations.

Since the development of the level set method for incom-
pressible two-phase viscous flow [Sussman, Smereka and
Osher (1994)], a large number of articles on the subject have
been published and several types of problems have been tack-
led with this method; see for instance the cited review [Sethian
and Smereka (2003)]. However, the implementation of the lev-
el set method in predicting the moving interfaces under turbu-
lent characteristics is indeed very scarce.

The present algorithm adopted here for solving the above
system of the governing equations is based on the one ex-
tisively described in [11-15]. For more details about the nu-
merical method and the assigned boundary conditions be-
tween the two phases one can consider the previous publica-
tions [11- 15].

3 VALIDATION (TURBULENT ROUND JET)

In this section, the accuracy and efficiency of flow computa-
tions with two-equation statistical turbulence models of ¥ ]
type, which are widely used in engineering applications, are
investigated. The investigations involve the self-similar flow
structures. The following investigations concern the accuracy,
numerical efficiency and robustness of the numerical method
described previously as well as the evaluation of the quality of
the turbulence model adopted. That can be assessed by com-
paring the obtained numerical results with the previous nu-
merical or experimental data.

Turbulent jets which constitute a subclass of free shear lay-
er are of great practical interest. Many relevant technical ap-
plications are based upon jets, e.g. rocket engines or gas tur-
bine. Moreover, jets do provide an interesting flow field for
basic research because jet's flow field exhibits a self-similar
structure. However, jets pose a difficult problem for k-] mod-
els employing a single fixed set of constant, because, for ex-
ample, the velocity decreases and the spreading rate of plane
and round jets are completely different. Therefore, jets are
widely used as a standard test case for turbulence modeling.
The geometry and boundary conditions of the test case is
shown in Fig. 3. The set of used data are given in [11].

In order to further validate the implementation of k-¢
model against the turbulent round jet problem, the numerical
results are compared with the standard reference experimental
research of [16], for different quantities. The comparison in-
cludes (a) the distribution of the axial velocity along the jet
axis uc, made dimensionless with the inlet velocity, (b) the
axial velocity distribution in the radial direction at x/Dn=75,
(c) the distribution of the dimensionless radial velocity in the
radial direction, and (d) the turbulent kinetic energy distribu-
tion in the radial direction, made dimensionless with its value
at the jet axis at x/Dn=75.
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Fig.4. Axial velocity contours of the round turbulent jet.
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Fig.5. Comparison of the center line axial velocity of the round jet
with experimental data.

The axial velocity graph for the axisymmetric jet is shown in
Fig. 4. From the comparison shown in Figs. 5, 6, 7 and §, the
performance of the numerical method and the turbulence
model adopted is clearly revealed. For the radial velocity, the
area where the jet entrains the surrounding air is clearly
marked with the region of the negative radial velocity. The
match between experimental data and calculation results is
relatively good. When drawing this comparison, one has to
keep in mind the k-¢ model assumes local isotropy which, at
least for this test case, is rather questionable. The measure-
ments indicate a noticeable anisotropy the lies beyond the ca-
pabilities of the standard k-] model. That can be cansidered in
the future work regarding this problem by using non-linear k-
€ models.
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Yet, in summary, it can be stated that the used turbulence
model performs well in the test cases considered and can be
expected to produces reliable results in the jetting system con-
figurations.
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Fig. 6. Comparison of the center line axial velocity of the round jet
with experimental data.
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Fig. 7. Comparison of the radial velocity of the round jet
with experimental data.
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Fig. 8. Comparison of the kinetic energy profiles of the
round jet with experimental data.
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4 RESULTS AND DISCUSSION

In the present section, the numerical simulation of the ax-
isymmetric jet emerging in air co-flow with different velocity
ration RU=Uco-flow/Ujet. The effect of the velocity ratio be-
tween two streams on the spreading rate of the jet is investi-
gated. Three different velocity ratios are considered; namely,
RU=0.05, 0.1 and 0.5. For the direct conclusion, both fluids in
jet and co-flow are considered as air. From the point of view of
the simulation it makes no difference if the working fluid is
considered as water or air, so long as the Reynolds number is
matched.

4.1 Effect of co-flow velocity on jet decay

Figure 9 shows the axial velocity contours for the different co-
flow/jet velocity ratio. It can be seen that, as the velocity ratio
increases, the spreading rate of the jet is decreased. This result
can also be indicated by plotting the centerline velocity decay,
shown in Fig. 10, and the normalized centerline velocity de-
cay, shown in Fig. 11.

Fig. 9. Comparison of the axial velocity contours for dif-
ferent RU ratios (0.05, 0.1, 0.5).

In general, the important visible effect of the co-flow is the jet
decay rate reduction, in comparison with the free jet case.
Therefore, the jet without co-flow tends to mix more rapidly
with the ambient air than the co-flowing jets.

4.2 SIMULATION OF AIR/WATER FLOWS

In the present section, we consider the real situation of the
large spray fans used in HARAM piazzas. The input data of
the numerical simulation, see Fig. 2, for the different three cas-
es considered are given in Table 2 and the standard liquid/air

properties are used in the present numerical simulation
TABLE 2
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Fig. 10. Centerline velocity decay for different RU ratios.
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Fig. 11. Normalized centerline velocity decay for different
RU ratios.

The numerical simulation is carried out until the secondary
breakup occurs and the fine droplets are formed. Figure 12
shows the formation of the droplets from the breakup of the
liquid ligaments, which known as the secondary breakup pro-
cess. As can be seen from, the secondary process is dependent
on the preceding processes of ligament formation and de-
tachment. Consequently, it is predicted that the secondary
breakup process is more efficient and faster in Case III than in
both Case II and Case I. This leads to an efficient atomization
process with preferred characteristics. Therefore, it is recom-
mended to use the coaxial spray nozzle in addition to the air
co-flow in the large spray fans used in Harams piazzas.

THE INITIAL AND INPUT DATA FOR NUMERICAL SIMULATION
Uco- Uco- Axial
Ujet Dn1 Dn» Dns
axial flow length
50 1 X
Case | 0.0 >0 005 0.0 0.1m 0.15m
m/s m/s m
C?Ise 5;) 25}0 0.0 0.05 0.025 0.0 015 m
m/s m/s m m
Casel, t=0.032s Casell, t=0.0137s Caselll, t=0.011s
Case 50 250 150 0.05 0.025 .
0.075m  0.15m Fig. 12. Secondary breakup process of formed droplets for
111 m/s m/s m/s m .
the three cases considered.
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5 CONCLUSION

The performance of the large spray fans used in HARAM
piazzas for obtaining better climate conditions is investigated.
The numerical method adopted is based on the solution of the
Reynolds-Averaged Navier Stokes (RANS) equations for time-
dependent, axisymmetric and incompressible two-phase flow
in both phases separately and on regular and structured cell-
centered collocated grids using the control volume approach.
The turbulence characteristics are calculated using the stand-
ard k-] turbulence model. The topological changes of the n-
terface separating the two streams are predicted by applying
the level set method.

The effects of the air/air co-flow streams are investigated
firstly to determine the effects of the co-flow/jet velocity ratio
on the jet decay and spreading rate. Furthermore, the
air/liquid flows are used in the numerical simulation allowing
the real dynamics to be predicted. The numerical results ob-
tained confirmed that the coaxial spray nozzle should be used
in the large spray fans in order to increase the atomization
efficiency in terms of the fine droplet formed in the secondary
atomization regime.
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