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Abstract 

This paper seeks to propose the best possible means of optimizing the discharge and velocity of flow through a nozzle for efficient and maximum output in any engineering contrivance. A nozzle is a device often a pipe or tube of varying cross sectional area designed to control the direction or characteristics of a fluid (liquid or gas) flow usually to increase velocity as it exits or enters an enclosed chamber or pipe. Nozzles are mostly used to control the rate of flow, speed, direction, mass, shape, and the pressure of the stream that comes from the nozzle. Previous researches conducted have been constrained towards having the maximum jet power delivered from the nozzle assuming a constant coefficient of friction in the approach pipe while neglecting minor losses caused by the nozzle However, this study found possible means of eliminating these minor losses so as to determine the possible increase in discharge and velocity of flow through the nozzle.In many engineering applications, water jet nozzles are used in; impulsive turbines, power delivering free jets, water filters, flotation tanks, sedimentation tanks, water storage tanks, trickling filters, other water and waste-water systems, irrigation systems and water supply systems etc. In order to determine the efficiency of the nozzle, the discharge and velocity of flow through a spray nozzle was optimized during the washing of crushed aggregates used in silica production for efficient operation of the nozzle. The major parameters used in determining optimal performance of the jet nozzle are flow velocity of spray nozzle and discharge of spray nozzle. The study shows an optimal flow velocity, the correlation between theoretical obtained results and simulated results from solid works revealed that the velocity of the water flowing in the spray nozzle have a range of velocities from 38.659m/s to maximum velocity of 77.314m/s as shown in the simulated result. The obtained results revealed close correlation in both modeling and simulation which gave rise to a high discharge with proper scattering of droplets during the washing of the crushed aggregates.
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1. Introduction

Nozzles are used for a whole lot of engineering purposes such as distribution of air in large rooms through ceiling diffusers, feeding hot blast into a blast furnace or forge, others are found in ovens, gas stoves, carburetors etc to control the rate of flow, speed, direction, mass, shape, and the pressure of the stream that comes from the nozzle(1-4)..A nozzle is a device often a pipe or tube of varying cross sectional area designed to control the direction or characteristics of a fluid (liquid or gas) flow usually to increase velocity as it exits or enters an enclosed chamber or pipe. Nozzles are of three (3) types, namely:

a. Convergent Nozzle
b. Divergent Nozzle and
c. Convergent-divergent Nozzle (5).
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Fig. 1   Types of Nozzle


1.1 Convergent Nozzle
A convergent nozzle is shown in fig. (1a) above with a cross section which decreases continuously from the entry point to the exit point. The nozzle varying cross-sectional area duct helps in accelerating a steadily flowing fluid. This nozzle helps in converting the internal energy of a fluid into kinetic energy. Convergent nozzles accelerates subsonic fluids, the flow is bound to reach sonic velocity at the narrowest point (the nozzle throat) If the nozzle pressure ratio is high enough. At this point, the nozzle is said to be choked.

1.2 Divergent Nozzle
A divergent nozzle as shown in fig.(1b) above has a cross sectional area which increases continuously from entry point to its exit point with a back pressure less than the critical pressure ratio. Divergent nozzles accelerates sonic or supersonic fluids but slows down the fluid if the flow is subsonic.

1.3 Convergent-divergent Nozzle
A Convergent-divergent Nozzle as shown in fig.(1c) above has a cross sectional area that decreases continuously from its entry point to the throat of the nozzle and suddenly increases continuously from the throat to its exit point. This nozzle is a modification of the convergent type where the divergent section acts as an accelerator for supersonic flow. This type of nozzle is widely used in steam turbines. This process is more efficient than allowing a convergent nozzle to expand supersonically externally, it is useful in accelerating fluids that have choked in the convergent section to supersonic speeds.
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Fig.2  Convergent-divergent


Other examples of nozzles include steam nozzle, spray nozzle, flow nozzle, etc

1.4 Steam Nozzle
A steam nozzle is as a passage of varying cross-section, through which heat energy of steam is converted to kinetic energy. The major function of a steam nozzle is to produce steam jet with high velocity to drive steam turbines. 
The conversion of heat energy of steam to kinetic energy is made possible as result of the following processes: 

1. The high pressure, high temperature steam first expands in the nozzles as a result of high velocity fluid stream.

2. The high velocity steam coming out of the nozzles impinges on the blades mounted on a wheel. The fluid stream suffers a loss of momentum while flowing through the blades which is absorbed by the rotating wheel results in the production of torque.

3. The blades moves as a result of the impulse of steam (caused by the change of momentum), also, they move as a result of the expansion and acceleration of the steam relative to them.

The cross-section of a nozzle first reduces to a smaller section which allows for changes which occurs due to changes in velocity, specific volume and dryness fraction as the steam expands, the smallest section being known as throat, then diverges to a large diameter (7). 

1.4.1 Steam Flow Through Nozzles
The flow of steam through the nozzle may be termed as adiabatic flow since during the expansion of steam in nozzle, heat is neither supplied nor rejected. Work, however, is done by increasing the kinetic energy of the steam. As the steam passes through the nozzle it loses its pressure as well as the heat. The work done is equal to the adiabatic heat drop which in turn is equal to Rankine area.
1.4.2 Velocity Of Steam
As a result of the conversion of heat energy of steam into kinetic energy as it  passes through the nozzle, the Steam enters the nozzle with high pressure and low initial velocity which is so small compared to the final velocity that it is generally neglected and leaves the nozzle with high velocity and low pressure. The final velocity of steam can be determined as follows:

Let C = Velocity of steam at the section considered
(m/sec),
h1 = Enthalpy of steam entering the nozzle,

h2 = Enthalpy of steam at section considered, and

hd = Heat drop during expansion of steam in the nozzle = (h1 – h2).
Considering 1 kg of steam and flow to be frictionless adiabatic, we have :

Gain in kinetic energy = Adiabatic heat drop

[image: ] where hd is in KJ……………………………….(1)

Due to friction loss in the nozzle, its value varies from 10 to 15 per cent of total heat drop. As a result of this, The total heat drop is minimized. Let heat drop after deducting friction loss be khd.
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1.4.3 Discharge through the Nozzle and Conditions for its Maximum 	Value

Let p1 = Initial pressure of steam,
v1 = Initial volume of 1 kg of steam at pressure p1 (m 3),
p2 = Steam pressure at the throat,
v2 = Volume of 1 kg of steam at pressure p2 (m 3),
A = Cross-sectional area of nozzle at throat (m 2), and
C = Velocity of steam (m/s).
The steam flowing through the nozzle follows approximately the equation given below:
pv n = Constant
where, n = 1.135 for saturated steam, and 
= 1.3 for superheated steam.

For wet steam, the value of n can be calculated by Dr. Zenner’s equation,
n = 1.035 + 0.1x, where x is the initial dryness fraction of steam
Work done per kg of steam during the cycle (Rankine area)

=  n/n-1 (p1v1 – p2v2)
and, Gain in kinetic energy = Adiabatic heat drop
= Work done during Rakine cycle
[image: ].…………….(3)
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Putting the value of v2 /v1 from eqn. (4) in eqn. (3), we get

[image: ] …………………..(6)
if m is the mass of steam discharged in kg/sec.,
Then m = AC/v2     						……………..(7)

Substituting the value of v2 from eqn. (5) in eqn. (7),
[image: ]
[image: ].…………..(8)
From the above equation it is obvious that there is only one value of the ratio (called critical pressure ratio) p2/p1 which will produce the maximum discharge. This can be obtained by differentiating ‘m’ with respect to (p2/p1) and equating it to zero. As other quantities except the ratio p2/p1 are constant,

[image: ] ………………………….(9)

Substituting the value of P2/P1 from eqn. (9) into eqn. (8), we get the maximum discharge
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        [image: ] ……………………….(10)

From the above equation it is evident that the maximum mass flow depends only on the initial condition of the steam (p 1, v1) and the throat area and is independent of the final pressure of steam i.e., at the exit of the nozzle. The addition of the divergent part of the nozzle after the throat does not affect the discharge of steam passing through the nozzle but it only accelerates the steam leaving the nozzle. It may be noted that the discharge through nozzle increases as the pressure at the throat of the nozzle (p2) decreases, when the supply pressure p1 is constant. But once the nozzle pressure p2 reaches the critical value [given by equation (9)], the discharge reaches a maximum and after that the throat pressure and mass flow remains constant irrespective of the pressure at the exit.

1.5 Spray Nozzle
Most mining industries that are crushing aggregates are faced with several challenges during crushing process. The most common problem reported is poor discharge, flow velocity and operating pressure during the washing of aggregates. This has lead to several environmental heath issues and operating cost. This often leads to reduction in the quality of road-stone produce and the quality of the road to be constructed. The correct spray nozzles must be used during the washing of the aggregates for efficient and more economical washing of aggregates. The spray nozzle must have the required flow rate which helps create a pulsating jet of fluids to wash the dust and other small aggregate sizes (8-10). This can be achieved by designing a spray jet with the require jet pressure, velocity, and discharge for efficient washing of aggregates. It is no doubt that efficient and optimal operation of the jet spray nozzle is need for proper washing of aggregates. For over the years now, most researchers have tried to design a spray nozzle with the required characteristics for washing of aggregates. This has faced several setbacks in terms of operating parameters and behavior during real life operation. One of such parameters facing setback are velocity and discharge produced by the nozzle during aggregates washing process. Most Information which relate the spray velocity of droplets and discharge produced by the spray nozzles with the relevant data relating to the droplet particles size and the flux distributions during operation in the spray are vital factors to be taken into consideration if the behavior of sprays pattern in complex air flows system must be understood. The velocities of spray droplet close to the spray nozzle and the nozzle diameter are vital input parameters to the physical models being derived to predicting droplet trajectories and discharge and any possible risk of drift during washing of aggregates from the spray application (14-16). It is difficult to design a spray with optimal spray velocity and discharge during for washing of aggregates. This is due to lower droplets that usually decelerate from a release velocity line. Researcher like Miller et al. used spray velocity measurements and develops a model which describes en-trained air velocities at varying positions within a flat spray fan. The derived model by Miller et al shows that the Phase Doppler instrument system gave more enhanced droplet density which produced a higher discharge during operation. Few comparative analyses in nozzle spray revealed reasonably agreement between size/velocity profiles measured during operation. This is mostly applied in the development of agricultural spray nozzles, but it has not been applicable in the mining industries during the washing of aggregates. The main problem of optimizing the spray velocity and discharge is creating a serious issue of drift control problem (17-19).

2. Methodology

To model the optimal velocity and discharge produced by the spray nozzle, it is important to study the water jet thickness produced by the spray nozzle during operation which is given by Zhou (Zhou, et al., 1996). The Zhou (Zhou, et al., 1996) model focused on the relationship between the flow rate (Q) and spray angle (∅) which gives the thickness of the liquid produced by the spray as droplets during operation given as

[image: ] ………………………………..(i)

where T=thickness of liquid sheet, Q=liquid flow rate (m^3/s), ∅=spray angle (o), U=average velocity (m/s). From Bernoulli’s theory, the spray nozzle average exit velocity is can be computed.

[image: ].…………………………(ii)

where V=inlet velocity (m/s), Cd=spray nozzle co-efficient,Ƿ=water density (kg/m^3), ∆P= difference in pressure (KPa). To establish the flow of fluid energy from the inlet and exit of the pressure nozzle of the spray it is important to consider to two points which are point A and point B and their flow energy is given as:

[image: ].
Their respective velocities at inlet and exit V1 and V2 are computed from the equation of continuity given as V2 = (A1V1/A2). To compute the optimal velocity and discharge during spray of the nozzle, the change in pressure from the nozzle can be computed as:

[image: ].……(iii)

where A1 is the inlet of the spray nozzle and A2 is the area of the spray nozzle at the exit. The different velocity at the inlet and exist can be defined form the equation of Bernoulli given as:
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Where Q is the flow rate, D is the spray nozzle diameter (mm), V is the velocity (m/s). From equation (iv), the discharge through a spray nozzle can be computed. The relationship between the spray nozzle, flow rate and the spray nozzle diameter given as:

[image: ].…………………………………………………………….(v)

Where K is the test coefficient, P is the water pressure (MPa). The results in table 1 revealed the performance of BJ flat fan spray nozzles with different flow rates and BJ flat fan spray nozzle at a Pressure of 2Bar, Diameter of 9.65mm and at a Spray angle of 110
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3. Result

From table 1 it is revealed that an increase in spray nozzle led to an increase k-value, discharge, and velocities of flow through the spray nozzle. It is shown that as these parameters increases during operation the droplet thickness decreases during operation. This is due to the fact an increase in velocities and discharge led to an increase in pressure which causes molecular breakdown of droplet. At very high pressure the droplet thickness gets more smaller due to more random breakdown of molecules of water. Therefore, an increase in velocities of flow led to an increase in discharge during spray nozzle operation. The graph below shows the relationship between types of spray nozzles flow rate and droplet thickness. An exponential increase of droplet thickness, flow rate and type of spray nozzle is revealed in Fig.3 (a) below. It increases to an optimal droplet thickness and flow rate during operation. However, the increment is not smooth due to air pressure or variation of pressure during operation that impacts the flow trajectory. A similar result was observed for average velocity and type of spray nozzle as shown in Fig.3(b) below

[image: ]

Fig 3(a)The graph below shows the type of spray nozzle and its average velocity.

[image: ]
Fig3 (b). Droplet thickness to spray nozzle type (b) average velocity to type of spray nozzle
[image: ]

The performance of FF deflection wide angle spray nozzle revealed an increase in velocities and discharge when the diameter increase. It was also revealed that the droplet thickness decreases when the velocities and discharge increases. The obtained results in Fig.4 are like the obtained result revealed in Fig.3. Further investigation was needed to get the optimal velocity and discharge that gave optimal performance during operation. The obtained results revealed in Table 2 is revealed in Fig.4 (a-c) as shown below.

[image: ]
Fig. 4(a) Nozzle Diameter And Flow rate During Operation
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Fig. 4(b) Spray Nozzle Diameter To Average Velocity
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Fig. 4(c) Nozzle Diameter To Droplet Thickness



4. Conclusion and Recommendation

The study was aimed at optimizing the velocity and discharge produced by a spray nozzle for efficient washing of aggregates in mining industry. To achieve this objective the principles of fluids mechanics and the relevant simulation was performed by solid works. The following results were revealed in the study. It was revealed that an increase in spray nozzle led to an increase k-value, discharge, and velocities of flow through the spray nozzle. It was also revealed that the flow is impacted by air which was reported to impacts the droplet thickness as velocity and flow rate increases. It was also revealed that the optimal nozzle diameter and droplet thickness gave an optimal discharge and velocity of the spray nozzle during operation. Varying direction of velocities in the system during operation given was revealed by solid works to have different impacts on flow velocity and discharge. The correlation between theoretical obtained results and simulated results from solid works revealed that the velocity of the water flowing in the spray nozzle have a range of velocities from 38.659m/s to maximum velocity of 77.314m/s as shown in the simulated result. The obtained results revealed close correlation in both modeling and simulation. It could be concluded that the design will function efficiently at optimal velocity and flow rate during operation.
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Table 1: the performance of BJ flat fan spray nozzles with different flow rates

Spray k- QL Q(m3 Velocity(m/ Average Droplet

nozzl value m) /s) s) velocity(m/ thickness(mm

e s) )
x10-3

1 0.702 0.99 0.016 0.226 1.443 0.00596
5

2 0.877 1.24 0.020 0.283 1.815 0.00593
7

3 0.912 1.29 0.021 0.294 1.889 0.00593
5

4 1.053 1.49 0.024 0.339 2.193 0.00589
8

5 1.139 1.61 0.026 0.366 2379 0.00587
8

6 1.367 1.93 0.032 0.439 2.880 0.00581
2

7 1.404 1.99 0.033 0.454 2.963 0.00583
2

8 1.755 248 0.041 0.565 3.749 0.00574

3
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Table 2: the performance of FF deflection wide angle spray nozzle

SPRAY DIAMETER (mm) | k- Q(m3/s) Velocity(m/s) Average Droplet
TYPE facto | x10-3 velocity(m/s) thickness(mm)
r

FF073 1.85 2.28 0.05367 19.966 11.162 0.00189
FF093 2.36 342 0.0805 18.403 16.187 0.001965
FF104 2.64 4.56 0.1075 19.639 22.1706 0.001915
FF116 2.95 547 0.1288 18.844 26.1441 0.001946
FF125 3.18 5.70 | 0.1343 16.9095 26.064 0.002036
FF129 3.28 6.84 | 0.161 19.054 32.842 0.001937
FF141 3.58 820 | 0.193 19.173 39.473 0.001932
FF148 3.76 9.12 0.215 19.363 44.081 0.001927
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