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Abstract 

In this paper, theoretical and experimental investigations are carried out to analyze the 

humidification process of air flowing horizontally over sprayed water from a pressure swirl nozzle 

inside a wind tunnel.  A numerical model simulating the conservation of mass, momentum and 

energy of both water and air was developed to predict heat and mass transfer during process. 

Experimental investigation was performed, taking into account the impact of various parameters on 

the atomizer performance. The obtained data are used to validate the suggested model.  Predictions 

of outlet air conditions for various air and water inlet conditions agreed well with the present 

experimental results and those in literature.  On the basis of the model, the effects of inlet water and 

inlet air conditions on air outlet conditions are also analyzed.  
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1. Introduction 

Air humidification is the process in which water vapor content in air is increased. This 

process may be done by direct contact between co-flowing liquid water and air where, a 

portion of water vapor is transferred to the flowing air under the influence of water vapor 

concentration difference. In order to enhance the rate of water evaporation, surface area of 

contact between water and air should be increased. This can be achieved through an 

atomization process, which means the transformation of bulk liquid to droplets. Sirignano and 

Mehring [1] reviewed theory of distortion and disintegration of liquid streams. Lefebvre [2] 

described in detail different types of atomizers 

Because of its wide range of applications, the pressure swirl atomizer has attracted the 

attention of many research works and has been the subject of considerable theoretical and 

experimental studies. Lefebvre [3] proposed an equation for the mean drop size produced by 

pressure-swirl atomizers. Nonnenmacher and Piesche [4] presented a theoretical model for 

predicting the Sauter mean diameter as a function of individual parameters of operation and 

material for pressure swirl atomizer, the results showed agreement with experimental data. Due 

to the random nature of atomization process, the resultant spray is usually characterized by a 

wide range of drop sizes and velocity magnitudes. Babinsky and Sojka [5] reviewed three 

available methods for modeling drop size distributions: the maximum entropy principal (MEP) 

method, the discrete probability function method, and the empirical method.  The maximum 

entropy method is based on the use of the maximum entropy principle developed by Janes [6] 

from Shannon's [7] concept of entropy. This principle states that the most appropriate 

probability distribution is the one which maximizes Shannon's entropy subject to the given 

constraints imposed upon a physical system or process. For atomization, the most probable 

droplet size and velocity distribution can be obtained by maximizing Shannon's entropy under 

the constraints of the partial information known about the atomization process, i.e. the 

conservation laws 

Semião et al. [8], used MEP method to develop a mathematical model for predicting drop 

size distribution of sprays which depends solely on Sauter mean diameter. Their results agreed 

well with their experimental data. Ayres et al. [9], extended the work of Semião et al. [8], to 

develop a mathematical model which is capable of predicting a joint distribution for size and  

mailto:Mgmousa@mans.edu.eg


 2 

velocity of the spray droplets dependent on Sauter mean diameter and its average velocity. 

They used the joint distribution to obtain individual distributions for both the size and velocity 

of the spray droplets. They also developed a correlation for the average velocity of pressure 

swirl atomizer droplets, which fairly agreed their experimental data.  

 

Nomenclature 

A       cross-section area of the test section 

sA      surface area of drop 

pA     area of ports of pressure-swirl atomizer 

0A     orifice area 

DC    droplet drag coefficient  

DisC   coefficient of discharge 

C       specific heat of fluid 

c        water vapor concentration in air 

sc      water vapor concentration in air at droplet surface       

D       diameter 

DBT  dry bulb temperature 

0d      orifice diameter 

g        gravitational acceleration 

H       enthalpy 

HTP  heat transfer potential 

h        heat transfer coefficient 

fgh     enthalpy of vaporization of water 

mh      mass transfer coefficient 

ak      thermal conductivity of air 

MTP  mass transfer potential 

M      momentum 

N       total number of droplets 

N         total number of droplets per unit time 

in          total number of droplets per unit time in droplet s 

Nu        Nusselt number 

Re        Reynolds number 

P         droplets probability 

Pr         Prandtl number  

lp       Pressure difference across atomizer 

lQ         volume flow rate 

 

Sc         Schmidt number 

Sh         Sherwood number            

SMD     Sauter mean diameter    

T           temperature 

t            liquid sheet thickness     

U          droplet velocity 

U          liquid sheet mean velocity 

u            air velocity 

W           relative velocity of droplet with  

              respect to air      

x,y         coordinate directions 

Greek symbols 

          statistical gamma function 

          dynamic viscosity of the fluid 

        density of fluid 

          surface tension 

          air humidity ratio 

           spray half cone angle 

           diffusivity of water vapor in air 

Subscripts 

 a          air 
i           droplet class 

in          inlet condition 

j           integer index 
l           liquid  
out       outlet condition 

s          surface 

 v         vapor 

x          x-direction    
y          y-direction 

Superscripts 

m       number of droplets classes 

*        normalized variable  

 

 

 

The two phase flow situation which arises when dispersed liquid phase co-flow with 

continues gas phase can be modeled through applying mass, momentum and energy 

conservation principles to each phase. The terms representing exchanges of mass, momentum, 

and energy between the two phases appear as source and sink terms in both the gas phase and 

the liquid phase equations. They provide the mathematical coupling between the two 
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subsystems of equations. Continuous gas phase conservation equations are described by 

Eulerian formulation while dispersed liquid phase equations are described either by Lagrangian 

or Eulerian formulation. If all droplets of the spray have the same inflow boundary conditions, 

the spray is called monodisperse spray and can be modeled by two system of governing 

equations, one for the liquid phase, and the other for gas phase. While the spray of different 

inflow boundary conditions is called polydisperse spray. In such case, every set of droplets of 

the same inflow boundary condition forms droplet class and the two phase flow situation can 

be modeled by a system of equations describing gas phase and multi-system of equations 

describing each droplet class. The resulting governing conservation equations of the two 

phases can then be solved simultaneously. Ahmed Dar and Bannikov  [10] studied  the design 

of a swirl atomizer which provides a certain flow rate of water with required spray quality for 

effective evaporative cooling of high temperature compressed air The evaporative cooling 

decreases the intake air temperature of engine and increases its mass flow rate, with 

constant fuel-to-air ratio this increase in air mass flow rate increases the power 

of the engine. The atomizer was tested experimentally and through fluid flow modeling for its 

required spray quality and the results were fairly close with theoretically predicted results. The 

design of atomizer was also optimized for required spray characteristics by modeling the fluid 

flow inside the atomizer. Sharma et al [11] a detailed and discussion on its design, and 

operation. Experiments are performed on seven atomizers to study the effect of design, and 

operating parameters on spray cone angle, and average droplet diameter. Spray cone angle 

remains constant with change in air mass flux, and increases with increasing 

orifce diameter, and manifold diameter. Nearcomplete suppression of atomizer clogging makes 

our new additively-manufactured perforated plate atomizer an ideal ft for high salinity, and 

zero liquid discharge humidifcation-dehumidifcation desalination systems. Additionally, its 

open-surface design allows additional surface modifcations to further reduce clogging, and 

enhance self-cleaning characteristics 

The aim of the present study is to develop a theoretical model for predicting air 

humidification process by a pressure swirl atomizer. The effects of inlet conditions for both 

sprayed water and air on the leaving air conditions are considered. Test rig is built to carry out 

experiments for the sake model validation. The theoretical study also involved the predictions 

of the effect of inlet water and air conditions on the humidification process using such water 

atomizing devices. 

2. Theoretical Model 

In order to develop a theoretical model for predicting the flow field of air and water 

droplets in humidification process, two phase flow model is employed; one for describing 

water-air flow field, and the other for water atomization process to describe the droplet size 

and velocity distribution at the inlet of the flow field domain.  

2.1 Two Phase Flow Model: 

2.1.1 Mechanism and Assumptions 

Steady water spray originating from atomizer in two dimensional system forms with a 

uniform steady one dimensional laminar air flow a two phase flow situation with isolated 

boundaries, as illustrated in Fig.1. This situation can be modeled through applying 

conservation principles for the two phases. The interactions between droplets, change in air 

momentum, heat and mass diffusion through air, and the effect of liquid film over the duct wall 

on heat and mass transfer to air, are assumed to be neglected. 
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Fig. 1 System for flow modeling 

 

2.1.2 The Governing equations 

Mass conservation yields an equation expressing the change in droplet diameter, given by 
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Momentum conservation yields equations expressing the change in droplet velocity, described 
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The droplets trajectories is given by 
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Energy conservation yields equations expressing the change in droplet temperature, expressed 

as: 
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Conservation of water vapor mass yields equation describing the change in concentration, 

given by 
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and the conservation of energy yields equation expressing the change of air temperature, 

described as 
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2.1.3 Boundary conditions: 

The above governing equations are ordinary differential equations of first order so; they need 

inflow boundary conditions only which are defined for the variables, follow as: 

inii DD ,)0(  , inixix UU ,,, )0(  , iniyiy UU ,,, )0(     , 0.0)0( iy , inli TT ,)0(         (8) 

2.2 Spray characterization 

The model developed by Ayres et al [9] is used to describe droplet size and velocity 

distributions of the spray. Droplet size distribution is given by: 
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Droplet velocity distribution is given by: 
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Joint size/velocity distribution is given by: 
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Here, U  is the liquid sheet mean velocity given by [9] as: 
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The number of droplets in each droplet class is given by  
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The total number of droplets is then given by 
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A normalized droplets total surface area is described as 
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2.3 The Used correlations 

In the analysis, several correlations are used and described as follows:  

2.3.1 Drag coefficient 
 

The droplet drag coefficient suggested by [16] is given by  
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Here, iRe  is the droplet Reynolds number based on the velocity of droplets relative to the air, 

given by: 
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2.3.2 Mass concentration properties 

The mass concentration of water vapor at droplet surface is given by: 

 

sva

sv

s
PP

P
c

,

,

622.0

622.0


                            (19)                                                                                                             

Where Pa is barometric pressure of dry air, and svP ,  is the saturation pressure of water vapor 

corresponding to the air temperature, T, given by:    

                                                                                  

3914993.1/2206.5800exp[,  TP sv T048640239.0
241041764768.0 T                                                               
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The humidity ratio can be expressed as:  
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2.3.3 Heat and mass transfer correlations 

the correlations for heat and mass transfer coefficients as reported by [17] given by  
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Where Sc, and Pr are Schmidt number and Prandtl number, respectively, defined as  
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The mass diffusivity of water vapor in air,   has been estimated from the relation developed 

by Bird et al. [18], given by 
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2.3.4 Sauter Mean Diameter of Spray   

  

Sauter mean diameter of spray is the ratio of the total volume of the spray to its total surface 

area and is correlated by Lefebvre [3] as: 
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Where t is the liquid sheet thickness given by [19]: 
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The liquid flow number, FN is given by: 
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and P  is the liquid pressure difference across the atomizer, given by::  
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The atomizer discharge coefficient, DisC   is assumed to be equal to 0.25 

  

The spray half cone angle is given by [20] 
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2.4 Heat and mass transfer potentials  

      In cocurrent flow heat exchangers, the potential for heat transfer is the inlet temperature 

difference between the two fluids. However, in evaporative cooling situation, there is a direct 

contact between water and air. So, the temperature difference between air and water doesn't 

describe the potential for heat transfer. Another parameter should be used to describe this 

potential, named as the heat transfer potential described as: 
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Similarly, the mass transfer potential is expredssed: 
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2.5 Numerical solution procedure  

     The governing equations describing the two phase flow problem under consideration are 

first order ordinary differential equations. The solution of theses equations need inflow 

boundary conditions only. Upstream conditions of air dry bulb temperature and water vapor 

concentration are prescribed. For liquid phase, the droplet sizes and velocities whose 

probability less than prescribed values are omitted by solving Eq 27 and Eq. 28. They provide 

boundaries for the computational domain of droplet classes. This domain is discredited to five 

droplet diameters and ten droplet velocity magnitudes in two directions, resulting in 100 

droplet classes. Number of droplets in each class is computed using Eq. 29 and Eq. 30. Droplet 

classes are assumed to have the same temperature as the upstream air temperature.      

     A FORTRAN code is developed to solve the governing equations for the two phases 

numerically for a given duct dimensions using Euler method. The conditions at various 

downstream locations are then computed. When the diameter of a droplet class vanishes or the 

droplet class hits the wall of the duct; this droplet class is excluded from computation.  

3. Experimental setup 

     A schematic diagram of the experimental facility is shown in Fig. 2. Ambient air is sucked 

by a variable speed axial fan (6) driven by variable speed electric motor (7) into the flow 

conditioning section (1). Air enters the test section (2) of dimensions 0.30.32 m, and 

interacts with water spray emerging from atomizer (13). At the end of the test section a mist 
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eliminator (3) is placed to prevent water droplets from entering to the outlet air measuring 

section (4). Water is pumped from a tank (9) by a centrifugal pump (10). Drainage is collected 

at the end of test section through collecting tank (14). 

     Air velocity is measured by a vane probe at different locations in the duct section (4) when 

the axial fan is turned on, then the pump is turned on and water spray enters the test section 

and interacts with the air. After the system reaches to the steady state, inlet air temperature and 

humidity ratio are measured upstream of the atomizer by a hygrometer, and the water flow rate 

is measured by a flow meter (12). Water inlet temperature is measured by a thermocouple 

impeded in the pipe connecting atomizer with flow meter (12). Air outlet temperature and 

humidity ratio are measured by the hygrometer at duct section (4). 

 

 

 

1. Flow conditioning section   8. Control valve                           
2. Test section   9. Water tank 
3. Mist eliminator  10. Water pump 
4..Outlet air measuring section  11. Control valve                           
5. Diffuser  12. Water flow meter 
6. Axial fan                                   13. Atomizer 
7. Electric motor                           14. Collecting tank 
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Fig. 2 Schematic diagram of wind tunnel facility 

4. Results and discussion 

4.1. Investigation of model validity  

     Table 1 shows the different working conditions in which experiments and calculations were 

carried out. 

             Table 1: Working conditions for experimental and calculation 

C
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  Water inlet conditions 

                      

Air inlet conditions 
 

Q×10
6
 (m³/s) 

 

T (ºC) 
 

 

u (m/s) 
 

DBT (ºC) 
 

c×10³ (kg/kg) 
 

1 7.71 20.0 1.65 22.7 12.83 

2 17.33 20.0 2.075 22.9 12.6 

3 17.237 20.0 2.5 23.1 13.4 

4 18.17 24.0 1.498 25.3 14.778 

5 18.17 24.0 2.5 25.4 15.6 

6 27.9 24.5 2.075 26.2 15.166 

7 20.964 24.7 2.5 26.3 15.748 

8 22.362 19.0 1.92 19.8 10.0 

 

       Comparisons between measured and calculated dry bulb temperature and water vapor 

concentration are shown Figs. 3 and 4, respectively. It can be observed from Fig. 3 that the 

theoretical model predictions have higher values of dry bulb temperature (DBT) than those 
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measured, because the model does not take into account the effect of liquid film which flows 

over the lower duct surface and also the effect of mist eliminator. This film has lower 

temperature than that of the flowing air which results in lowering the measured DBT than 

those predicted. For water vapor concentration, the model predictions are very close to those 

measured and the effects of water film and mist eliminator don't appear because air is almost 

saturated with water vapor at exist. 
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Fig. 3 Comparison between measured and calculated 

DBT 
Fig. 4 Comparison between measured and   

calculated water vapor concentration  

Profiles of dry bulb temperature, water vapor concentration, normalized droplets surface 

area along duct length for condition 1, are shown in Figs. 5 to 7.  
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Fig. 5 Predicted DBT along duct 

 

Fig. 6  Predicted water vapor concentration  

along duct length 
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Fig. 7 Normalized droplets surface area along duct length  

 

Table 2 shows the operating conditions of Sureshkumar et al [17] where, water flow rate of 

18.33 l/min, pressure difference across atomizer of 3 bar, spray half cone angle 39º of and 

SMD of 227µm were considered.  

Comparison between experimental results of Sureshkumar et al [17] and the present 

calculated dry bulb temperature and water vapor concentration are shown in Figs. 8 and 9, 

respectively. As can be shown in Fig. 8, the values of measured DBT [17] are normally 

distributed around the line of equal measured and predicted ones. In Fig. 9, However, . the first 

three values of measured water vapor concentration are relatively far from the predicted 

values. This is because that the working conditions for these have low inlet humidity ratio and 

high heat transfer potential which resulted in a relatively big difference between measured and 

predicted water vapor concentration. Another reason for this discrepancy is due to the 

uncertainty in measured values of Sauter mean diameter, SMD.  

 

Table 2: Working conditions for experimental [14] and calculation                 
 

C
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n
 

 

Water inlet 

 

Air inlet 

T (ºC) u (m/s) DBT (ºC) c×10³(kg/kg) 
1 32.0 1.0 40.1 16.716 

2 33.3 2.0 39.6 16,716 

3 33.4 3.0 38.9 16.522 

4 35.8 1.0 41.4 4.98 

5 35.0 2.0 40.0 4.58 

6 35.5 3.0 38.7 6.557 

 



 12 

26 27 28 29 30 31 32 33 34

Predicted dry bulb temperature [C]

26

27

28

29

30

31

32

33

34

M
e
a

s
u
re

d
 d

ry
 b

u
lb

 t
e

m
p

e
ra

tu
re

 [


C
]

 
0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028

Predicted water vapor concentration [kg water vapor/kg air]

0.012

0.014

0.016

0.018

0.02

0.022

0.024

0.026

0.028

M
e

a
s
u
re

d
 w

a
te

r 
v
a

p
o

r 
c
o

n
c
e

n
tr

a
ti
o
n

 [
k
g
 w

a
te

r 
v
a

p
o

r/
k
g
 a

ir
]

 

Fig. 8 Comparison between measured data[17] 

and calculated DBT. 
      Fig. 9 Comparison between measured [17] and 

calculated water vapor concentration 

Figures 10 and 11 show the effect of SMD uncertainty on exit dry bulb temperature and water 

vapor concentration of flowing air for condition 4 in Ttable: 2 
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Fig. 10 Predicted dry bulb temperature along 

duct length at different SMD 

Fig.11. Predicted water vapor concentration along 

duct length, at different SMD 

4.2.1 Heat and mass transfer potentials 
 

    Figure 12 shows the dry bulb temperature depression with heat transfer potential, HTP. It 

can be observed that the change in DBT tremendously increases with increasing HTP. 

Consequently, the effectiveness of heat transfer ((DBTin - DBTout)/HTP) decreases with 

increasing HTP, as can be seen in Fig.13.  
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Fig. 12. Predicted DBT change with heat 

transfer potential, HTP 

        Fig. 13 Variation of heat transfer effectiveness  

with heat transfer potential, HTP 

 

Figure 14 shows the change in water vapor concentration in the flowing air with mass transfer 

potential, MTP. As expected, the rate of evaporation is highly increased with increasing MTP, 

leading to a great change in water vapor concentration. This resulted in a tremendous reduction 

in the effectiveness of mass transfer ((cout - cin)/MTP) with increasing MTP, as shown in Fig. 

15 (These predicted results are related to an operating conditions:  air velocity of 1.65 m/s and 

water flow rate of 17.7×10
6

 m³/s). 
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Fig. 14. Predicted water vapor concentration change   

with  mass transfer potential, MTP 
 

            Fig. 15.  Variation of mass transfer  

effectiveness with  MPT 
  

4.2.2 Effect of air flow rate  

     Figure16 shows the variation of water vapor concentration change with air velocity at 

different values of mass transfer potential. At a certain MTP, the increase in water vapor 

concentration decreases with increasing air velocity. At the same time, as MTP gets higher 

value, the change in water vapor concentration becomes higher. The rate of vaporized water is 

greatly affected by both air velocity and MTP. As can be noticed in Fig. 17, the vaporized 
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water mass rate tremendously increased with increasing air velocity. As MTP gets higher 

value, the rate of evaporation becomes higher. 
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Fig. 16  Water vapor concentration change versus 

air velocity at different values of MPT 

 

Fig.17 Rate of vaporized water versus air 

velocity at different values of MPT 

        Figure18 shows the effect air flow rate on DBT change at different values of HTP (Duct 

dimensions are those of experimental, and water flow rate of 17×10
6

 m³/s). It can be 

observed that the change in DBT generally decreases with increasing air flow rate. In the mean 

time, as the mass transfer potential increases, the change in DBT becomes higher.   
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Fig. 18 DBT depression versus air velocity at different values  

      of heat transfer potential, 

 

4.2.3 Effect of water flow rate 

     Figure 19 shows the effect of mass flow rate of sprayed water on the changes in DBT at 

different values of HTP. It can be observed that the variation in mass rate of water has a 

relatively small effect on DBT changes. Meanwhile, as the HTP increases, the change in DBT 

gets higher vales as discussed above.  The same trends are also noticed for the change in water 
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vapor concentration with the variation of mass flow rate of sprayed water as can be noticed in 

Fig. 20 ( Duct dimensions are those of experimental, air velocity is 2 m/s)  
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Fig. 19 DBT change with water flow rate at 

different values of HTP 
    Fig. 20 Water vapor concentration change with  

water flow rate at different values of MTP 

 

4.2.4 Effect of duct width 

    In order to study the effect of changing duct width on the humidification process, the duct 

width is varied from 0.2m to 1.2m, while keeping a constant air velocity of 2m/s, a constant 

duct length of 2mm, and water flow rate of 17×10
6

 m³/s.  Figure 21 shows DBT change with 

duct side length at different values of HPT. It can be noticed that the DBT depression generally 

decreases with increasing duct width.  It is also observed that the variation of duct width has 

the same effect on the change in water vapor concentration among the flowing air. This can be 

shon in Fig. 22, where the change in water vapor concentration decreases with increasing the 

duct width at a certain value of MTP.  However, the rate of vaporized water tremendously 

increased with increasing the duct width as can be noticed in Fig.23  
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Fig. 21. Predicted DBT change with duct width at 

different values of HTP 

 

 

Fig. 22. Predicted water vapor concentration change  

Versus duct width at different values of MTP  
 

 

 

0.2 0.4 0.6 0.8 1 1.2

Duct width [m]

0

0.5

1

1.5

2

2.5

3

V
a

p
o

ri
z
ie

d
 w

a
te

r 
[g

m
/s

]

MTP=0.002788
MTP=0.00581
MTP=0.0105

 
 

Fig. 23 Rate of vaporized water versus duct width at different values of MTP 

 (Air velocity = 2m/s, water flow rate1=7×10
6

m³/s) 

  

5. Conclusions 

 

      In this study a numerical model for predicting heat and mass transfer between sprayed water 

from a pressurized swirl nozzle and air stream in horizontal parallel flow configuration was 

developed. The model inputs are inlet water temperature and its flow rate, inlet air dry bulb 

temperature and humidity ratio, atomizer geometry and duct dimensions. The inputs of droplet 

size/velocity distributions are not considered. The model predictions agreed well with 

experimental data taken and those in literature. The effects of various air and sprayed water 

parameters on humidification process are thoroughly investigated. The results showed that the 

droplets mean diameter has the most effect on heat and mass transfer predictions. Further 
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research on modeling of atomization process will improve the capability of existing models in 

predicting heat and mass transfer in such situations. 
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