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            Abstract

            
               
Objectives: In this study, a unipolar corona discharger was developed and experimentally evaluated for its intrinsic and extrinsic charging
                  efficiencies, and electrostatic and diffusion losses of submicron aerosol particles in the size range of 20–300 nm at different
                  corona and ion trap voltages. Method: The applied voltage of the discharger ranged between 2.4 and 3.2 kV, corresponding to a discharge current of 0.19 nA–2.0
                  µA, and an ion number concentration of 1.88X1011–1.97X1015 ions/m3. Findings: Increasing the corona voltage could lead to a higher discharge current and ion concentration inside the discharger. In the
                  proposed discharger, intrinsic charging efficiencies of aerosol particles between 76.9% and 93.0% were obtained for particle
                  sizes ranging between 20 and 100 nm for the given corona and ion trap voltages. The extrinsic charging efficiency decreased
                  as the ion trap voltage increased at a given corona voltage. Novelty: The optimal extrinsic charging efficiency of the discharger was observed to be approximately 20.8–58.6% for particle sizes
                  ranging from 20 to 300 nm at a corona voltage and ion trap voltage of approximately 2.8 kV and 200 V, respectively. In this
                  discharger, the highest electrostatic losses (approximately 73.5%, 83.7%, and 54.0%) were observed corresponding to corona
                  voltages of 2.8, 3.0, and 3.2 kV, respectively at a particle diameter of 20 nm and an ion trap voltage of 300 V. Finally,
                  the highest diffusion loss (approximately 18.9%) was observed at a particle diameter of 20 nm.
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               Introduction

            Nanoparticles are defined as particulate substances of nano-scale dimensions (typically less than 100 nm). In atmospheric
               science, particles less than 100 nm are called ultrafine1. A regulation for PM2.5 concentrations was promulgated by the U.S. Environmental Protection Agency 2. With regard to the PM2.5 standards, the Federal Reference Method is adopted, which is based on a gravimetric analysis of
               particles, collected on filters over a period of 24 h 2. As the epidemiological studies consider the relationship between mortality and morbidity, and ambient particle exposures
               use particulate data, the gravimetric analysis is selected. However, a 24-h average measurement may not sufficiently demonstrate
               human exposure. Therefore, a real-time airborne PM2.5 monitor is desirable. A number of methods have been incorporated in
               the instruments to achieve real-time airborne PM2.5 monitoring, including beta ray absorption, light scattering, quartz microbalances,
               and electrical aerosols.
            

            A new electrical aerosol method has been developed to measure the number concentration of submicron aerosol particles in real-time
               for over the past decade 3. The electrical aerosol technique generally comprises particle charging and particle charge detection. The charged particles
               in an air flow are eliminated on the high-efficiency particulate-free air (HEPA) filter inside the detector chamber, resulting
               in a particle charge current, whose magnitude is proportional to the mean charge per particle, number concentration of particles,
               and mass flow rate. Recent developments in electrical aerosol devices were reviewed by Intra and Tippayawong 4. In the electrical method, particle charging is one of the most important components in measuring the particle number concentration.
               The purpose of particle charging is to impose a known charge distribution on the aerosol particles. Because the number concentration
               of particles is normally determined by measuring the electrical charge of aerosol particles, the prediction of particle number
               concentration requires a knowledge of the charging efficiency for every particle size. The particle charging efficiency, defined
               as the fraction of charged particles among all the particles present at the discharger outlet, is the most important performance
               parameter of a particle discharger. Typically, an ideal particle discharger requires a high particle charging efficiency with
               a high ion number concentration, no gas-to-particle conversion (formation of unwanted byproducts including particles), low
               agglomeration between charged particles, low particle losses, no contamination, and applicability to submicron aerosol particles
               5. 
            

            The unipolar corona discharger is widely used as a particle discharger 6 owing to its simple electrode configuration and design, lower cost of fabrication and maintenance, and ability to provide
               stable and high ion concentrations 5. The corona discharge is a relatively low-power electrical discharge that occurs at or near atmospheric pressure. A corona
               is invariably generated by a strong electric field associated with small diameter wires, needles, or sharp edges on an electrode.
               If the electric field strength is sufficiently high, the gas can undergo a spark discharge or electrical breakdown. In this
               corona discharge region, electrons will have sufficient energy to knock an electron from gas molecules, thus generating positive
               ions and free electrons. In the conventional charging process, aerosol particles flow through a cloud of unipolar ions in
               the discharge region. Ions diffuse toward the particles and collide with them. Upon collision, there are, in principle, two
               possible ways by which the particle can acquire a charge: (a) either the ions physically attach themselves to the surface
               of the particle, or (b) there is an exchange of electrons between the particle and the impinging ion. The amount of charge
               per particle depends on the charging time, particle diameter and shape, electrical field strength, etc. A variety of corona
               dischargers have been developed to improve the charging efficiency of submicron aerosol particles7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, and a number of electrical aerosol devices have employed unipolar corona dischargers 19, 20, 21, 22, 23, 24, 25 as important upstream components to provide a known net charge distribution to the particle system. However, the loss of
               charged particles owing to electrostatic and diffusion effects are often severe, and need to be addressed in the development
               and modification of unipolar corona dischargers. Several of the existing unipolar corona dischargers reported previously require
               a clean air flow to generate an ion-rich gas jet 7, 9, 13, 8. Thus, it is difficult to efficiently charge submicron aerosol particles without relying on clean air or preventing clean
               air from diluting the particles. In our previous work 26, a simple corona-needle discharger that does not require clean air flow was designed and its electrostatic characteristics
               were experimentally evaluated. It was capable of charging particles at high concentrations and high penetration of ions. However,
               the intrinsic and extrinsic charging efficiencies in this discharger were poor in submicron aerosol particles smaller than
               300 nm owing to high particle losses caused by (i) the strong electric field in the charging region of the discharger, and
               (ii) the diffusion and electrostatic effects during the particle transport in the discharger. Therefore, a well-designed unipolar
               corona discharger should yield high intrinsic and extrinsic charging efficiencies and low diffusion and electrostatic losses
               that can be accurately determined for the given operating conditions.
            

            In this study, a novel and simple design of a unipolar corona discharger for charging submicron aerosol particles in the size
               range of 20–300 nm was developed and experimentally evaluated. The corona discharge characterization and particle charging
               performance of the discharger, including the current-to-voltage characteristics, intrinsic and extrinsic charging efficiencies
               of the particles, electrostatic loss, and diffusion loss were experimentally studied and discussed at different corona and
               ion trap voltages, and particle diameters.
            

         

         
               Description of Unipolar Corona Discharger

            This study aims to develop a simple, compact, and low-cost corona discharger for unipolar aerosol charging with a robust operation
               that does not use additional ion-driving voltage, dilution, or clean air flows, and at the same time is easy to construct.
               The discharger should be capable of operating at low mass flow rates and low corona currents and voltages to reduce the energy
               consumption, while maintaining a high charging efficiency for submicron aerosol particles. Thus, the particle discharger of
               the electrical aerosol devices should be better suited for general applications of airborne particulate monitoring. Figure  1 illustrates a schematic diagram of the unipolar corona discharger for submicron aerosol particle charging in the size range
               of 20–300 nm developed in this work. The developed discharger was divided into two zones, namely a charging zone and an ion
               trap zone. The charging zone comprises a sharp corona-needle electrode, T-pipe electrode, and polytetrafluoroethylene (PTFE)
               insulator. The needle electrode was made of a stainless-steel rod, 2 mm in diameter, ending in a sharp tip. The needle electrode
               was polished using high precision taper point grinding and polishing machines to an extremely fine surface finish to avoid
               undesirable electric field effects on particle motion and loss owing to a non-uniform electric field, resulting from small
               surface scratches and imperfections. The needle cone angle was approximately 10°. The T-pipe electrode was made of a stainless-steel
               tube with an inner diameter of approximately 6 mm. The PTFE insulator was an electrical isolator between the needle electrode
               and T-pipe electrode. The PTFE insulator served to hold the needle electrode to be coaxial with the T-pipe electrode. The
               distance between the needle electrode and T-pipe electrode apex was 6 mm. The length of the charging zone of the discharger
               was approximately 6 mm. The needle electrode could be screwed into the PTFE insulator to connect it to a positive DC high-voltage
               source (Model 602C-100P, Spellman High Voltage Electronics Corporation, Blvd Hauppauge, NY, USA), typically in the range of
               2.8–3.2 kV, while the T-pipe electrode was electrically grounded so as to produce the required corona discharge field. The
               discharge generated positive ions that moved rapidly in the strong discharge field toward the wall of the T-pipe electrode.
               The positive polarity was set for the corona voltage in the developed discharger. This is because the production rate of ozone
               in the negative corona was one order of magnitude higher than in the positive corona 27, and the negative corona revealed fluctuations and dependence on surface conditions 28. The discharge current I can be calculated using the Townsend equation 29:
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            Where V is the applied voltage; Vc is the corona onset voltage; and a is the dimensional constant depending on the inter-electrode distance, needle electrode
               radius, charge carrier mobility in the drift region, and other geometrical factors. Therefore, the ion concentration Ni (ions/m3) as a function of the discharge current of the discharger can be estimated by 26 
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            where Ich is the discharge current of the discharger; e is the elementary charge (1.61 X10–19 C);  Zi  is the electrical mobility of ions (1.4 X10–4 m2/V s for the positive ion); Ech is the average electric field inside the discharger; and Ach is the inner surface area of the charging zone of the discharger, where the discharge current is collected, and can be calculated
               as
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            Where r is the radius of the T-pipe electrode and L is the length of the charging zone of the discharger. The inner surface
               area of the charging zone of the discharger was estimated to be 8.5X10–5 m2. If the space charge effect is neglected, the electric field inside the corona discharger as a function of the distance between
               the corona-needle electrode tip and the T-pipe electrode is assumed to be given by the Mason equation 30 as
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            where V is the applied voltage; r is the radius of the needle electrode tip;  
                  
                     ξ
                   is the distance from the needle electrode tip along the z-axis; and d is the distance between the needle electrode tip and
               T-pipe electrode. In the developed discharger, the average electric field in the charging zone ranged between 8.89X105 and 1.02X106 V/m for applied voltages between 2.8 and 3.2 kV. At the needle electrode tip,  
                  
                     ξ
                     =
                     0
                  ; therefore, the expression for the electric field in Equation (4) becomes 31 
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            Equation (5) is typically used in the literature for estimating the electric field at a needle electrode tip 30, 31. The electric field at the needle electrode tip in the charging zone of the developed discharger was approximately 4.01X106–4.58X106 V/m for applied voltages of 2.8–3.2 kV. In this discharger, the particle flow was directed across the corona discharge field
               and charged by ion-to-particle collisions via diffusion charging and field charging mechanisms. The discharger performance
               was dependent on the stable ion concentration (Ni); furthermore, the mean charging time of the particles to the ions (t) in the charging zone of the discharger is given by
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            Where Qp is the particle mass flow rate. In this work, the charging time of the discharger was approximately 17 ms when the particle
               mass flow rate was approximately 0.6 L/min at a Reynolds number of approximately 2,120. For this reason, a well-designed discharger
               should yield a stable Nit product that can be accurately determined for the given operating conditions.
            

            
                  
                  Figure 1

                  Schematic diagram of the developed corona discharger
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            As depicted in Figure  1, the ion trap zone prevents the excess free positive ions from mixing with the charged particles, and in turn, prevents contamination
               of the signal current to be measured by free ions that can potentially reach the detector. The ion trap zone consisted of
               an ion trap electrode placed along the axis of a T-pipe electrode. The T-pipe electrode, a stainless-steel tube, was approximately
               6 and 15 mm in diameter and length, respectively. The trap electrode, a stainless-steel electrode, had a diameter and length
               of 2.5 and 15 mm, respectively. To generate an electric field inside the ion trap zone for the removal of free positive ions,
               a positive DC voltage power source (Model 602C-100P, Spellman High Voltage Electronics Corporation, Blvd Hauppauge, NY, USA)
               was applied to the trap electrode, typically in the range of 200–300 V, while the T-pipe electrode was electrically grounded.
               When the free positive ions with a high electrical mobility entered the ion trap zone, the electrostatic force drove them
               toward the T-pipe electrode and the ions were deposited on the wall of the T-pipe electrode; however, most of the charged
               particles were unaffected. The ion removal efficiency  
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                   of the ion trap zone of the discharger can be estimated by the Deutsch-Anderson equation as32, 33 
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            Table  1 summarizes a comparison between the existing dischargers and the proposed discharger in terms of the geometrical configuration of the electrodes, particle mass flow rate, applied voltage range,
               particle flow behavior, Nit product, and extrinsic charging efficiency. The differences between the proposed and existing
               dischargers are as follows: (i) The proposed discharger is based on a simple design; it is compact, has a low cost, and comes
               as a portable unit to reduce the production and operational costs (its dimensions are 44X90X25 mm; furthermore, it costs less
               than 150 USD). It has been shown that it is not necessary to use these relatively complicated designs to obtain reasonably
               high charging efficiencies. In fact, a simple grounded electrode with a coaxial needle electrode is adequate to achieve efficiencies
               practically identical to those attainable with the considerably more complex dischargers. (ii) A T-pipe electrode configuration
               with a short charging zone was used to reduce the diffusion losses of the particles and eliminate the charged particle loss
               by electrostatic collection inside the discharger. It could be operated at a low aerosol flow rate to reduce the cost and
               energy consumption of the flow control system, which could be a mass flow meter with a controller or a vacuum pump that is
               suitable for long-term measurement in the field. (iii) An ion trap was used to remove the excess free positive ions mixing
               with the charged particles to prevent the contamination of the measured signal current by the free ions potentially reaching
               the detector. (iv) The proposed discharger does not use any additional ion-driving voltage and dilution or clean air flows.
               (vi) Finally, the applied voltage was set to maintain a low level to reduce the energy consumption while maintaining a high
               charging efficiency for submicron aerosol particles.
            

            
                  
                  Table 1

                  Comparison between existing dischargers and this discharger
                  

               

               
                     
                        
                           	
                              
                           
                           

                           
                        
                        	
                              
                           
                           Whitby 6

                           
                        
                        	
                              
                           
                           Medved et al. 7

                           
                        
                        	
                              
                           
                           Marquard et al. 8

                           
                        
                        	
                              
                           
                           Hernandez-Sierra et al. 9

                           
                        
                        	
                              
                           
                           Alonso et al. 10

                           
                        
                        	
                              
                           
                           Park et al. 12

                           
                        
                        	
                              
                           
                           Intra and Tippayawong 13

                           
                        
                        	
                              
                           
                           This work

                           
                        
                     

                     
                           	
                              
                           
                           Needle electrode diameter

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           3 mm

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           0.25 mm

                           
                        
                        	
                              
                           
                           3.0 mm

                           
                        
                        	
                              
                           
                           2 mm

                           
                        
                     

                     
                           	
                              
                           
                           Orifice diameter

                           
                        
                        	
                              
                           
                           1.5 mm

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           15 mm

                           
                        
                        	
                              
                           
                           4 mm

                           
                        
                        	
                              
                           
                           3.5 mm

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           3.5 mm

                           
                        
                        	
                              
                           
                           -

                           
                        
                     

                     
                           	
                              
                           
                           Electrodes distance

                           
                        
                        	
                              
                           
                           6.4 mm

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           10 mm

                           
                        
                        	
                              
                           
                           3.5 mm

                           
                        
                        	
                              
                           
                           3 mm

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           3.5 mm

                           
                        
                        	
                              
                           
                           6 mm

                           
                        
                     

                     
                           	
                              
                           
                           Charging zone length

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           20 mm

                           
                        
                        	
                              
                           
                           15 mm

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           20 mm

                           
                        
                        	
                              
                           
                           6 mm

                           
                        
                     

                     
                           	
                              
                           
                           Particle flow rate

                           
                        
                        	
                              
                           
                           70 L/min

                           
                        
                        	
                              
                           
                           1.2 L/min

                           
                        
                        	
                              
                           
                           11 – 20 L/min

                           
                        
                        	
                              
                           
                           2 – 8 L/min

                           
                        
                        	
                              
                           
                           2 – 10 L/min

                           
                        
                        	
                              
                           
                           5 L/min

                           
                        
                        	
                              
                           
                           1 – 5 L/min

                           
                        
                        	
                              
                           
                           0.6 – 5 L/min

                           
                        
                     

                     
                           	
                              
                           
                           Corona voltage range

                           
                        
                        	
                              
                           
                           1 – 9 kV

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           2.5 – 4 kV

                           
                        
                        	
                              
                           
                           3.1 – 3.7 kV

                           
                        
                        	
                              
                           
                           3.5 – 5 kV

                           
                        
                        	
                              
                           
                           2.2 – 3.6 kV

                           
                        
                        	
                              
                           
                           2.8 – 3.2 kV

                           
                        
                     

                     
                           	
                              
                           
                           Particle direction

                           
                        
                        	
                              
                           
                           Perpendicular

                           
                        
                        	
                              
                           
                           Perpendicular

                           
                        
                        	
                              
                           
                           Perpendicular

                           
                        
                        	
                              
                           
                           Perpendicular

                           
                        
                        	
                              
                           
                           Circular

                           
                        
                        	
                              
                           
                           Perpendicular

                           
                        
                        	
                              
                           
                           Circular

                           
                        
                        	
                              
                           
                           Perpendicular

                           
                        
                     

                     
                           	
                              
                           
                           Clean air flow

                           
                        
                        	
                              
                           
                           No

                           
                        
                        	
                              
                           
                           Yes

                           
                        
                        	
                              
                           
                           Yes

                           
                        
                        	
                              
                           
                           NO

                           
                        
                        	
                              
                           
                           No

                           
                        
                        	
                              
                           
                           Yes

                           
                        
                        	
                              
                           
                           No

                           
                        
                        	
                              
                           
                           No

                           
                        
                     

                     
                           	
                              
                           
                           Ion trap

                           
                        
                        	
                              
                           
                           No

                           
                        
                        	
                              
                           
                           No

                           
                        
                        	
                              
                           
                           No

                           
                        
                        	
                              
                           
                           No

                           
                        
                        	
                              
                           
                           No

                           
                        
                        	
                              
                           
                           Yes

                           
                        
                        	
                              
                           
                           No

                           
                        
                        	
                              
                           
                           Yes

                           
                        
                     

                     
                           	
                              
                           
                           Nit product 
                           

                           
                        
                        	
                              
                           
                           n/a 

                           
                        
                        	
                              
                           
                           n/a 

                           
                        
                        	
                              
                           
                           n/a 

                           
                        
                        	
                              
                           
                           2-8X107 s/cm3 
                           

                           
                        
                        	
                              
                           
                           1-4X107 s/cm3 
                           

                           
                        
                        	
                              
                           
                           1-7X107 s/cm3 
                           

                           
                        
                        	
                              
                           
                           2 -8X107 s/cm3

                           
                        
                        	
                              
                           
                           1.7X107 s/cm3 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Extrinsic charging efficiency

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           40% at 10 nm

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           30% at 10 nm

                           
                        
                        	
                              
                           
                           5% at 13.6 nm

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           n/a

                           
                        
                        	
                              
                           
                           20.8% at 20 nm

                           
                        
                     

                  
               

               

            

         

         
               Experimental Setup

            
                  3.1 Current-to-voltage characteristics

               Figure  2 depicts the experimental setup for evaluating the current-to-voltage characteristics of the developed discharger. It consists
                  of a developed discharger, an adjustable DC high-voltage power source, and an electrometer. A positive voltage between 2.0
                  and 3.2 kV was applied to the needle electrode of the discharger with an adjustable commercial DC high-voltage power source.
                  In this experiment, no voltage was applied to the trap electrode; therefore, a positive voltage of 0 V was maintained at the
                  trap electrode using a second adjustable commercial DC voltage power source. The discharge currents in the discharge zone
                  of the discharger were directly measured using an electrometer (Model 6517A, Keithley Instruments, Inc., Cleveland, OH, USA)
                  via the T-pipe electrode, which was electrically grounded.
               

               
                     
                     Figure 2

                     Experimental setup for investigating the current-to-voltage characteristics of the developed discharger.
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                  3.2 Charging efficiency and particle loss determination

               Figure  3 depicts the experimental setup for evaluating the particle charging efficiency and particle losses in the developed discharger.
                  Four indices were used for evaluating the particle charging performance of the developed discharger, which included the intrinsic
                  charging efficiency  
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                      , extrinsic charging efficiency  
                     
                        
                           
                              η
                              
                                 e
                                 x
                              
                           
                        
                      , electrostatic loss  
                     
                        
                           L
                           
                              e
                              l
                           
                        
                      , and diffusion loss  
                     
                        
                           L
                           d
                        
                      . The setup consisted of a developed discharger, an adjustable DC high-voltage power source, an aerosol atomizer, a filtered
                  air supply, an aerosol neutralizer, a concentration adjustment valve, a HEPA filter, a diffusion dryer, an electrostatic collector
                  (ESC), an electrostatic classifier, and an ultrafine condensation particle counter (UCPC). In this study, sodium chloride
                  (NaCl) polydisperse particles were produced by atomizing a NaCl solution (w/w 0.1 % in water) with an aerosol atomizer (Model
                  3076, TSI Inc., St. Paul, MN, USA) and a filtered air supply (Model 3074B, TSI Inc., St. Paul, MN, USA). The polydisperse
                  particles originating from the aerosol atomizer were still wet and hence, were dried to a relative humidity of less than 30%
                  in a diffusion dryer (Model 3062, TSI Inc., St. Paul, MN, USA). It is well-known that the generated polydisperse particles
                  have a certain level of electric charge 32. Therefore, some loss of particles owing to the electrostatic charge in the system may be encountered, unless the particles
                  are neutralized. Charged particles tend to deposit on the tube walls and other surfaces. A soft X-ray aerosol neutralizer
                  (Model 3088, TSI Inc., St. Paul, MN, USA) was used to neutralize the particles and bring them to the Boltzmann charge equilibrium.
                  In this system, the particle number concentration could be changed by adjusting the concentration adjustment valves and a
                  HEPA capsule filter (Model 1602051, TSI Inc., St. Paul, MN, USA). The mean diameter, concentration, and geometric standard
                  deviation of the generated particles were 59.8 nm, 4.54 ´105 particles/cm3, and 2.0, respectively, as depicted in Figure  4. The NaCl polydisperse particles were then classified according to their electrical mobility using a soft X-ray aerosol neutralizer
                  and an electrostatic classifier (Model 3082, TSI Inc., St. Paul, MN, USA), with a long-differential mobility analyzer (DMA;
                  model 3081, TSI Inc., St. Paul, MN, USA), with a clean air flow of 3.0 L/min, which allowed a mobility diameter of 10–600
                  nm. The particles exiting the DMA at a given voltage were nearly singly charged monodisperse particles. The fraction of multiply
                  charged large particles exiting the DMA was reduced to approximately 10% or less for all the particles in the size range of
                  20–300 nm by having the particle size distribution of the test particle centered around a mode diameter of approximately 30
                  nm. The singly charged monodisperse particles were then passed through the second soft X-ray aerosol neutralizer and the first
                  ESC, to which a positive voltage of approximately 3.0 kV was applied by a DC high-voltage power source to entirely remove
                  the charged particles. The uncharged monodisperse particles were obtained downstream from the first ESC. Only the uncharged
                  particles were introduced into the discharger. After the charged particle flow exited the discharger, it passed through the
                  second ESC. The charged aerosol flow was further made to enter a UCPC (Model 3788, TSI Inc., St. Paul, MN, USA) to measure
                  the particle number concentration downstream of the developed discharger.
               

               
                     
                     Figure 3

                     Schematic of the experimental setup for the measurement of particle loss, intrinsic and extrinsic charging efficiency of the
                        developed discharger
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                     Figure 4

                     Nanoparticle concentration and size distribution of sodium chloride particles generated from an atomizer
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               In this study, both the charging efficiencies and losses of the discharger were measured at a particle mass flow rate of approximately
                  0.6 L/min. The intrinsic charging efficiency was calculated using 34 
               

                  
                  
                        
                        
                           η
                           in 
                        
                        =
                        1
                        -
                        
                           
                              
                                 N
                                 1
                              
                              /
                              T
                           
                           
                              N
                              2
                           
                        
                     
                        (8)

                  

               

               Where  
                     
                         
                        
                           N
                           1
                        
                      is the number concentration of neutral particles downstream of the second ESC when the discharger and second ESC voltages
                  were on;  
                     
                        
                           N
                           2
                        
                      is the number concentration of total particles downstream of the second ESC when the discharger and the second ESC voltages
                  were off; and  
                     
                         
                        T
                      is the transmission efficiency of the neutral particles passing through the second ESC. The extrinsic charging efficiency,
                  which is a parameter of interest in a practical application, is defined as the fraction of particles exiting the discharger,
                  carrying at least a unit of charge, and can be calculated by 34 
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                           3
                        
                      is the number concentration of charged particles downstream of the discharger, when the discharger voltage is on, and  
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                      is the number concentration of neutral particles upstream of the discharger.
               

               In this study, the electrostatic loss of particles  
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                      inside the discharger were calculated using the following equations 11:
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               Results and Discussion

            Figure  5 depicts the variations in the discharge current and ion concentration with the corona voltage of the developed discharger.
               The corona onset voltage of the developed discharger was approximately 2.4 kV. When the corona voltage increased from 2.4
               to 3.2 kV, the discharge current increased from 0.19 nA to 2.0 μA, while the ion concentration increased from 1.32X1011 to 1.03X1015 ions/m3, respectively. As a result, there was an ionization of the gas molecules and ignition of a corona discharge 29. As shown in Equation (2), the ion number concentration inside the charging zone of the developed discharger could be controlled
               by the discharge current or the corona voltage. That is, an increase in the corona voltage could lead to a higher discharge
               current; therefore, more ions were generated from the surface of the needle electrode. This could possibly result in an increase
               in the intrinsic charging efficiency of the discharger. The electrical breakdown phenomenon occurred for applied voltages
               larger than 3.2 kV. Above this value, the discharge current was found to exhibit a fluctuation in an uncontrollable manner
               and no measurement could be made. Alonso et al.11 also reported that corona voltages larger than 3.6 kV promoted the formation of new particles. These particles probably came
               from the corona-emitting electrode by erosion or sputtering 35, 36, or from gaseous contaminants present in the system 37. For the latter, the following mechanism was proposed 38: (a) contaminant molecules are ionized in the corona discharge field; (b) these ions form cores, around which water molecules
               are bonded; (c) the contaminant-water elementary units grow into molecular clusters and finally, through coagulation, into
               nanometer-sized particles. The presence of water was thought to constitute a decisive factor in the particle generation process.
               It was shown that particle generation from organic vapors in air by corona discharge did not occur in the absence of water
               39. It can be stated that a clean corona discharger operating under an appropriate range of voltages did not produce new additional
               particles, as the aerosol did not contain impurities or certain chemicals (e.g., aromatic compounds with water). Therefore,
               a corona discharger can be used with confidence in most of the general research studies with aerosols of known composition;
               however, it is probably not a good option to use the same, for example, for measuring the size distribution of particles present
               in exhausts having contaminants that may undergo gas-to-particle conversion processes in the corona discharge. Thus, it was
               shown that the developed discharger could operate stably at applied voltages ranging from 2.8 to 3.2 kV.
            

            
                  
                  Figure 5

                  Variations in discharge current and ion number concentration with corona voltage of the developed discharger
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            Furthermore, in this work, the intrinsic charging efficiency was evaluated at different corona voltages. Figure  6 depicts the intrinsic charging efficiency of the discharger as a function of the particle diameter in the range of 20–300 nm
               at various corona voltages. The test mass flow rate of the aerosol particles was fixed at approximately 0.6 L/min. The results
               indicate that the intrinsic charging efficiencies increased with an increase in the corona voltages at a given particle size.
               This result is explained by an increase in the probability of collisions of particles with ions owing to an increase in their
               concentration with the discharge current corresponding to the corona voltage 15. At a given ion trap voltage, the intrinsic charging efficiencies increased from 74.09% to 94.40%, 78.53% to 94.60%, and
               79.90% to 95.08% with particle sizes in the range of approximately 20–50 nm; likewise, they decreased from 93.12% to 77.96%,
               93.36% to 76.91%, and 93.95% to 78.86% with particle sizes in the range of approximately 150–300 nm for applied voltages of
               2.8, 3.0, and 3.2 kV, respectively. The intrinsic charging efficiency also reached a constant value of 93% for particles in
               the size range of 50–100 nm at a given corona voltage. The intrinsic charging efficiency of a unipolar discharger is primarily
               affected by the ion number concentration ( 
                  
                     
                        N
                        i
                     
                  ) and the particle residence time (t) in the charging zone. The ion number concentration in the charging zone was controlled
               by varying the discharge current alone. At the particle mass flow rate of 0.6 L/min, the  
                  
                      
                     
                        N
                        i
                     
                     t
                   values were approximately 1.79X1012 and 1.76X1013 ions/m3 s at applied voltages of 2.8 and 3.2 kV, respectively. However, the intrinsic charging efficiency can only present a part
               of the discharger performance. It is important to optimize the discharger performance and determine the optimal operating
               conditions of the discharger.
            

            
                  
                  Figure 6

                  Intrinsic charging efficiency of the discharger as a function of particle diameter.
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            Figure  9 depicts the extrinsic charging efficiency of the discharger as a function of particle diameter in the range of 20–300 nm
               at various corona voltages and ion trap voltages. The particle mass flow rate was fixed at 0.6 L/min. The extrinsic charging
               efficiency takes into account the charged particle loss inside the discharger in comparison with the intrinsic charging efficiency.
               The results indicate that the extrinsic charging efficiency increased, as the particle size increased. In addition, a higher
               extrinsic charging efficiency could be obtained with a sufficiently high corona voltage at an appropriate ion trap and particle
               mass flow rate. At a given corona voltage, the extrinsic charging efficiency decreased as the ion trap voltage increased.
               The best extrinsic charging efficiencies of the discharger of approximately 20.80–58.62% for particle diameters ranging from
               20 to 300 nm were observed at a corona voltage and ion trap voltage of approximately 2.8 and 200 V, respectively.
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                  Figure 8
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                  Figure 9

                  Extrinsic charging efficiency of the discharger as a function of particle diameter.
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            As depicted in Figure  6, when the corona voltages were increased to raise the intrinsic charging efficiencies, it was important to allow the charged
               particles to pass through the discharger. The fraction of particles lost inside the discharger also needed to be reduced.
               Figure  12 reveals the electrostatic and diffusion losses of particles inside the discharger as a function of the particle diameter
               in the size range of 20–300 nm at various corona voltages and ion trap voltages. The particle mass flow rate was fixed at
               approximately 0.6 L/min. For the electrostatic loss, the corona and ion trap voltages were varied in the range of approximately
               2.8–3.2 kV and 0–300 V, respectively. At the given corona and ion trap voltages, larger particles were found to have lower
               electrostatic loss. The electrostatic loss increased as the corona and ion trap voltages increased. It is well-known that
               the electrostatic loss depends on two competing factors: (i) the number of particles that can acquire a charge, which increases
               with particle size and (ii) the electrical mobility of the particles, which decreases with particle size 28. For particles with a diameter of approximately 20 nm, at an ion trap voltage of 300 V, the highest electrostatic losses
               were observed to be approximately 73.53%, 83.66%, and 53.98%, for corona voltages of 2.8, 3.0, and 3.2 kV, respectively. The
               smaller particles were found to have a higher diffusion loss owing to the Brownian diffusion effect on the particle motion
               in the discharger than the larger particles. The highest diffusion loss was observed for particles with a diameter of 20 nm,
               which was approximately 18.9%.
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                  Figure 12

                  Particle losses in the discharger as a function of particle diameter
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               Conclusions

            In this study, a corona discharger for unipolar charging of submicron aerosol particles was developed and experimentally evaluated
               for intrinsic and extrinsic particle charging efficiencies, and the electrostatic and diffusion particle losses. The charging
               performance of the discharger was evaluated under different operating conditions, which included corona and ion trap voltages
               for submicron aerosol particles in the size range of 20–300 nm. The applied voltages of the discharger ranged from 2.4 to
               3.2 kV, corresponding to discharge currents of 0.19 nA to 2.0 μA, and the ion number concentration increased from 1.32X1011 to 1.03X1015 ions/m3. Increasing the corona voltage could lead to a higher discharge current and ion concentration inside the discharger, which
               in turn, would lead to an increase in the intrinsic charging efficiency. In this discharger, an intrinsic charging efficiency
               of 74.09–95.08% was obtained for particles in the size range of 20–300 nm at the given corona and ion trap voltages. For a
               given corona voltage, the extrinsic charging efficiency decreased, as the ion trap voltage increased. The best extrinsic charging
               efficiency of the discharger was found to be approximately 20.80–58.62% for particle diameters ranging from 20 to 300 nm at
               corona and ion trap voltages of approximately 2.8 kV and 200 V, respectively. For particles with a diameter of approximately
               20 nm, at an ion trap voltage of 300 V, the highest electrostatic losses were observed to be approximately 73.53%, 83.66%,
               and 53.98% for corona voltages of 2.8, 3.0, and 3.2 kV, respectively. Finally, a highest diffusion loss of approximately 18.9%
               was observed for particles with a diameter of 20 nm. 
            

            In addition, the developed discharger has a simple design and robust operation that does not use any additional ion-driving
               voltage, dilution, or clean flows; furthermore, it is a low-cost system that is easy to construct, and can be used in charging
               particles for electrical aerosol devices in general applications of airborne particulate monitoring.
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