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Abstract 

A previously proposed spray generation concept, promising constant spray quality 

over a wide range of mass flow rates, were investigated with respect to the 

application in a low power heating oil burner.  The main working principle of this 

concept is the secondary atomization of a droplet chain impinging on a pin 

downstream. Through pulse-width modulation (PWM) of the droplet chain 

generator, a modulation of spray mass flow rate could be achieved without change 

of spray quality. As the spray generation principle were only  investigated with water 

(w) as liquid, two additional model liquids, glycerine-water mixture (GW) and 

glycerine-ethanol mixture (GE), are used in this study to determine the influence of 

liquid properties, especially viscosity and surface tension, on the produced spray, in 

order to assess the spray quality with fuels like industrial gas oil. Phase-Doppler 

Anemomentry (PDA) measurements were conducted to examine the influence of 

liquid properties and operation conditions on Sauter Mean Diameter (SMD). The 

obtained SMD values are in the range of 10% of primary droplet diameter, which is 

in good agreement with literature values. A dependence of liquid properties on PWM 

operation could not be observed. This confirms the assumption of constant spray 

quality over a wide range of spray flow rates. 

Furthermore, a design and first experimental results for a low power burner based on 

this atomization approach are presented. In contrary to common heating oil burners, 

atomization and combustion section are spatially separated and a part of the 

combustion air is used to transport the spray to the combustion section. In the first 

proof-of-concept tests with this burner design a power variation between 1.25 and 

5.1 kW was achieved also fulfilling all normative limits regarding exhaust gas 

emissions. 

 

Introduction 

Due to the reduction of energy consumption in the domestic heating sector (Energy 

Saving Directive, Germany) there is an increasing demand for low load oil burners. 

As currently oil burners are limited in load and modulation range due to 

characteristics of common pressure atomizers used for the fuel preparation, a novel 

atomization approach is needed for low liquid fuel mass flows. 
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In the course of the reduction of CO2 emissions, energy-oriented modernization of 

buildings is of major importance. As an example, in Germany the Energy Saving 

Directive limits the allowed heat demand of newly built or renovated buildings and 

such limits are successively reduced. In this respect, heating boilers at very low 

burner loads (< 5kW) and with a wide adjustable power range are required, in order 

to minimize the amount of start-up and shutdown procedures. Commercially 

available burners at the low load segment are dominated by gas burners, which have 

no principal low limitation in the fuel supply. On the contrary, oil burners usually 

utilize pressure atomizers, which need a minimum fuel flow rate for atomization, 

resulting to a minimum power rate of approx. 5 kW and limited power modulation. 

 

A novel atomizer concept for low liquid mass flows 

To close this gap, a novel atomization concept for low load oil burners with a wide 

adjustable power range were proposed in a previous study [1]. The main working 

principle of this novel atomization concept is based on a piezo-driven spray 

generator, which either creates a liquid jet or a monodisperse droplet chain. When 

the liquid jet impinges on a pin in a certain range of operating conditions, it does not 

splash and the fuel can be collected and recirculated, while the droplet chain 

impinging on the pin produces a fine secondary spray. Through triggering of the 

Plateau-Rayleigh instability via the piezo actuator, hence the disintegration of the 

liquid jet into a drop chain, the spray generation can be switched-on and -off. 

Therefore, a wide range of spray flow rates can be realized by pulse-width 

modulation (PWM). The schematic operation modes are shown in Fig. 1. 
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Figure 1. Impinging jet on the pin with no atomization (left) and impinging droplet 

chain with spray formation (right). 
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Through PWM drive of the piezo actuator, which is triggering the disintegration of 

the jet to droplets, a wide turn-down modulation of generated spray volume flow can 

be achieved. The novel atomization concept holds significant advantages in 

comparison with pressure atomizers, i.e. good atomization characteristics at low 

mass flow rates are obtained. Additionally, a wide modulation range with almost 

constant spray quality is achieved. The function of the spray generator was 

investigated in detail by Brenn [2,3]. 

 

Investigation of the atomization concept 

The atomization process was preliminary investigated in non-reactive conditions. 

The usage of heating oil in this open setup was not possible due to safety and health 

concerns. Therefore, model liquids have been used to investigate the impact of the 

liquid properties on the atomization process. The three selected model liquids, water, 

a binary mixture of glycerine (40 wt.-%) and water and a binary mixture of glycerine 

(40 wt.-%) and ethanol, differ mainly in surface tension and viscosity. The values of 

these both liquid properties were chosen to cover the range between water and 

heating oil. The droplet size distribution was measured along the radial axis from the 

pin for various operating conditions and different heights above the impingement 

point using Phase-Doppler-Anemometry (PDA). Close to the pin, the secondary 

spray shows an SMD of 24 to 25 μm (see Figure 2), which is in good agreement with 

literature values of around 10% of primary droplet diameter [4,5]. Additional 

measured SMD at the outlet of the atomization section (see below for design details) 

confirm that this corresponds to the SMD of the transported spray. The increase in 

SMD with radial position can therefore only be linked to coagulation in the spray 

accumulating around the pin and has no influence for our application because there 

we have constant transport of spray away from the pin.  

 

       

4 mm

5 mmpin

 
Figure 2. Radial SMD profiles of the three model liquids at a height of 5 mm 

above the pin tip (left) and camera image of the spray around the pin for water as 

model fluid (right).  
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SMD measurements with PWM operation at different PWM frequencies showed no 

influence of transient PMW operation on spray characteristics. Therefore, the 

proposed spray generation principle is able to operate at a wide range of spray mass 

flow rates without any change in spray quality. 

 

 

Burner concept 

The burner was designed with an atomization and combustion section, which are 

spatially separated. The droplet chain is vertically aligned approaching downwards 

the pin, where a part of the combustion air is used in horizontal arrangement to 

transport the fine spray resulting from the secondary atomization after the splashing 

of droplets on the pin, to the combustion zone. The heating oil, which is not splashed 

at the impact element (pin) as well as a portion of it forming a wall film is collected 

and reused. The remaining combustion air is fed after the atomizer section. The 

schematic of the burner is shown in Fig. 3. 

The maximum thermal load is defined by the inlet pressure and the used orifice in 

the droplet generator under continuous droplet chain conditions (PWM at 100% duty 

cycle). Flexible turn-down of the thermal load is achieved by applying PWM to the 

piezo actuator signal. Here, constant operating conditions of the droplet generator in 

terms of total mass flow or exit velocity, respectively, result in constant spray 

properties over the complete operating range, since the transported secondary 

atomization spray is always produced under the same conditions. 
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Figure 3. Schematic of the burner concept. 
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Test rig 

The flow diagram of the test rig is shown in Fig. 3. The fuel was supplied from a 

tank and pressurized by a commercial heating oil pump. The pump was operated in 

two-line mode, meaning that the pressure at the exit is set and excess oil flows back 

into the storage tank. The pressurized fuel was fed into a compensation tank and 

from there to the droplet generator. In between, the mass flow was monitored by a 

Coriolis flow meter. Moreover, temperature and pressure of the fuel was measured 

by a thermocouple and a pressure transducer directly in front of the droplet generator. 

To adjust the flowrate/pressure in the droplet generator a needle valve was mounted 

between mass flow meter and droplet generator. In addition, the fuel supply line was 

equipped with a standard oil-burner electrical fuel-preheater. 
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Figure 3. Flow diagram of the test rig. 

 

At the bottom of the atomizer unit, the back flow was collected, flowing into a second 

tank monitored by a lab scale. Furthermore, the temperature of the back-flowing oil 

was also controlled by a thermocouple. The combustion and transport air were 

supplied by pressurized air and their mass flows were separately controlled by two 

thermal mass flow controllers. For ignition a H2-lance was mounted in the burning 

chamber near the nozzle exit. After the burning chamber the exhaust pipe was 

equipped with a thermocouple, a pressure transducer and an exhaust gas probe, 

which were placed according to DIN EN 267. The mole fractions of CO and CO2 
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were measure with a Non-Dispersive Infrared (NDIR) gas analyzer, whereas the O2 

mole fraction was measured with photochemical sensor. NOx was detected with a 

chemical luminescence sensor. 

 

Results of the burner test 

A first burner prototype was operated in reactive conditions with light fuel oil. There, 

a maximum thermal load of 5.5 kW was achieved, while a modulation range of 1:5 

(down to 1.1 kW) was possible via PWM modulation. The emissions were within 

the current legislative regulations: the CO- and the NOX-emissions showed on 

average of 3 mg/kWh and 95 mg/kWh, respectively. The conversion of the measured 

emissions over the modulation range into the average ones was performed according 

to DIN EN 267. An overview of the results is given in Fig. 4. The range of admissible 

emissions and fuel ratio are marked by a grey background.  
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Figure 4. Outcome of the proof-of-concept tests: output power, atomized fuel ratio, 

total air flow (top); exhaust gas emissions (middle) and air-fuel-equivalence-ratio 

(bottom) measurements indicating also the standard limit values for exhaust gas 

emissions and air-fuel-equivalence ratio. 

 

  



JOINT MEETING 

THE GERMAN AND ITALIAN SECTIONS 

OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY – 2018 

Conclusion and outlook 

A novel atomization concept for low liquid fuel mass flows was studied under non-

reactive and reactive conditions. The control of the transported atomized fuel mass 

flow was based on PWM driven piezo actuator signal. In the present study, the 

atomization process was investigated under non-reactive conditions for three 

different model fluids..The SMD of the secondary spray was found to be 

approximately 10% of the size of the monodisperse droplet chain, which is in good 

agreement with literature values. Spray rate variation with PWM had no influence 

on spray quality. A first burner prototype was operated with thermal loads in a range 

of 1 to 5.5 kW. The measured emissions were within the current legislative 

regulations. Through thorough characterization, a parametrization of the operating 

parameters can lead to significantly better performance over a wider operating range. 
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