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1. Introduction  

In recent years, we have seen an increasing demand in the marine industry for improved energy 
efficiency, fuel flexibility and lower emissions of NOX and SOX. Within the INNO+ framework,  
Alfa Laval and the Technical University of Denmark have established a collaboration to support 
the development of the next generation of marine burners for auxiliary marine boilers. 

To advance in the development process, a necessary step is to gain further insight into behaviour 
of the system at hand. Both experimental and computational methods have been applied 
extensively to the study of liquid fuel flames and sprays [1] [2]. Obtaining detailed data with 
experimental methods is lengthy and expensive, while Computational Fluid Dynamic 
simulations need to be validated before being used for practical purposes [3]. Therefore, a 
combination of the two was used in this project. This paper focus is on the experimental work 
carried out in this context and with the following main objectives: 

• To obtain point measurements of temperature and gas composition inside the furnace 
chamber. These data will be used to support and validate CFD simulations of the boiler. 

• To gather insight into the influence of operating changes such as oil type, load and 
excess air level on emissions. 

2. Material and methods  

The boiler object of this study uses a swirl stabilized liquid fuel burner, with a pressure swirl 
spill-return atomizer. The boiler is rated for 2000 kg/h of steam capacity corresponding to a 
maximum oil input of 140 kg/h and it can run on either marine diesel or Heavy Fuel Oil (HFO). 
This type of boiler is operated at a slight overpressure (ca. 3kPa), thus requiring special care 
and tailored connections when inserting probes in it or at the exhaust. A full-scale unit has been 
modified with ports and connections to make it possible to insert probes into the furnace 
chamber and to sample the gas at the exhaust. When HFO is used in the boiler, a pre-heating 
system is used to bring it to the same viscosity of the marine diesel. 

Equipment for furnace and exhaust measurement has been designed and manufactured during 
this project. Furnace measurements included gas extraction and analysis (NOX, CO, CO2 and 
O2), temperature and optical imaging of the flame. Exhaust measurement also included the same 
gas analysis, but also particulate sampling.  

Temperature measurements in the furnace chamber have been obtained by inserting a suction 
pyrometer stepwise through the boiler from the back wall to the front wall. Two different probes 



were designed for extracting gas from the boiler: one was used to sample the gas in the same 
positions as the pyrometer, the other was designed to fit in the tight space around the boiler and 
was inserted from the side up to the centreline of the furnace chamber. A temperature-controlled 
tank was used for water cooling the probes in order to avoid condensation in the gas line, while 
preventing damage to the probes and preventing reactions in the gas flow. Another water-cooled 
probe was used to insert a CMOS camera in the furnace of the boiler to obtain videos of the 
flame. Visualizing the flame was useful to assess brightness, position and shape of the flame 
and recirculating zones. Samples of the particulate at the exhaust of the boiler were obtained 
employing an adaptation of the direct gravimetric method described in the standard NS3058-2 
and ISO-29904. A Scanning Electron Microscope has also been used to assess morphological 
differences between particulate from HFO and Diesel [4]. 

Figure 1. From left to right: temperature at furnace exit, particulate, CO 
and NOX emission against equivalence air-fuel ratio for diesel and HFO at 

three different boiler loads. 

The experimental investigation consisted of two parts and each of these parts has been repeated 
twice: once firing the boiler with marine diesel and once with HFO. 

For the first part of the campaign, the boiler has been run at three different loads and the amount 
of combustion air was changed to obtain an oxygen concentration in the exhaust of 1%, 2%, 
4% and 6%. For these tests, the focus was on exhaust measurements to assess the performance 
of the boiler, thus a spill of the exhaust gasses has been extracted in a continuous manner and 
sent to the gas analysers. Moreover, at each operating condition particulate samples were 
collected and the camera probe was used to record a video of the flame. 

The second part of the campaign aim was to obtain local measurements. As mentioned above, 
these data is especially useful to validate CFD simulations. The operating condition used was 
40% load and 4% oxygen concentration at the exhaust. Gas composition and temperature 
measurements have been taken in 33 positions across the furnace chamber. 
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Mass balances have been carried out for the main species (carbon, nitrogen, oxygen and 
hydrogen) for each operating condition [5]. From these calculations, it was possible to obtain 
the air-fuel equivalence ratio (λ).  

3. Results and discussion  

Some of the results of the first part of the campaign are given in Figure 1. Despite the few data 
points, some clear trends can be observed. First and foremost, in all plots showing emissions 
the HFO performs very differently than the diesel, while in the temperature plot HFO operation 
falls within the range of diesel operation at different loads. Another general trend is that the 
effects of changing excess air ratio or load are of similar magnitude for all measured quantities. 
This means that the same emissions can be achieved at different loads by adjusting the amount 
of excess air. 

As mentioned above the second part of the experimental campaign was devoted to flame 
mapping. Figure 2 shows some of the measurements obtained. It was possible to observe close 
similarities between the gas composition found for HFO and diesel operation. It is quite evident 
that they follow the same behaviours, even if the absolute values vary. The temperature profiles 
were found to be almost identical for the two fuels. This makes it easier to compare the results, 
since it means that at the same operating conditions both fuels will provide the same amount of 
heat to the boiler. In total, the local measurements have been taken at 33 separate positions, thus 
providing a quite detailed mapping of the furnace chamber for both HFO and diesel firing. 
While further consideration is needed, these data together with the flame imaging will provide 
a good basis for validation of results of Computational Fluid Dynamic simulations. 

   

  

Figure 2.Gas composition across the furnace chamber on the burner axis 
(left) and temperatures measured both at exit and burner height (right). 
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4. Conclusions  

Both parts of the experimental campaign yielded interesting and coherent results. For example, 
it was observed that using HFO compared to diesel has an almost negligible impact on heat 
transfer and temperatures in the boiler, but increases the emission of particulate almost tenfold, 
and of NOX and CO from 3 to 5 times. 

Regarding the variation of operating conditions, it was possible to conclude that working at 
higher loads had a negative effect on all specific emissions, with the sole exception of diesel 
particulate emissions, which were consistently lower for higher loads. The increase in CO 
emission with load was clear when increasing the load from 40% to 60% for both fuels. The 
relative changes for NOX and particulate did not show such clear trends. For CO emissions, an 
air-fuel equivalence ratio above 1.2 did not lead to a further decrease in CO emission. While 
particulate emissions consistently decreased with increased λ, NOX concentration showed a 
relatively flat behaviour. When the concentrations were adjusted to the same amount of excess 
air, the NOX showed a slight increase with λ, while all other conclusions retained their validity. 

In conclusion, from the point of view of emissions and within the range explored, the boiler 
with the current setup is best suited to work at λ=1.2 or higher and at a low load, but the type 
of fuel used has a much larger impact. It should also be said that when considering current land 
application regulations [6], the boiler operates always within the limits for NOX and particulate 
when running on diesel, but always above the limit when using HFO (with the exception of 
NOX at 20% load, but barely). The proper measurement using the method specified in the future 
legislation should be employed to corroborate this result, but it seems apparent that to fire the 
boiler with HFO it is necessary to use a gas cleaning step downstream or to make modifications 
of the burner and the furnace chamber. 

The data gathered is consistent and seems to be appropriate for CFD validation given the 
considerable amounts of position measured for both HFO and Diesel firing. Moreover, the 
availability of exhaust measurements for both modes of operation could be used as a 
comparison to check if the overall performance of the boiler is accurately predicted. 
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