HX3

Potential of a Controllable Engine Cooling System to Reduce NOx Emissions in Diesel Engines 

Pang HH, Brace CJ, Akehurst S
University of Bath

Copyright © 2004 SAE International

ABSTRACT

This paper investigates the potential for reduced NOx emissions from the integration of thermal factors into the Diesel engine calibration process. NOx emissions from Diesel engines have been shown to be sensitive to engine operating temperature, which is directly related to the level of cooling applied to the engine, in addition to the main engine operating parameters such as injection timing and EGR ratio. 

Experimental engine characterization of the main engine parameters against coolant temperature set point shows that engine cooling settings can extend the feasible lower limits of fuel consumption and emissions output from Diesel engine. With the adoption of an integrated calibration methodology including engine cooling set point, NOx emissions can be improved by up to 30% at crucial high speed/load operating points seen in the NEDC drive cycle with a minor reduction in fuel economy and small increase in CO output. 

INTRODUCTION

The engine cooling system has conventionally been regarded as a necessary auxiliary system with minor importance to the engine performance. In the search for greater fuel economy and reduced emissions output, the engine cooling system is being targeted for further improvement to engine performance through its effect on engine frictional losses. Fuel economy improvements from the changes to the engine cooling system are derived mainly from reduced engine frictional losses with increased oil temperature by raising the engine operating temperature indirectly through the step increase in the coolant temperature set point [1,2,3,4]. Hydrocarbon (HC) and carbon monoxide (CO) output are also shown to decrease with the increase in operating temperature. 

The increased operating temperature has a negative effect on nitrous oxides (NOx) output as the formation of NOx in the combustion chamber can be highly sensitive to temperature changes [2,3]. This problem is more critical for Diesel engines as the tailpipe NOx output from a Diesel engine with oxidation catalyst is significantly higher than a gasoline engine with a three way catalyst and is the determinant factor to satisfying legislated limits in drive cycle testing. As meeting the legislated limits on NOx output over a drive cycle test remains the highest on the hierarchy of engine performance, fuel economy has a lower priority. Thus, the changes to the engine cooling system that improves fuel economy while compromising NOx output would not be acceptable. Instead, it is a common practice to trade off high fuel economy in Diesel engines for lower NOx output by retarding injection timing or raising exhaust gas recirculation (EGR) ratio.

As the operating temperature in Diesel engines has significant influence to the NOx output, the investigation thus looks into the potential to lower NOx output with increased cooling. By varying the level of cooling applied to the engine, the thermal condition of the engine also varies, consequently changing the feasible lower limits of engine outputs such as fuel consumption and emissions. This offers an opportunity to recalibrate engine parameters to a better optimum with regard to the principal fuel economy and NOx emissions trade-off. Other tailpipe emissions such as CO, HC and smoke also need to be considered if the approach is to be viable. 

background

Most of previous work in the engine cooling area focuses on to the fuel economy benefit to IC engines through the reduction of engine frictional losses and auxiliary power demand by raising coolant temperature. These efforts concentrate mainly on gasoline engines where oil temperature is relatively lower and the critical tailpipe emissions are HC and CO. Fuel efficiency improvements of up to 10% are achieved in part load conditions by raising coolant temperature [2]. Such an approach would have a negative effect on a Diesel engine as meeting the legislated limit on NOx output has a higher priority. 

With NOx being the critical output, the injection timing and EGR ratio are calibrated to give the best possible trade-off for fuel economy, NOx as well as CO, HC and smoke. Engine cooling or coolant temperature is not an independent variable in the engine calibration process and is commonly regarded as a noise factor. The thermal condition of the engine, which is related to the coolant temperature set point or level of cooling applied, has a significant effect on metal temperature adjacent to the combustion chamber as well as charge temperature. Metal and charge temperatures are perceived to have an impact on the Diesel engine fuel consumption and NOx emission trade-off for a number of obvious reasons, one of which is the direct relationship between peak pressure and temperature in the combustion chamber to the formation of NOx. 

A comparison between the NOx output of a Diesel engine for the first and the forth ECE cycle (figure 1) in a NEDC cycle shows that NOx can vary significantly with changes in thermal conditions. At the 4th ECE cycle the coolant temperature has nearly reached the set point while in the 1st ECE cycle, coolant temperature is relatively low. By comparing the NOx traces, it can be observed that NOx output for the 1st ECE cycle can be just a third of the value of the 4th ECE cycle under certain speed load conditions (figure 1) even with a more advanced injection timing (figure 2). The EGR ratio applied is also lower (not shown) in the 1st ECE cycle, leaving inlet manifold temperature (figure 2) as the other variable in the process. 
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Figure 1: Comparison of NOx and coolant temperature for the 1st an 4th ECE drive cycle in NEDC
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Figure 2: Injection timing and inlet manifold temperature for the 1st an 4th ECE drive cycle in NEDC

From this exercise is it deduced that charge temperature and metal temperature have considerable influence on the NOx formation process in addition to engine control parameters. With the existing engine cooling system, the easiest approach to change charge temperature and metal temperature is to lower coolant temperature input into the engine, resulting in a knock-on effect on metal and charge temperature.  

test facility and experimental setup

test facility – the study was performed on a dynamic engine test facility employing a 215kW AC dynamometer. The emissions analysis suite was a Horiba 7000 series system and the test cell data acquisition and control was performed by a CP Engineering Cadet v12 system. This was equipped with integrated combustion analysis hardware and software allowing convenient monitoring of in cylinder events.  

test engine and instrumentation – The test engine used is a 2.4-liter DI Diesel engine with cooled EGR and intercooler. It is a EURO 3 compliant engine with mechanical injectors and fuel pump. The engine is instrumented to gather temperature and pressure data from various points on the engine such as coolant, exhaust, oil and inlet manifold. The fuel injection equipment was calibrated using the Kleinknecht GREDI system under the control of the test cell host computer.

Experimental program – The test program was designed to evaluate the effect of reduced coolant temperature at a series of steady state points. Points were chosen to have similar engine speed/load conditions to those seen in the NEDC drive cycle test. This allowed a demonstration of the effect that the changes in thermal condition would have in practice. The factors considered in the test program were coolant temperature, injection timing and EGR ratio. The tests were performed as swings of EGR and timing at constant coolant temperature to allow trends to be observed easily.

The purpose of the test was to characterize the engine responses, which are the specific fuel consumption (SFC), NOx, CO, HC and smoke, relative to the change in the coolant temperature and engine parameters. The standard coolant temperature is set to 90˚C while the lower temperature investigated is set to 70˚C. The injection timing and EGR ratio is varied at the different coolant temperature set point around the standard calibrations to evaluate the net effect of changing the coolant temperature set point to the various outputs of the engine.   

results and Discussion

Results and analysis - The results presented in this section are centered at a single steady state point with engine speed/load point is set to 2670 rpm and 82 Nm, corresponding to a vehicle speed of 100 km/hr in the EUDC drive cycle test. This particular speed load point is selected as it represents a high power condition in the NEDC drive cycle test where NOx emissions are of particular concern. Other results indicate that these results are typical for this medium/high speed and load region of operation. 

At this speed/load condition, the standard engine calibration demands injection timing of 3˚BTDC and produces 27% EGR. With reference to figure 3, NOx is reduced by 7% by purely reducing the coolant temperature set point from 90˚C to 70˚C with the changes to the specific fuel consumption exhibiting an increase of just 0.1%. This is within the normal experimental scatter. A timing swing of +/- 1˚ was performed to assess the sensitivity of the engine at this condition. The expected inverse relationship between NOx and SFC is observed albeit with different gradients advantageous to the control of NOx emissions with minimal deterioration in fuel consumption. It can be seen that a cooler operating regime gives a useful reduction in NOx compared to a small retardation in injection timing. With the coolant temperature at 70˚C, retarding injection timing from 4 to 2˚BTDC reduces NOx by about 5g/hr (8%) but degrades BSFC by about 2g/kWhr (0.8%) in comparison to the 3.5g/hr (5%) reduction in NOx with 5g/kWhr (2%) rise in SFC for the similar changes in timing with coolant temperature at 90˚C.  Figure 4 shows the expected increase in CO output is also minor at 0.5% or 0.5g/hr while smoke number is reduced by 0.05 FSN, which is within the scatter normally expected. 
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Figure 3: Specific fuel consumption vs. NOx with injection timing swing at 2670 rpm, 82Nm
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Figure 4: Smoke vs. CO with injection timing swing at 2670 rpm, 82Nm
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Figure 5: SFC vs. NOx with EGR swing at 2670 rpm, 82Nm

EGR ratio swings were performed around the baseline calibration at standard coolant temperature of 90˚C (figure 5). They show a steep trade-off relationship between SFC and NOx. This demonstrates the fact that while EGR is the dominant approach to reducing NOx in the lower speed/load regions of operation where it is practical, it has an adverse effect on SFC. The key feature of the plot is the slope of the SFC curve for the two different coolant temperatures, where it shows that the penalty on SFC with increasing EGR level is reduced with the lower coolant temperature set point (figure 5). 
By lowering the coolant temperature set point, the gradient of the SFC response curve is somewhat less steep giving better trade-off characteristics during the engine optimization process. The effect of increase cooling on smoke and CO is of a lesser order with negligible impact (figure 6) as EGR is being varied. 
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Figure 6: Smoke vs. CO with EGR swing at 2670 rpm, 82Nm

By varying the injection timing and EGR simultaneously, a synergy effect is induced where the net reduction in NOx is greater than the sum of the effects from individual changes (figure 7). NOx can be reduced by up to 20% with a small improvement in fuel consumption running a cold and advanced calibration relative to the baseline. 
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Figure 7: SFC vs. NOx with EGR, injection timing and coolant temperature at 2670 rpm, 82Nm
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Figure 8: HC vs. CO with EGR, injection timing and coolant temperature at 2670 rpm, 82Nm

Figure 8 suggests that by lowering the coolant operating temperature and running slightly advanced, the CO and HC output pattern from the engine is shifted toward a lower output level as well as having a flatter response gradient. Figure 9 shows that further changes to the engine parameters at 70˚C indicate that NOx can be reduced by up to 30% with 0.1% improvement on fuel economy with 1˚ increase in injection advance and EGR ratio of about 31%. The benefit achieved by lowering coolant temperature and readjusting engine parameters in reducing NOx and SFC is however marred by the large increase in smoke output while CO increase is marginal at 2.6% (figure 10). The increase in smoke output is likely to be less significant if this approach to lowering NOx output is adopted in a newer diesel engine equipped with common rail or piezo-electric injector. The reason for the poor NOx/smoke trade-off on the test engine is likely to be due to low fuel injection pressure which resulted in larger fuel droplets and higher density rich zone, which would not be an issue in modern DI diesel engine. 
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Figure 9: SFC vs. NOx with EGR, 4˚ BTDC injection timing and coolant temperature at 70˚C, at 2670 rpm, 82Nm
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Figure 10: Smoke vs. CO with EGR, 4˚ BTDC injection timing and coolant temperature at 70˚C, at 2670 rpm, 82Nm

discussion – The test results indicate that controlled engine cooling holds significant potential to reduce NOx output with negligible impact on fuel economy. Direct comparison of NOx output with similar engine settings for injection timing and EGR ratio shows that NOx output would be lower with a lower coolant temperature set point. Thus it is derived that lower operating temperature yields conditions that favor less NOx output. In principle, the reduction is NOx is likely to be derived from lower peak in-cylinder temperature and pressures, and the retarding effect from the cooler combustion chamber. 

From the perspective of optimization, the changes in the responses of the engine with the change in the coolant temperature set point greatly increase the flexibility in optimizing the engine setting for a better trade-off between the fuel economy, NOx and the various emissions. The milder trade-off characteristics between the engine outputs in addition to the smaller magnitude of the emissions output with lower coolant temperature set point offers significant potential to attain a better optimum trade-off of SFC and NOx emissions. 

As the bulk of this investigation focused mainly on critical inputs and outputs such as engine parameters and output without observing the intermediate functions such as metal temperature, boost pressure and charge temperature, insight into the source of the benefit itself is lost. Thus further investigation into this area will need to focus onto these factors as well as the combustion event itself through the observation of the rate of heat release during the combustion. The information derived will provide further insight into the source of the NOx reduction from increased engine cooling.

There are practical considerations for a vehicle implementation of the approach. Lower heat exchanger effectiveness due to the reduced coolant temperature must be anticipated if no change is made to the rest of the system. Higher coolant temperatures would be required at some times to ensure adequate heat rejection. For these reasons, it would be more feasible that controlled engine cooling can be attained using controlled coolant flow rate at stable feed temperature rather than controlled coolant temperature with fixed coolant feed rate for a practical system. The benefit of this approach would only be fully enabled with the adoption of a controlled engine cooling system which can vary its operation to take account of prevailing conditions.
Conclusion

The effect of lower coolant temperature on NOx emissions from a Diesel engine has been evaluated in conjunction with revised settings for injection timing and EGR ratio. The experimental results show that NOx can be reduced by up to 30% by lowering coolant temperature set point as part of an integrated calibration exercise. The responses of SFC, CO and HC also show minor improvements with more favorable trade-off characteristics. It is concluded that by controlling the level of cooling applied to the engine, NOx can be reduced with negligible impact on SFC, and also enable engine settings to be reoptimized for a better fuel economy and emissions trade-off.      
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