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Abstract

Waste Heat Recovery (WHR) systems based on the Organic Rankine Cycle (ORC) are under development in several sectors of the
commercial vehicle industry, both for on-road and off-road applications. It is considered to be a viable technology to achieve future CO;
legislation.

This paper describes the layout and integration of a WHR system into a prototype Euro VI long haul Iveco Stralis vehicle, with a particular
focus on safety on-road.

Four interacting tasks to assure “confidence in use” for the WHR system operated in a demonstrator vehicle on a public road are described:
risk analysis, advanced control strategies, quality management and design validation.

The developed WHR control system is presented together with examples of the control strategy in transient operation.
Furthermore, test bed results together with simulation outlook are presented to show the advantages and potentials of a WHR system on a
condensed real life driving cycle.

1. Introduction

Waste heat recovery [1,2,3,4,5,6,7] is considered as one of the major drivers to reduce CO, emission for on-road truck application along with
other drives such as electrification [8], improved turbocharging [9] and reduced vehicle rolling resistance.

As a proof of concept, AVL and FPT Industrial launched a joint project with the aim to develop a cost effective mechanical waste heat
recovery system for an IVECO Stralis Euro VI truck with the following project targets:

» Demonstrate the performance of the WHR technology
» ROI (end-user price): < 2 years

» Vehicle fuel consumption reduction: = 3%

» Integrated system into engine / vehicle

» Packaged on IVECO Stralis Euro VI

This paper will present results from the layout and transient test bed phase of the project.

2. WHR System Architecture

Figure 1 presents the schematic of the architecture together with photos of the test bed setup and vehicle integration. A parallel setup of the
exhaust and EGR evaporator enables the highest heat input into the WHR system for the temperature levels and boundary conditions of the
truck application [7]. It was chosen to use the vehicle frame for the test bed setup enabling the same positioning of the WHR components for
the test bed and in the vehicle.
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Figure 1 System Architecture, test bed and vehicle setup

AVL tools and methods were applied to support the choice of architecture and components with a strong focus on modularity and reduced
complexity.

Based on thermodynamic calculations, ethanol was chosen as the operating fluid for the ORC cycle due to the higher power output
compared to water and R245fa for the temperature levels experienced for the truck application [7]. A piston expander connected to the PTO is

used to mechanically transfer the power to the shaft.

The combustion engine used for the test bed and vehicle is a FPT Cursor 11 (Euro VI) diesel engine.

3. Safety approach for on-road operation

For this type of prototype development, the target is to have the reliability and functional safety confidence in the use of an ethanol based
ORC WHR system for a vehicle prototype operated on public road with a skilled driver. To achieve this “Confidence in Use”, a comprehensive
(cross domain) safety approach has been followed in the project (see Figure 2) with the support and review of TUV SUD.

Confidence in Use

Risk Analysis

Design and Validation Plan|

Quality Management ‘Advanced Control Strategies

Figure 2 Four interacting tasks to assure “confidence in use” for the WHR system operated
in a prototype truck on public road
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The “Confidence in Use” approach consist of four interacting tasks:

> Quality management: To ensure appropriate development quality and competences of the teams (including suppliers) for
the development of the system. Design and layout fulfilling all major requirements specified in relevant standards such as

Pressure Equipment Directive (97/23/EG) and Functional Safety (1ISO26262)

> Risk analysis: 396 control and design failure modes and resulting hazards were identified during the risk analysis. For each
individual failure mode, counter measures (i.e. mechanical design, control, driver skills, etc.) were defined to minimize the risk
» Design and validation plan and report (DVP&R): With a strong focus on the risk analysis and mitigation of random failures,
an extensive test campaign has been performed on test bed to validate the design and functionality of the WHR system. An

example is shown below

» Advanced control strategies: The control system is able to detect malfunction of the system such as leakage, pressures
and temperatures outside the defined limits or pumps not functioning. Counter measures ranging from switching on of a
warning lamp to complete shutdown of the WHR system is then automatically initiated

10

In Table 1 is one example of a DVP related task and the corresponding functional validation performed during the test bed phase. The

example relates to the belt connecting the expander to the power take-off (PTO) of the combustion engine.

Table 1 Validation task of expander belt temperature in steady state and transient operation

Task Group Task

Related failure

Explanation

System test Functional test

Damage or slipping of belt

Measurement of temperature profile on test bed
for belt in stationary and transient operation

The belt temperature was measured in 9 stationary points and the results are shown in Table 2.

Table 2 Measured belt temperature in stationary operating points

Engine speed/Load 25% 50% 75%
1200 rpm 53°C 59°C 72°C
1500 rpm 52°C 52°C 62°C
1800 rpm 53°C 57°C 62°C

A maximum belt temperature of 72°C and 57°C was observed in stationary and transient operation respectively. The values recorded are

well below the maximum threshold temperature and the tests have successfully passed.

As a result of the four interacting tasks assuring “confidence in Use”, the proposed WHR system has been successfully integrated into a long

haul truck. The proposed approach led to higher confidence for the use of the WHR system by providing explicit awareness of the related risks,

required counter-measures as well as appropriate verification and validation steps. Outlook for next generation will be the optimization of safety

measures in order to reduce costs and further increase in WHR system efficiency.

4. WHR System Control

Beside the fine tuning and robust control of parameters like system pressures, temperatures and actuator positions and speeds, the overall

operation strategy of the expander machine has a major impact on the fuel consumption reduction potential.

For that reason the project partners have developed a patented control logic (state machine) as shown in Figure 3. On a high level point of

view following five states have been defined:

1 — Expander warm up

2 — Expander start

3 — Expander operation

4 — Gear shift

5 — Sailing / Warm up / braking



ENGINE REVIEW

SOCIETY OF AUTOMOTIVE ENGINEERS OF JAPAN

Yol. 6 No. 1 2016

11

Depending on the actual state, the demand values for the controllers (e.g. temperatures, pressures and actuator positions) are calculated

and closed loop controlled. For the transition between the states, exact conditions have been defined and implemented in the overall control

strategy. As an example, the transition from state 1 to 2 is triggered if the working fluid is superheated up-stream and down-stream the

expander machine. In state 2 the expander machine can, if necessary, be started by activating a starting device. This starting unit could be a

magnetic clutch or an electric starter motor.
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Figure 3 Schematic of WHR state machine
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Figure 4 shows measurement results during system warm up (state 1), expander start (state 2) and system operation (state 3). The working

fluid temperature at expander machine inlet (T_Expander_In) is closed loop controlled by using the feed pump and the exhaust evaporator

bypass valve. Additional the system pressure upstream expander (P_Expander_In) and the gas temperature at exhaust evaporator inlet

(T_Gas_Evaporator_In) are shown as a result. After warm up the state machine changes from 1 to 2 and after successful start of the expander

machine state 3 is reached. As can been seen in the detail window, the speed up of the expander to the synchronous speed takes approx.

1.5s.
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Figure 4 WHR system warm up, expander start and operation
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5. Simulation and Test Bed Testing Activities
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A complete vehicle system model consisting of an engine model, powertrain model including WHR system, and simplified control logic for the

auxiliaries was built within a vehicle modelling environment [7]. This model was used during the WHR system layout phase to simulate

transient cycles in order to quantify the influence of architecture and changes in supplier hardware specifications such as expander or heat

exchanger efficiency. Additionally the simulation model was later verified by test bed results and then used to predict the potential of future

development tasks such as oil content reduction or alternative working fluid (See Figure 6 below).

The engine and WHR system was mounted on the vehicle frame and installed on an AVL transient test bed. An extensive test program was

conducted covering:

» Stationary and transient optimization

» WHR control development

» WHR specific hardware tests

> Safety tests

» WHR system Design and Validation Plan (DVP)
» Validation of simulation model

Figure 5 presents the exhaust evaporator gas inlet temperature and expander ethanol inlet pressure for a part of a condensed real life

transient cycle tested on test bed. For this run, only the exhaust evaporator has been used as heat input for the WHR system with an average

gas temperature around 300°C. The driving force for the expander is the ethanol inlet pressure having an average value of 17.2 bar for this

test.
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Figure 5 Part of the condensed real life transient cycle. Test performed on test bed

with WHR using exhaust evaporator only.
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A comparison between measured test bed results and simulation are presented in Figure 6 together with a prediction of further reduction

potential for the WHR system in the future. The figure shows a good correlation between simulation and measurement for the setup using the

exhaust evaporator only. Additionally the figure shows the potential BSFC reduction with WHR when including the waste heat from the EGR

cooler together with other measures leading to a potential BSFC reduction above 3.5%.
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BSFC reduction with WHR

+ Expander efficiency increase

+ New working fluid / Under-pressure at
condenser

+ Improved cooling system

+ Oil content reduction

+ Exhaust + EGR

Simulation (Exhaust only)

Measurement on testbed (Exhaust only)
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Figure 6 Comparison of test bed measurement results (black) and simulation (blue)

for a long haul truck operated under real life boundary conditions and transient operating profile
with an average power of 108 kW

6. Conclusion and outlook

The current test bed activities have shown a BSFC reduction of around 2.5% in realistic real life transient operation using the exhaust gas
evaporator only. Validated simulation predicts up to 3.5% and above when adding the heat from the EGR cooler and further optimization of the
individual components. Planned activities are vehicle tests on public road which will continue until the end of 2015. The safety and design
validation activities already performed indicates that all major safety issues can be appropriately and successfully managed therefore changing
the focus of further activities to cost reduction, component reliability and increased WHR system efficiency.
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