
.

2017 DOE Vehicle Technologies 
Office Review

Affordable Rankine Cycle (ARC) Waste Heat Recovery for 
Heavy Duty Trucks

Principal Investigator: Swami Nathan Subramanian
Eaton

June 8, 2017
Project ID # ACS097

This presentation does not contain any proprietary, confidential, or otherwise restricted information



2

• Project lead: Eaton Corporation
• Collaborations:

• PACCAR Inc.
• Modine Manufacturing Company
• Purdue University
• Mississippi State University
• Kettering University
• Argonne National Laboratory
• Shell Global Solutions 
• AVL Powertrain Engineering
• Torad Engineering

• Performance: Improve Heavy Duty engine
efficiency (improvement > 5 %) through
WHR systems

• Emissions: Engine efficiency improvement
without NOx and PM penalty

• Cost: Cost effective Rankine Cycle WHR
system

Timeline

Budget

Barriers

Partners

Overview

Total Project Funding: $ 4,027,142
DOE (Eaton): $1,813,571
DOE (FFRDC) : $   200,000
Eaton Cost Share:$2,013,571

DOE Funding BP1: $1,018,011
DOE Funding BP2: $   795,560

• Project Start Date: 11/25/2015
• Project End Date:   03/31/2017
• Phase 1 Percent Complete: 100%

Budget Period Start Date End Date % 
Complete

Phase 1 11/25/2015 06/30/2017 100

Phase 2 07/01/2017 06/30/2018 Not 
Approved
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Program Objectives
• Demonstrate heavy-duty diesel engine fuel economy improvement through “Roots

Expander based Rankine Cycle Waste Heat Recovery Systems ”:
• Using engine coolant as the working fluid for WHR loop
• 5% Fuel Economy (FE) improvement

• Demonstrate that other pollutants, such as NOx, HC, CO and PM will not increase
as part of the overall engine/WHR/exhaust after treatment optimization

• Demonstrate a plan for 50% cost reduction by incorporation of ARC system

Phase 1 Objectives
• Study the feasibility of engine coolant as WHR working fluid
• Analyze exhaust heat energy availability in a heavy duty diesel engine through

experiments and quantify the FE improvement from baseline experimental data
• Design WHR system components (Roots expander, heat exchangers) for Rankine

cycle based on available exhaust energy
• Analytically predict 5% fuel economy improvement

Relevance
Objectives of This Study
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Milestones

Month/Year Milestone Status
Feb 2016 Kick off Meeting Completed

March 2016 Engine Baseline Completed

Nov 2017 WHR Architectures 
Evaluation 

Completed

March 2017 Go/ No Go Review Completed
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• Using baseline 13 liter PACCAR HD diesel engine,
characterize and quantify the potential waste
energy sources for construction of thermodynamic
analysis models – June 2016 (Completed)

• Evaluate different ARC WHR system architectures
theoretically and finalize optimized system (assess
working fluid composition, heat exchanger layouts,
expander size) – Nov 2016 (Completed)

• Predict ARC system performance through
analytical investigation – Jan 2017 (Completed)

Approach/Strategy
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• Baseline engine calibration and experimental data
collection

• Coolant feasibility analysis
• Two phase CFD analysis with two component engine

coolant
• Analytical investigation of ARC WHR architectures
• WHR components design and development (analytical

work)
• Analytical investigation of ARC performance

Technical Accomplishments and Progress



7

Technical Accomplishments 
WHR Analysis

System performance constrained by:
1. Not recovering coolant energy

from engine block
2. Max EGR inlet temperature limit
3. Working fluid: 240ºC max

temperature, 12 bar max
pressure & 0.5 max quality

4. Radiator heat rejection limitation

~1.5% Predicted F.E. Improvement
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Technical Accomplishments 
WHR Analysis

With additional heat rejection (larger radiator)

4% F.E. improvement is possible 

Engine Coolant Limits
240°C max temperature, 12 bar max 
pressure & 0.5 max quality
Engine Heat rejection Limitation 
Minimum tailpipe (TP) heat recovery 
at A25 and A50 and no TP at A75 and 
A100

Engine Coolant with increased upper spec 
(300°C & 16 bar)

240°C & 12 bar

300°C & 12 bar 

300°C & 16 bar 
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Responses to Previous Year Reviewers’ 
Comments 

1. Approach to performing the work

This project was kicked-off Feb 2016 and the slide deck submitted to AMR team in April 
2016. Hence reviewers had no major comments in most of the sections.

Different WHR architectures were analyzed
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Responses to Previous Year Reviewers’ 
Comments 

1. Approach to performing the work

WHR analysis shows that a similar level (~4%) of benefit can be achieved with this
approach using a larger radiator to address the vehicle’s current heat rejection
limitation. Results have been provided in this slide deck.

WHR analysis conducted in phase 1 and a final architecture has been selected based 
on boundary conditions (coolant degradation, engine EGR inlet temperature, vehicle 
heat rejection limitation) and results provided in this slide deck.
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Responses to Previous Year Reviewers’ 
Comments 

1. Approach to performing the work

Team worked with NIST to obtain proper working fluid properties (glycol-water two phase
conditions) in phase 1 and analyzed different WHR architectures. Analytical results show
~4% of F.E. benefit can be achieved by adding radiator heat rejection capacity.

Team members agree with the working fluid constraint on glycol decomposition
temperature. Selected SET 13 operating conditions based on customer payback weighting
factors were used for F.E. improvement calculation.
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Responses to Previous Year Reviewers’ 
Comments 

2. Technical accomplishments and progress
• No major comments

3. Collaboration & coordination
• No major comments

4. Proposed future work
• No major comments

5. Does it support petroleum displacement goal
• No major comments

6. Resources
• No major comments
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Collaborations and Coordination

Team Member Responsibility

Eaton (Prime) Design, develop, characterize, and deliver ARC system – HDDE exhaust waste heat recovery 
application

Torad Design, develop, prototype, and deliver expander

Paccar
Perform engine baseline testing and provide inputs for basic WHR analysis, ARC system architecture 
optimization, HDDE performance predictions, and commercialization 

Modine
Design, develop, characterize, and deliver Heat exchangers for ARC system – (EGR cooler, Post 
turbine boiler, Radiator which accommodates two phase condition and liquid to liquid condenser for 
testing purpose)

ANL Perform two-phase heat transfer testing and develop correlations for analytical model predictions

MSU Conduct experiments for working fluid feasibility in engine ORC system and final demonstration 

Kettering University Perform CFD analysis of the Roots expander design as well as inlet and outlet optimization for mixed-
phase working fluid

Purdue University Plant model development and WHR system analysis 

AVL Perform system analysis, optimization and support commercialization analysis 

Shell Global Solutions
Conduct coolant analysis, support the project in an advisory role and provide expertise on engine 
coolant technology (formulations) and physical, chemical, and bench performance testing
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• The baseline PACCAR engine provides an excellent
platform for WHR demonstration

• 50/50 glycol-water mixture has been used as the working
fluid (no secondary working fluid circuit)

• Original system architecture does not meet the 5% F.E.
target and is constrained by the engine coolant upper
specification and vehicle’s heat rejection limit (based on
WHR analysis for specific operating conditions)

• Decision to stop ARC when Budget Period 1 ends 31
March 2017

Summary
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Technical Back-Up
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Engine Coolant – WHR Working Fluid

Engine Coolant Limits
<240°C max temperature  (Team selected 220°C as the operating temperature)
<0.5 max quality (Team selected 0.47 as the operating quality)
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Engine Coolant – WHR Working Fluid

Engine Coolant Limits
<15 bar max pressure ; Team selected 12 bar as the operating  pressure
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Torad Expander CFD Analysis

Theoretical analysis with the following assumptions 
• Fluid frictional losses been included but

mechanical losses (such as losses in gears and
bearings) are not included

• Leakages around the tip of the vanes been
included

• No heat transfer to the housing




