
• Motivation

– Free-Piston Linear Alternators (FPLAs); Attractive for 

stationary power generation.

– 2-stroke piston motion, variable compression ratio, 

high part-load efficiency, fuel flexibility.

– Linear piston motion - reduced friction losses.

– Suitable for lean Homogeneous Charge 

Compression Ignition (HCCI): high thermal efficiency, 

low NOx and PM emissions.

• Challenges:

– Gas exchange in 2-stroke engines – High trapping 

losses – low combustion efficiency, high UHC 

emissions

– Advanced piston motion control strategy

• 2 regions of fresh charge backflow to the combustion 

chamber (figure 2 left):

– Reduced scavenging efficiency, air box design was modified to 

eliminate backflow.

• 2 distinct regions of trapping losses were recognized:

– Figure 2 Right Period A: Direct Entrainment losses; fresh charge 

entering the combustion chamber with low momentum entrained in 

the exhaust flow (figure 3(a-c)).

– Figure 2 Right Period C: Loop losses; fresh charge looped around 

the combustion chamber entrained in the exhaust close to exhaust 

port closing (figure 3 (d-f)).

• Low trapping efficiency – ntr = 87%
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Motivation and Challenges

• Develop 3D CFD model of the entire engine in 
CONVERGE CFD [1].

• Use RANS to solve Navier-Stokes equation, RNG 
k-ε turbulence model [2], and modified law of the 
wall by Amsden et al. [3]
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• Use SAGE combustion model [4] , a skeletal 
chemical kinetics mechanism [5], and a multi-
zone model [6].

• Use adaptive mesh refinement (AMR) and 
variable time-step.

• Use METIS for load balancing [7].

Research Methods

• Scavenging efficiency:     𝑛𝑠𝑐 =
𝑚𝑡𝑟,𝑓𝑟𝑒𝑠ℎ

𝑚𝑡𝑟,𝑡𝑜𝑡𝑎𝑙

• Trapping efficiency:      n𝑡𝑟 =
𝑚𝑡𝑟,𝑓𝑟𝑒𝑠ℎ

𝑚𝑆𝑃−𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟

• Effective equivalence ratio: 𝜑′ = 𝜑 ∗ 1 − 𝑅𝐺𝐹

• Goal for natural gas HCCI: φ΄=0.25 – 0.35, nsc = 25-35%, 

ntrapping > 98 %  [7]
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Figure 1: Free piston  engine model

Figure 2: Fresh charge flow (left) and instantaneous trapping 

losses (right) as a function of CAD
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Goal: Improve Trapping 
Efficiency

• Proper design of the gas exchange process is critical in 

FPLAs

• 2 different mechanisms of trapping losses were 

recognized:

– Direct Entrainment losses

– Loop losses

• Targeting the scavenge port to the back wall of the liner 

and increasing the scavenge port angle increased trapping 

efficiency

• ntr = 98.5 % for the target nsc without poppet valves can be 

achieved

• 38% gross indicated efficiency was simulated

Conclusions

 

 

 

 

Figure 3: Pathlines of direct entrainment (a-c) and loop (d-f) 

trapping losses.

5 distinct regions for flow

control and initial conditions

specification:
• Combustion chamber

• Scavenge ports

• Airbox

• Exhaust Port

• Intake Port

Figure 4: Effect of target point (a) on fresh charge flow (b) and 

instantaneous trapping losses (c) 
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Figure 5: Effect of scavenge port angle (a) on fresh charge flow (b) 

and instantaneous trapping losses (c) 
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• Targeting the scavenge ports to the liner reduced direct 

entrainment losses (figure 4).

• Increasing angle between scavenge and exhaust port 

eliminated direct entrainment losses (figure 5).

• ntr = 98.5 % was achieved for nsc = 35.5 %.

• Multicycle operation: HCCI combustion with 38% gross 

indicated efficiency.


