
Table 1 Comparison of Various H2O2 Concentrations

Fig. 1 Monopropellant FPHP

This paper investigates a hydraulic system which uses hydrogenperoxide 
to drive a novel free piston hydraulic pump (FPHP). The

FPHP combines two past areas of research: the use of monopro-pellants 
to power hydraulic systems with turbine driven pumps

[2,3] and free piston hydraulic pumps driven by IC engines[7-12]. 
Although gasoline and other hydrocarbon fuels have very

high energy densities, a breakthrough in the development of areliable 
IC free piston engine hasn't occurred, primarily resulting

from several technical challenges that include maintaining a con-
stant compression ratio with the absence of a crank shaft, properlytiming 

the ignition, and starting the engine. These challenges arise
from the need to compress the air-fuel mixture in IC engines andto 

ignite the mixture at a certain piston location. Since monopro-pellants 
systems do not require compression, these problems areeliminated.

into an accumulator, and draws low pressure hydraulic fluid from
a reservoir into the Left Hydraulic Chamber (Fig. 2b). When the
piston reaches the end of its stroke, the gases are vented to the
atmosphere through the Left Exhaust Port, which is machined into
the cylinder (Fig. 2c). This marks the end of the first stroke of one
cycle. During the second stroke, monopropellant is injected intothe 

Right Catalyst Bed, resulting in hot gas expansion in the Right.
Hot Gas Cylinder, which drives the piston to the left. This forcesthe 

hydraulic fluid in the Left Hydraulic Chamber into the highpressure 
accumulator, and draws in more low pressure fluid intothe 

Right Hydraulic Chamber. This cycle is then repeated. Thus,the 
FPHP is able to produce power with each stroke, since the

Check Valves ensure that the hydraulic fluid is drawn into each
Hydraulic Chamber when the piston moves in one direction, andpumped 

out at high pressure when the piston returns in the other
direction. Since the area of the hydraulic piston is smaller than the
hot gas piston, pressure amplification is produced. This allows the
FPHP to achieve higher pressures in the hydraulic fluid.

The design of this engine is much simpler than existing ICengines. 
There are no cams, complex exhaust port routing, or fuelmixture 
requirements. There is only one basic moving part: theFPA. 

This simple design results in a compact, reliable, and robust
machine. Another important feature of this system is that as a
result of the simple radial geometry it can be manufactured fairly
inexpensively.

2 Description of FPHP
The basic power source design, illustrated in Fig. I, consists oftwo 

Hot Gas Cylinders and a Hydraulic Cylinder. A cycle of theFPHP 
operation begins with the opening of the Left Solenoid

Valve, allowing liquid monopropellant to flow into the Left Cata-
lyst Bed. The Catalyst Bed, typically a metallic mesh, decomposesthe 

liquid monopropellant into high pressure decomposition gases,
which enter the Left Hot Gas Cylinder through the Left Hot Gas
Inlet (Fig. 2a). The expanding hot gas performs work on the Left
Hot Gas Piston, forcing it to the right. Since the Hot Gas Pistonsare 

rigidly connected to the Hydraulic Piston by a Connecting
Rod, forming a single free piston assembly (FPA), the Hydraulic
Piston is also forced to the right. This motion drives the hydraulicfluid 

in the Right Hydraulic Chamber through a Check Valve and
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3 H2O2 as a Monopropellant
Although the FPHP could make use of any monopropellant,

hydrogen peroxide was chosen for the prototype. Hydrazine, the
most widespread monopropellant in the aerospace community be-cause 

of its high energy density, is carcinogenic and very costly tohandle. 
Hydrogen peroxide, on the other hand, has several char-

acteristics making it much safer to use. First, it has a very low
vapor pressure allowing personnel to handle the monopropellant
without respirator systems. Furthermore, by diluting high strengthperoxide 

with water, any immediate dangers can be easily elimi-nated. 
Finally, the decomposition products of hydrogen peroxide

are hot steam and oxygen, which are nontoxic to humans. In ad-
dition to these benefits, since there is a relatively large market for
high concentration hydrogen peroxide in the textile and integrated
circuit industries, there is an infrastructure in place to commer-
cially obtain the monopropellant. These advantages make hydro-
gen peroxide the best choice to study the FPHP in a laboratoryenvironment.

One hundred percent hydrogen peroxide reacts according to the
following reaction:

(b) Hot gas expands forcing FPA to the right catalytic surface

2HzOz(l) ---+ 2HzO(g)+OZ(g)+ 1.6MJ/kg (2)

Although pure hydrogen peroxide is desirable from an energy
density standpoint, lower concentration 70% hydrogen peroxide
with 30% water and 90% hydrogen peroxide with 10% water are
less expensive and readily available for testing. The vaporization
of the extra water in these lower concentration monopropellants
further reduces the energy density, however. Table I outlines the
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(c) Hot gas vents through exhaust port

Fig. 2 Operation of Free Piston Hydraulic Pump
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nal energy of the hot gas. This internal energy, assuming an .ideal
gas approximation, can be calculated from the gas temperature,
T ~' the total mass of the gas, m g' and the specific heat of the gas,
Cy:

AgPgH.

AgPgL

Esystem=U=mgcvTg (6)

The mass of the gas can be also be expressed as the product of its
density, p, the hot gas piston area, and FPA displacement:

Fjric -Friction Force 1-+ x

A g -Area of Hot Gas Piston
Af~ Area of~ydraulic Fluid Piston
PgH~ Hot Gas Pressure on High Pressure Side
PgL -Hot Gas Pressure on Low Pressure Side
PjH ~ Hydraulic Fluid Pressure on High Pressure Side
PjL -Hydraulic Fluid Pressure on Low Pressure Side

mg=pAgx (7)Assuming 

ideal gas properties, the specific heat can be calculated
from the gas constant, R and the specific heat ratio k, which are
known properties of the gas:

Fig. 3 Free Body Diagram of FPA

(8)
Rc"=:k-]

monopropellant energy densities, and decomposition temperatures
for various concentrations of hydrogen peroxide.

Inserting 

Eq. 7 and 8 into Eq. 6 yields:

(9)
-AgxpRT gU- k-l=Esystem

The 

ideal gas law can be written as:

(10)P gH= pRT g

Substituting Eq. 10 into Eq. 9 yields:

A gx-P gH

k-l

Esystem=

(11)

4 Dynamic Analysis of FPHP

4.1 Theoretical Modeling. The dynamics of the FPHP are
detennined by the dynamics of the free piston assembly motion
which are governed by:

IF=mx=Ag(P gH- P gJ-AIPfH-PfL)-F fric (3)

where m denotes the mass of the FPA, x is its linear acceleration
and IF is the sum of the force~ acting on the FPA, which are
illustrated in Fig. 3. No force is modeled on the back faces of the
hot gas pistons since both are well vented to atmosphere.

The hot gas cylinder of the FPHP is modeled as a control vol"
ume with the hot gases entering at the adiabatic decomposition
temperature (T ad) of the hydrogen peroxide as illustrated in Fig.4. 

Since each stroke occurs in a relatively short time, very little
heat is lost through the cylinder walls. The process is therefore
assumed to be adiabatic. The energy balance for an adiabatic con-
trol volume with entering gas is:

Differentiating 

Eq. 11 with respect to time:

d Ag.

d/Esystem=k=T(XPgH+.x (lZ)

Since ideal gas properties are assumed, the enthalpy of the incom-
ing hot gas can be determined from its temperature:

h.=c T=kc T=I p V (13)
.d

IiIjhj- W= dt Esystem (4)where 

IiIj is the mass flow rate of hot gas into the control volume,hi 
is specific enthalpy of the gas, W is the rate of work done bythe 
system on the surroundings, and Esystem is the total energy ofthe 
control volume system. The rate of work can be calculated

from the FPA velocity, x, the hot gas pressure, P gH' and the hot
gas piston area, A g :

Substituting Eqs. 5, 12, and 13 into Eq. 4 yields:

W=AgP gHX (5)

Since the kinetic and gravitational potential energies of the hot gas
are negligible, the total energy of the system is equal to the inter-

Decomposition Gases ~t Tad riI;(t) = rilmono(t- 7") (15)

By combining Eq. 14 and 15 and reordering terms, an equation for
the hot gas dynamics is produced:

--t-+1
I I

I ,
Control volume

~ ~ I

PKH,X (16)

Equation 4, and subsequently Eq. 16, assumes that the volume of
the hot gas cylinder is equal to zero when the FPA position, x, is
equal to zero. Since the volume of the hot gas cylinder is not zero
when the FPHP begins a stroke, x can be defined as:

x

(17)Fig. 4 Control Volume for Hot Gas Cylinder X=Xn + Xclearance
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