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" TEST RESULTS FOR A RECIPROCATING PUMP POWERED BY DECOMPOSED HYDROGEN PEROXIDE

John C. Whitehead*
. Lawrence Livermore National Laboratory
Livermore, CA 94551

. Abstract

A four-chamber piston pump has been tested in several
evolving cbnﬁgurations. A significant improvement over an
earlier hydrazine pump is the elimination of warm gas
leakage in the powerhead. This has been achieved through
the used of soft seals for the power piston and intake-
exhaust valves, with gas temperatures approaching 800 K
(980 F). The pumped fluid serves as a coolant, and the
cylinder walls and heads are made of aluminum for high
thermal conductivity, low mass, and affordability.

Introduction

This paper is an interim progress report toward pump-fed
rocket propulsion on a small scale, or what amounts to
miniaturized launch propulsion technology.  Potential
applications include small upper stages, maneuvering
vehicles, lunar landing and liftoff, and Mars ascent.! As on
launch vehicle liquid stages, the underlying principle is the
use of low-pressure lightweight tanks and compact high
pressure thrust chambers to reduce total system hardware
mass and improve packaging. Absent, for example, are the
gas vessels typical of pressure-fed spacecraft systems.

Figure 1 shows a simplified schematic. This can be
implemented with any monopropellant, given appropriate
material choices including decomposition catalyst in the gas
generator. More generally, Fig. 1 is effectively half of a

. bipropellant system. A key requirement for a gas generator

cycle system is that the pump must deliver liquid at a

_pressure higher than its drive gas. The resulting potential

for boundless pressure amplification is controlled here by
the regulator in series with the gas generator.

While most of the propellant is pumped directly to one or
more thrust chambers, a small fraction of it performs the
pumping work. Ideally, this is done at a high gas
temperature, since a lower density reduces the amount of
propellant required. - A key challenge in pump design is to
increase temperature while avoiding excesses in mass, size,
cost, gas leakage, etc. As shown in Fig. 1, the gas may be
cooled by a heat exchanger if necessary.
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Figure 1. Pump Fed Schematic for Monopropellant.

Hydrazine Pump (1988-1993)

Beginning in 1988, a high pressure hydrazine pump was
developed at LLNL for advanced technology programs.
This was ultimately flight-tested in a four-chamber
configuration, shown in Figure 2.2

A key design driver was a concern of overheating the

hydrazine being pumped. This led to deliberate thermal

isolation of the power cylinder from the pump cylinder.

The uncooled power cylinder was given solid graphite

piston rings, and the resulting leakage meant a continuous -
heat flux to the pump even when no liquid was flowing.

Ironically, this result of the overheating concern in turn

justified the concemn! :

In Fig. 2, four working cylinder assemblies are bolted to a
central liquid manifold block which contains inlet and outlet
check valves. This arrangement lowers liquid pressure
losses as well as mass. At any time, two cylinders are
pressurized for propellant delivery, while the others refill
from the tank. Opposite pistons stroke toward each other,
which cancels net mass shifts to greatly reduce vibration.
There is no external control, as the gas intake-exhaust valves
are synchronized pneumatically.3 Piston speed and
switching frequency can vary all the way down to zero, at
full pressure. Actual flow. depends entirely on thrust
chamber valve actuation, just as in a pressure fed system.

American Institute of Aeronautics and Astronautics
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Figure 2. Four Chamber Hydrazine Pump Tested in 1993.

Table 1 indicates sizing and performance for the hardware
pictured. The 365 gram assembly delivered its own mass in
liquid each second above 6.2 MPa (900 psi), from a tank at
0.35 MPa (50 psi).. This flow of hydrazine supports
vacuum thrust 230 times the pump's earth weight. As in
any launch vehicle engine, the pump is far lighter than the
weight savings in tanks and thrust chambers.

For ‘operation in a gas generator cycle, a key performance
parameter is the pressure ratio of the liquid- discharge to the
driving gas. This boost ratio falls in the graph as flow rises.
Boost is reduced by pressure losses in passageways

Table 1. Characteristics of the Quad Piston Pump.

Sizing Information

Mass As Tested 365 grams ;
Liquid Cylinder Bore 25.4 mm (1.000 in)
Gas Cylinder Bore 31.75 mm (1.250 in)
Piston Area Ratio 1.56

Max Piston Travel 12.8. mm (.504 in)

Ideal Liq Displacement 6.5 c¢ x 4 cylinders = 26 cc per cycle

Bench Test Results

g

Max Tested Flow
372cc/s =16.7 Hz
x 22.3 cc/cycle

Powered by Helium at 300 K
Water Supplied at 0.35 MPa (50 psi)
Discharge Pressures 6-9 MPa (900-1300 psi)

Liquid Outlet Pressure
Gas Supply Pressure

&

during the power stroke, particularly the liquid discharge
check valves and the gas intake. Even the static boost ratio
(1.50) was below the piston area ratio (1.56), because gas

leakage caused intake flow.

Maximum flow equals the liquid cylinders' rate of refill.
This depends on tank pressure, sizing of the liquid inlet
check valves, and gas exhaust restrictiveness. Hence, the
gas valves in Figure 2 vent directly to ambient with no
exhaust manifold. »

The greatest technical challenge to perfecting a highly
reliable system was the need for dynamic warm gas seals on
the pump pistons and in the intake-exhaust valves. Solid
graphite seals were used near 1000 K and simply allowed to
leak even more gas than was needed for pump power.
Reducing leakage not only reduces consumption, it shifts
the pressure boost curve upwards.

Liquid Cooled Two-Cylinder Pump (1998)

| During a multi-year funding hiatus, design concepts for the

intake-exhaust valves were refined using a series of plastic
prototypes. Fluoroelastomer valve seats leaked so little that
it was tempting to run them at elevated temperatures.
Aluminum became the material of choice for the powerhead,

‘since it can conduct heat away from the seals.

This approach was first tried on a low-performance pump,
designed for a self-pressurizing system.4 Figure 3 shows
this two-cylinder pump, which delivered roughly 3 g/s of
hydrogen peroxide at ~3 MPa (>400 psi), while being
powered by 700 K (800 F) gas. Under such conditions in a
steady 5-minute test, the aluminum housing containing the.
gas valves reached only about 370 K (200 F).

Reliable operation was demonstrated on numerous
occasions without gas leakage, and without refurbishment.

. 'While the power to weight ratio was very low, the thermal

Gas -
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Inlet

l 1 1 1 L
0 100 200 300 400
Liquid Discharge Flow, cc/s

Tests with Hydrazine

Pump Fed Engine Static Tes(, 520 N Thrust at Sea Level
Pump Fed Engine Flight Test, 260-260 cc/s for 37 s Duration

Half Quad Lite Test, Warm Gas & Water, >1500 cycles

2cm
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Gas Out
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Figure 3. Aluminum 2-cylinder HTP pump (220 grams).
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results were sufficiently cool to warrant testing a higher
flow pump with soft seals, and aluminum parts to conduct
heat to the pumped liquid.

Non-Boosting Quad Pump (1999-2000)

A clean-sheet quad pump design was started in 1999.
Unlike the bolt-on cylinders in Fig. 2, the liquid cylinders
and the check valve block are machined as one piece. This
part, shown in Figure 4, is very compact and less
complicated by virtue of eliminating bolt patterns, seals, and
cylinder flanges. The 12.7 mm (0.50 inch) diameter suction
port is at the center.

Figure 4. One-piece liquid block and cylinders (62 grams).

Powering an aluminum. pump with gas approaching the
metal's melting temperature was considered to be a major
uncertainty. Primarily for this reason, a risk managed
approach was pursued beginning in 1999. As in Figure 5,
thin, flat pistons separated gas and liquid in shared
cylinders, so that the "gas cylinder" walls and piston seals

~— Clamp Band

Gas Valve Head Li quid

Quad
Liquid
Block

Figure 5. Cylinder cross section for non-boosting quad.

-

would be directly cooled by the pumped liquid. This
configuration also has a short thermal path between the gas
valves and the liquid coolant, and is very compact overall.

In Figure 6, the gas valve heads are attached directly to the
cylinders of Figure 4. Obviously, the liquid discharge
pressure is below that of the drive gas in this configuration.
In order to use such a non-boosting pump in a propulsion
system, it needs a separate gas source or a small helper
pump (e.g. Fig. 3) to feed a gas generator from a common

‘propellant tank. This approach requires additional system

complexity, but potentially offers more packaging options.

Pneumatic
Signal Tubes

Gas Feed
Ports (2)

Gas Supply,
1/8 inch tubing

Figure 6. Non-boostiﬁg quad piston pump (305 grams).

In addition to the one-piece block and . liquid cooling,
another major difference from the 1993 hydrazine pump is
the absence of intricate welded titanium assemblies. In
Figure 6, the gas intake-exhaust valve bores are machined
into the heads. The exhaust ports accept header flanges.

The non-boosting quad pump was first tested in late 1999.
Various problems were diagnosed over the course of a year
of bench testing, and improvements were implemented. The
pumped fluid was water from a tank held at 0.35 MPa (50
psi): Typically, the pump was powered by helium after a -
hardware change, then decomposed 85% HTP was used.
Metal temperatures were below 422 K (300 F). i

One interesting problem is that the discharge pressure with
warm gas drive was initially much lower than would be
expected from the helium results. It was speculated that the
piston seal friction increased with heating. However, high
speed pressure data showed dropouts in the discharge
pressure, which were responsible for reducing the average
pressure. The pistons were bottoming out before the

American Institute of Aeronautics and Astronautics



25 312  2000Novec
Gas Feed Manifold
0
25 312 psia '_'| : : AT
: ] AR f 1 r
Gas q r-l ﬂ ] 1 1 nll ‘ 1 _|
¢ | Cylinder .
BRI z l
U IR RRLIL B U
; ; ;
=y 0 " . ! i 1K
S ) e TN NRAAENRAAAAALE 10 i
R : Cylinder - : |
2 I
: 1R |
n-QF l__:&\_é el b th l L.IJLJI.
25t ) ___ " 200 psia __ . _4
RS T
' 5 ccls : 75 cols :
Liquid Discharge 170 cc/s 210 cels 70 cels
(9.7 Hz)
0 * T v v v
0.000 2.000 4.000 6.000 8.000 10100

. Time, seconds . :
Figure 7. Throttle response of the non-boosting quad piston pump. Frequency tracks flow, as determined by demand.

adjacent cylinders started pumping. Helium drive resulted
in small pressure dips rather than dropouts, so it became
apparent that the intake-exhaust valves were switching too
slowly with HTP drive. This is most likely due to the
“higher fluid density (and possibly liquid water) in the
pneumatic signal tubes that control the intake-exhaust
valves. A timing advance solved the problem.

A key feature of reciprocating pumps (without rotating

inertia) is that flow can change rapidly to feed whatever -

thrusters are turned on. In Fig. 7, a manual discharge valve
was adjusted to simulate demand from a throttleable thrust
chamber. Liquid flow varied as indicated.

In this test, decomposed 85% hydrogen peroxide was fed to
both opposite ports of the circular tube manifold in Figure
6. The gas feed transducer.and an immersion thermocouple
were connected close to one of the ports. Each time the
intake-exhaust gas valves switch, there is a pulse of extra
flow, which causes the gas feed pressure dips. The liquid
pressure falls to 85% of its value for about 10 ms. .

4

In this particular test, the gas supply thehnocouple reached
690 K (781 F). A thermocouple on a gas valve head
indicated a maximum of 420 K (297 F). This is well within

the short term capability of aluminum alloys. In another

similar test at a steady flow, the quantity of HTP required to
drive the pump was under 2% of the pumped amount at 300
psi.

Boost Kit Quad Pump (2001) ~

Given the promising temperature data above, the next step.
was to test a boosting quad pump. Ideally, the gas cylinders
and their heads would be larger than the liquid cylinders.
However, the heads and valves in particular are relatively
complicated and time-consuming to fabricate. A lower cost
approach was conceived, as shown in Figure 8.

Essentially, a "boost kit" retrofit was devised, so that the
existing liquid block and existing gas heads could be used.
The new gas cylinders had to be the same diameter as the
existing liquid cylinders to use the old heads. These parts
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Figure 8. Cylinder cross section of boost kit.
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and new differential-area pistons were installed using
existing spare clamp bands. The drawback of this approach
is that the effective working diameter and volume
displacement of the liquid cylinders were reduced internally.
A preferred pressure boost ratio (~1. 5) was compromlsed
to 1.4 in order to not cut the liquid

- Figure 9. Quad piston pump with boost kits (350 grams).

displacement further.. In addition, there is the unnecessary
mass of extra seals and clamps in the complicated joints.
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Figure 10. Boost kit quad pump pressures at 144 cc/s water flow, powered by decomposed 85% HTP.
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As a functional test article, however, the "boost kit quad
pump"” has the essential feature. Compared to Fig. 5, Fig. 8
shows a far longer thermal path between the gas valves and
the coolant (pumped liquid).

Figure 9 shows. the assembly viewed from the discharge
face of the quad block, which has four individual ports for
the check valves. Note that the pneumatic signal-tubes are
not symmetrical. Each of the gas heads on the left sends a
pressure signal to both of its adjacent gas valves. The mass
of the hardware pictured is 350 grams. This does not
include the gas supply manifold, which will have larger
tubes than those in Figure 6.

As of this writing, only a preliminary test series has been

_ conducted with the "boost kit" quad pump. Restrictive gas
supply tubes were assembled with heavy fittings, as the
lightweight brazed version is not yet available. Figure 10
shows results for the highest flow and highest pressure test
attempted to date. As before, the pump was bench tested
with water as the pumped fluid, and powered by
decomposed 85% hydrogen peroxide. The frequency is 9.4
Hz (37.6 cylinder displacements per second) at .an average
flow of 144 cc/s. “As labeled pressure levels indicate, the
discharge pressure exceeded that of the drive gas.

There are high-amplitude pressure' dips in the liquid
discharge, but the gas supply trace is much smoother than
before. The restrictive gas supply tubes were between the
transducer and the pump. It is most likely true that there
were large switching dips in the actual pressure at the gas
head intake ports. Therefore, the new gas supply manifold
with larger tubes is expected to greatly smooth out the
pump discharge pressure.

As before, an immersion thermocouple was placed in the
gas generator line, just before the pump manifold. Two
additional thermocouples on one gas cylinder wall and its
associated head were wrapped with several layers of woven
fiberglass to minimize convective losses. Temperatures for
the test of Fig. 10 are plotted in Figure 11.
preliminary thermal results are surprisingly encouraging.
Once again, a potentially risky thermal design philosophy
seems to be workable.

Note that the gas hc.ad temperature continued to rise after
the discharge valve was shut at t=9.4 s to stop the test. The
head is much thicker than the cylinder wall, so there is
clearly heat soakback from the inside of the head which ran
somewhat hotter. How much hotter remains unknown, but
there is still a 100 K margin to a reasonable design
condition for short term operation of aluminum alloys.

These -
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Figure 11. Temperatures during test run of Figure 10.

Conduction calculations can easily be done, but the thermal
loading is complicated. Steam condenses on the cylinder
walls, and local evaporative cooling probably occurs as each
exhaust pulse is released.
measurements will be attempted in the future.

Discussion

The overall boost ratio actually achieved in Fig. 10 has little
margin to accommodate gas generator pressure drops in the
schematic of Fig.1. Nevertheless, it is planned to test the
boost kit quad pump in a complete system at moderate
thrust. The less restrictive gas supply manifold will help
some. Improved outlet check valves are -also being
considered. Subsequently, a larger piston area ratio is most
likely needed in a new design having gas cylinders larger
than the liquid cylinders. '

A long term goal has been to dupﬁcate the power-to-weight
ratio performance of the 1993 hydrazine pump, while

Exhaust gas temperature -

eliminating warm gas leakage and simplifying the design to .

reduce cost. Ongoing experimentation has resulted in
significant progress toward that end.

Given appropriate material choices, similar pumps will work -

with other propellants. For example, there is every reason
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to believe that a liquid cooling approach can be used to
pump hydrazine with its own decomposition products
without the high gas leakage experienced previously. As
noted in Ref. 1, some pre-cooling of the gas may be
required. :
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