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Cross-reference to Related Applications

[0001] The present application claims benefit of priority to U.S. Provisional Patent
Application No. 61/120,776, entitled “Regeneratively Cooled Porous Media Jacket” and filed on
December 8, 2008, specifically incorporated by reference herein for all that it discloses or
teaches.

[0002] This technology was funded in part under NASA contract NNX09CB12C
administered by NASA/Shared Services Center. The U.S. Government may have certain rights

in the invention.

Background

|0003] Research in rocketry has led to numerous improvements in design of rocket
engines, propellants, and power. At least one problem has, however, remained. Rocket engines
genel;ate both high temperature combustion gases and an enormous amount of heat release
during operation. It is a difficult engineering challenge to design materials, structures, and
cooling methods to handle such extreme operating temperatures and/or to dissipate heat from
lower temperature materials exposed to the hot combustion gases without loss of performance of
the engine and without loss of integrity of the engine structure itself. During engine operation,
the temperatures involved may reach (and potentially exceed) 3450 °K (approximately 3200 °C).

Without effective cooling, many materials typically cannot be used for the engine because the
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operating temperatures of the engine can approach or exceed the melting point of the materials or
can cause the materials to operate in a temperature regime of a material where the structural
properties are poor. Furthermore, the combustion gases in the gas boundary layer that is in
contact with an internal combustion chamber surface typically are more corrosive to these
materials because of the existence of highly reactive gas molecules at elevated temperature
compared to lower temperatures. Cooling the gas boundary layer that is in contact with an
internal combustion chamber surface can decrease the concentration of reactive species and
therefore reduce the chemical corrosive nature of the combustion gases. In addition, even after
engine shut-down, unless the engine was sufficiently cooled during the engine operation, residual
heat contained in the engine may soak-back and damage or destroy temperature sensitive
components elsewhere in the engine system (e.g., actuated engine valves that have low
temperature valve seats, solenoids susceptible to overheating, or electrical wiring with standard
insulation that may melt at typical engine temperatures or any combination of the above).
Existing cooling approaches fail to provide adequate cooling during and/or after engine

operation.

Summary

[0004] Implementations described and claimed herein address the foregoing problems
by providing materials and methods for regeneratively cooled rocket engines, including rocket
engines operating at very high temperatures. A regeneratively cooled jacket encompasses a
combustion chamber of the engine, and a coolant fluid flows through a porous-media-filled
channel formed between the exterior of the jacket and the interior of the jacket. In one
implementation, the interior of the jacket forms the inner bounds of the combustion chamber.

The channel includes materials having porous media elements to allow coolant fluid to flow
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through the channel. In some implementations, the materials include low temperature
nonrefractory metals, such as nickel or aluminum.

[0005] The coolant fluid disclosed herein is exemplified with the nitrous oxide fuel
blend monopropellant disclosed in related U.S. Patent Application No. 12/268,266, entitled
“Nitrous Oxide Fuel Blend Monopropellants” and filed on December 8, 2008, which is herein
incorporated by reference, but other mono or bipropellants and other fluids may also be
employed. In addition, the type of ignition system useable with the regeneratively cooled jacket
may vary with the type of propellant used. The metal useable with the regeneratively cooled
jacket may also vary with the type of propellant used, as it may be desired in one implementation
that the metal be noncatalytic with the particular propellant.

[0006] Rocket engines using the regeneratively cooled jacket disclosed herein may be
used for cooling large rocket engines such as those in launch vehicles, small rocket engines such
as those used to control attitude in spacecraft or satellites, or other engine applications. It should
be noted that gas generation, work extraction (for example, through pistons or turbines), and
substrate heating are also valid uses for this technology.

[0007] “About” and “approximately” are intended to specify “plus or minus 10%”

throughout this disclosure. Other implementations are also described and recited herein.

Brief Descriptions of the Drawings

[0008] FIG. 1 illustrates a launch vehicle using an example regeneratively cooled
rocket engine.
[0009] FIG. 2 illustrates a satellite using an example regeneratively cooled rocket

engine.
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[0010] FIG. 3 illustrates the cross sectional geometry of an example thruster thermal
model rocket engine incorporating a regeneratively cooled porous media jacket.

[0011] FIG. 4 illustrates the cross sectional geometry of the coolant path of an example
regeneratively cooled porous media jacket.

[0012] FIG. S illustrates a method of making an example regeneratively cooled porous
media jacket using layers made by lithographic methods.

[0013] FIG. 6 illustrates a method of making an example regeneratively cooled porous
media jacket using metal foam parts.

[0014] FIG. 7 illustrates an example implementation of an inlet manifold of a
regeneratively cooled porous media jacket.

|0015] FIG. 8 illustrates another example implementation of an inlet manifold of a
regeneratively cooled porous media jacket.

[0016] FIG. 9 illustrates a graph demonstrating pressure drop data through a porous
media regeneratively cooled jacket.

[0017] FIG. 10 illustrates porous media jacket fluid geometry configured for an
example rocket combustion chamber.

[0018] FIG. 11 illustrates an example heat transfer model geometry and thermal node
network.

10019} FIG. 12 shows a close up of an example structure of the porous media
overlapping hexagonal structures made by a lithographic method.

[0020] FIG. 13 shows example locations of thermocouples and combustion chamber
pressure port located in a prototype rocket combustion chamber with a porous media jacket as

discussed in Example 6.
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[0021] FIG. 14 shows an example combustion chamber pressure as a function of time
from the exemplary prototype engine described in Example 6.

[0022] FIG. 15 shows temperatures recorded by example thermocouples at indicated
locations as a function of time from the exemplary prototype engine described in Example 6.

[0023] FIG. 16 illustrates an example cooling jacket with ribs described in Example 6.

[0024] FIG. 17 illustrates an example cooling jacket with vanes to direct the flow of the
coolant.

[0025] FIG. 18 illustrates an example cooling jacket with microtubes to direct the flow
of the coolant.

Detailed Description

[0026] FIGs. 1 and 2 illustrate examples of regeneratively cooled rocket engines
disclosed herein for use with launch vehicles and attitude controls rocket engines, respectively.
In FIG. 1, a rocket nose 102 is affix on a rocket body 104, which includes a propellant tank. An
ignition interface 106 is located between the rocket body 104 and a combustion chamber 108,
which feeds into an expansion nozzle 110. In the illustration, the rocket would be propelled from
left to right. The combustion chamber 108 includes a regeneratively cooled porous media jacket
through which coolant fluid (e.g., liquid or gas) can flow to cool the rocket engine 112.

[0027] In FIG. 2, a satellite 200 includes a satellite body 202 and two solar panels 204
and 206. A number of rocket engines 208, 210, 212, 214, and 216 are affixed to the satellite
body 202 for use in controlling attitude in a satellite 200. Each rocket engine 208, 210, 212, 214,
and 216 includes a regeneratively cooled porous media jacket through which coolant fluid (e.g.,

liquid or gas) can flow to cool the rocket engine.
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10028] FIG. 3 demonstrates an example use of a regeneratively cooled engine 300
having a porous media jacket. In this implementation, one or more un-combusted propellants,
acting as a coolant fluid, enter through an inlet tube 302 and travel through a channel 304 filled
with porous media. The porous media fills the channel between the inner wall 312 and the outer
wall 314 of the rocket engine 316 and is in thermal contact with both walls. The porous media
functions to allow coolant flow through the channel 304 and to increase heat transfer from the
combustion chamber 308 into the flowing coolant. The coolant flow is shown generally by the
solid arrows.

[0029] The coolant/propellant then flows from the channel 304 across the injection
head 306 and enters a combustion chamber 308 where an exothermic reaction takes place. As
such, the cooling fluid ignites in the combustion chamber 308. The combustion gases travel
through the throat constriction 309 and are accelerated by means of a contoured nozzle or
expansion nozzle 310. The paths of the combusted gases are shown generally by the dashed
arrows. By accelerating mass (e.g., combustion gases) through the expansion nozzle 310, thrust
is generated. In addition to thrust generation, the regeneratively cooled jacket disclosed herein
may also be used in systems in which a combustion chamber is used for gas generation, work
extraction (for example through pistons or turbines), and substrate heating.

[0030] The pressure and temperature of the combusted gases are extremely high,
particularly in the area of the throat 309. The inner wall 314 of the rocket engine 300 is heated
by the combusted gases on its inner side (e.g., facing the combustion chamber) and cooled by the
coolant/propellant flowing through the porous media on its outer side (e.g., facing the

channel 304).
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[0031] FIG. 4 demonstrates an example implementation of a regeneratively cooled
porous media jacket 400. An incoming coolant fluid (all or part of the combustion
reactants/propellants) enters the engine through an inlet interface 412, which is represented as a
tube, although other inlet interfaces may be employed. The fluid is distributed into a
channel 405 within the jacket 400 through a manifold 407. The channel 405 is filled with porous
media 406 to allow the fluid to flow through the channel 405 within the jacket 400. The fluid
flows through the porous media 406 about the circumference of the channel 405 and from the
inlet interface 412 to the end of the channel 405 near an injection head (not shown but located
approximately at 409) along the contour of the combustion chamber and throat of the engine.
The fluid path within the channel 405 is constrained by a combustion chamber wall 404 and an
outside shell 408. Both the combustion chamber wall 404 and the outer shell 408 are membranes
impermeable to fluid flow, keeping the fluid within the channel 405.

[0032] The porous media 406 and channel 405 terminate in the vicinity of the injector
head. An injector head suitable for use with the intended propellants can be integrated with the
jacket 400 at 409. The heat generated in the combustion chamber 402 is coupled to the incoming
propellant thereby achieving relatively cool thruster temperatures (by rocket thruster standards).

[0033] In the field of rocketry, recognition that porous media would actually allow gas
and two-phase propellants to be used as an engine coolant has not been previously realized and is
not obvious. Unlike preliminary experiments that demonstrate bounding heat flux estimates for
heat transfer into liquid coolants, in order to develop an engine capable of being 1) gas-cooled, 2)
gas + liquid phase (two-phase) cooled, or 3) alternatively liquid-cooled but insensitive to liquid

film boiling that generates gas (and corresponding hot spots) in a coolant jacket, requires a more
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complete system model and understanding of the complex fluids and heat transfer environment
in an engine and porous media.

[0034] Exemplary parameters of the porous media jacket that can be varied in
producing a jacket design with a gas-phase coolant include without limitation the jacket porosity,
jacket thermal conductivity (through jacket material selection), the jacket effective pore diameter
and general shape of the micro-fluidic passages guiding flow, and finally the jacket gap. These
parameters are all varied and optimized in order to produce a jacket design that ensures sufficient
cooling of critical engine surfaces of varying heat flux in an engine that are exposed to high gas
temperatures while simultaneously minimizing the core pressure drop of the coolant moving
through the jacket. For gas phase propellants, an additional constraint in the design of the jacket
is the sonic velocity of the local pore space gases as they move through the micro-fluidic
passages. Unlike liquid propellants, the local micro-fluidic gas phase velocities are limited to
sonic velocities and experience difterent pressure drop characteristics that can be severe as the
gases approach these sonic velocities. Therefore, in the design of the jacket, ensuring that the
local pore gas velocity remains well below the sonic velocity is an additional overall jacket
design constraint. Finally, the nature of bulk fluid convection as it moves through the porous
media under a temperature gradient is relevant for determining enhancements in heat transfer.
For example, in the vicinity of the throat, high speed fluid creates sufficient turbulence to help
mix the fluids between the inner and outer jacket walls and enhance the jacket heat transfer
characteristics. To get this same effect in sections of the jacket where coolants move slower, the
jacket gap may be reduced (at the cost of enhanced pressure drop) or additional structures

embedded in or as part of the porous medium may help force fluid mixing.
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[0035] Sintering metal media can be formed of fine metal particles that are placed in a
mold, mechanically compressed, and heated until the particles bond together. The level of
compression and the temperature can be varied to produce materials with widely varying
mechanical and flow characteristics. The material produced may range from a solid metallic part
to a highly porous metal matrix, depending on the base media chosen and the sintering process.
Porous metal matrix parts see wide use in filtration, dispersion, mixing, catalytic reaction, flow
stabilization, and noise reduction. However, their use as heat exchangers is generally limited to
applications where pressure drop is not a major design factor.

[0036] Metal foam is a broad term used to describe a matrix where both solid metal and
open or closed cellular voids exist. Metal foams can be formed by a number of methods; the
material is termed a “metal foam” as long as the final product contains voids. If the voids are
connected, the foam is referred to as “open-celled”, and if they are not, it is referred to as
“closed-celled”. Open-celled foams may comprise as little as 3% of starting media density with
specific surface area approaching 50 in*/in’. In other words, as much as 97% of the volume
within the matrix can contain open flow paths. A porous media of this type is said to be of 97%
porosity (¢). To minimize pressure drop while maximizing heat transfer surface area, porous
media in the form of an open-celled foam appears promising to facilitate regenerative cooling for
certain implementations of rocket thrusters and other engines.

[0037] The details of selection of characteristics of porous media and design of the
regeneratively cooled jacket of rocket engines are discussed in Example 3 below. Briefly, the
function of the rocket imposes certain limitations. For example, it is desirable to maintain
pressure as the coolant flows out of the channel and into the engine’s combustion chamber. As

such, a large pressure drop from the inlet to the injection head is disadvantageous. If the
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pressure drop is too large, the engine size and mass can be increased to achieve a prescribed level
of thrust, and in some extreme cases, the propellant may not be able to sustain combustion at an
adequate level. In one implementation, if the pressure drop exceeds about 10% of the stored
propellant pressure (for the entire propulsion system from the propellant tank to the combustion
chamber), too much propellant may be left in the tank unused. A porous media having excessive
porosity will not cause an unacceptably high pressure drop, but it will also not transfer heat
efficiently out of the engine, as it is to a large extent, the volume of the porous media base
material (not the fluid) within the jacket’s channel that provides the primary heat transport
mechanism from the combustion chamber. Thus, porosity is selected to provide the correct
balance between pressure drop and heat transfer. The experiments disclosed herein have
suggested that material having a porosity generally not exceeding about 80% for materials for
rocket engines provide an acceptable balance. In some implementations, an acceptable porosity
1s about 50-60%. As noted above, and explained in detail in Example 3 below, a different
porosity may be selected for use with different propellants, as individual propellants have
different thermal conductivities and different temperatures above which they may be degraded.
[0038] The shape of the jacket is also a characteristic with functional constraints. The
throat area is the area with the most heat that needs to be dissipated. However, because the
inner/outer circumference of the porous material at the throat is the shorter than the inner/outer
circumference of the porous material elsewhere along the engine’s center axis, the annular cross-
sectional area (normal to the flow) of the porous material at the throat is smaller than the annular
cross-sectional area of porous material at any other point along the center axis if the jacket gap
remains constant. Design of the jacket gap can ensure that jacket gases moving through the

micro-fluidic passages near the engine throat remain well below local sonic velocities to avoid

10
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excessive jacket pressure drop. However, if the gap is too large, than the jacket cannot cool the
engine throat sufficiently resulting in engine failure. In many engine configurations, this engine
throat region typically has the highest heat transfer rates from the combustion chamber and is
sensitive to the critical design parameters identified above. These relationships are quantified in
Example 3.

[0039] Although a number of methods exist to manufacture porous media thrusters,
some methods are better suited than others. Outlined herein are two exemplary methods by
which similar outcomes can be achieved. Cost, repeatability, overall complexity, material
availability, facility availability, thruster design, coolant fluid choice, and thruster geometry are
likely discriminators in the choice between these methods. However, both methods can create
equally functional thrusters. The first is a stacked and bonded lithographic method, and the
second i1s a machined and assembled method. Both methods rely on the contour of the
combustion chamber and porous media predefinition in order to initiate fabrication.

[0040] Example 1 — Lithographic method

[0041] A photolithograph method of manufacturing is outlined in FIG. 5. In a stacked
and bonded manufacturing lithographic method, finite layers are fabricated which, when stacked
and bonded (along the axis of the engine), constitute the combustion chamber, porous media
channel, and pressure shell (in order from the inside of the engine to the outside of the engine).
Along the thrust axis of the thruster, the chamber contour changes in order to choke flow through
the throat area and expand the flow through an expansion nozzle to generate thrust.

[0042] The inside dimension of the porous media varies to follow the combustion
chamber contour, and the outside diameter of the porous media will vary to control the jacket

gap and micro-fluidic geometry in order to control cooling while minimizing pressure drop
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through the jacket. The three dimensional porous media jacket is build up in stacked layers and
typically fusion-bonded (applying heat and pressure) to allow the individual layers to bond and
form a monolithic structure. The core of the engine as well as external engine features can
subsequently be machined out from this monolithic block providing a sealed wall separating the
combustion chamber from the jacket as well as a sealed outer jacket wall. To accommodate this
three dimensional geometry in at least one implementations, each layer is positioned
perpendicular to the thruster axis. The finite layers contain all the features that, when stacked on
top of each other, create the desired thruster geometry in the resulting thruster. Therefore, the
layers include features that allow for fluid flow from the entry port of the thruster to the entry of
the porous media, as well as the features required to create the porous media at that particular
layer location within the thruster.

[0043] The features defining the porous media will usually be contained within an
annulus between the outside and inside diameter of the regenerative coolant path. Typically, the
design is laid out in sheets, with each element of the sheet representing a single layer of the
stacked structure. Each layer includes a ring of porous media material that has been etched or
otherwise applied to the layer. Further, the diameter of the ring of porous media is specific to
that layer and its position in the stack. For example, the diameter of the ring for a layer in the
throat region of the stacked structure is smaller than the diameter of the ring for a layer near the
injection head (e.g., near the top of jacket 400 in FIG. 4, at 409). These changes in ring diameter
effect the contour of the porous media within the jacket, as shown in FIG. 4. The individual
layers can also incorporate additional engine features, such as inlet access ports to the Jacket

micro-fluidic media and jacket outlet passages.

12
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[0044] Closely spaced hexagons are one good approximation of a finite layer of porous
media, though closely spaced squares, rectangles, arc sections, or other cross-sectional shapes
can also be used. The location of the selected shapes are often offset between different layers to
increase the tortuosity of the porous media, and in this manner a tradeoff can be made between
heat transfer from the media to the cooling fluid and pressure drop of the cooling fluid within the
porous media. By drafting these repeating shapes in the area constrained between the porous
media’s outside and inside diameter, and adding features to define other fluid passages, a design
for a finite layer of the thruster can be created. The lithographic design 502 of these patterns
dictates where material is to be removed from each metal layer. These enhancements can be
applied throughout the jacket or just locally where additional fluid mixing is desired particularly
in regions where the jacket fluid velocities are typically slow.

[0045] An alternative micro-fluidic design is one in which microtube bundles are
produced for the porous media jacket. The microtube bundles are allowed to have a slow-twist
about an axis that is roughly parallel to the axis of the engine such that the coolant is exposed to
both the hot inside and cooler outside jacket walls as the fluid moves through the jacket (see e.g.,
the microtube bundles of FIG. 18). This design effectively enhances the thermal conductivity of
the porous media matrix by enhancing heat transport through forced fluid convection between
the inner and outer walls of the jacket. In other words, the microtube bundles provide a
controlled flow of coolant between the inner and outer walls of the jacket, forcing the coolant to
flow from the hot inner wall to the relatively cooler outer wall. Other structures can also be
used, such as a twist ribbon structure (see e.g., the ribbon structures of FIG. 17), which can route
coolant in a swirling motion through the porous media, resulting in controlled flow of coolant

between the inner and outer walls of the jacket.

13
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[0046] As the cuts required to approximate porous media are complex, it is
advantageous to use a computer program for this design stage. When this process is repeated
down the thrust axis of the thruster, the design for a three dimensional porous coolant channel is
created within the resulting jacket.

[0047] The extent of overlap of the hexagons determines the tortuosity of the path of
any fluid going through the matrix. This size of the individual hexagons and the overlap
between layers is under the control of the designer, and thus materials can be made of the desired
porosity or tortuosity. A close up of the overlapping grids is shown in FIG. 12. In one
implementation, it has been found that a functional pore size for use with NOFB
monopropellants is about 10/1000 to 15/1000 of an inch. The selection of desired pore size for
specific systems depends upon the physical and thermal characteristics of the individual
propellant and matrix material, as shown in Example 3.

[0048] As an initial operation, the lithographic design 502 is applied to metal
components (e.g., foil layers). This application process may be accomplished by a number of
methods. For example, masking and chemically etching metal foils provides a repeatable and
reliable method to fabricate layers. This process can be started by transferring the design to a
transparent material in order to create a lithographic mask. Next, an ultraviolet sensitive material
is applied to the foil material that constitutes the individual layers of the thruster. When the
mask is placed over the UV-sensitive material, applying UV light to the combination causes the
UV-sensitive material to harden in specific areas to protect those areas from etching. That is to
say, every area that the UV sensitive material does not receive UV light (i.e., those areas
obscured by the mask) can be chemically removed, leaving only the foil areas that are covered

with a hardened protective coating of UV-sensitive material.
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[0049] An etching operation 504 removes the metal material that is not covered by the
hardened UV-sensitive material. In one implementation, the etching is accomplished by placing
the foils in a chemical bath. A separating operation 506 separates the etched metal foils from
one another to yield individual foil layers (such as layer 508). A stacking operation 510 stacks
the individual layers in an order that results in the porous media contour similar to that shown in
FIGs. 3 and 4. An example stack of layers is shown in as stack 512. An aligning operation 514
aligns the stacked layers to maintain precision flow paths, as shown in aligned stack 516.
Alignment can be accomplished by datum planes, alignment pins, or some other suitable jig.

[0050] A bonding operation 518 bonds the individual layers to form a single block 520
from the many individual layers. Bonding can make use of an auxiliary joining agent; however,
it may be advantageous to use diffusion bonding. One type of bonding that may be employed is
termed “Laminated Foil Bonding,” although other types of bonding may be used. Another type
of bonding that may be employed is termed “Laminated Foil Strain-Limited Solid-State
Diffusion Bonding” Diffusion bonding is a process by which excited atoms held in close
proximity to one-another may jump the boundary between layers. When enough of these atoms
make this transition, a bond is formed. Bonding of all layers forms the single block 520 from the
many individual layers. The close proximity is created by pushing the layers together under
load, and the atomic level excitation is created by heat. It should be noted that this is not melting
the layers together. They simply diffuse into one another with the result of the single block 520
formed from of the layers.

[0051] Bonding of layers may also be done in subunits (in which multiple layers
constitute one subunit). An individual subunit may be bonded (e.g., using laminated strain-

limited solid-state diffusion bonding), and then multiple subunits may be subsequently bonded
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together to form the entire jacket structure. In some embodiments, the layers are bonded in
subunits of approximately one-fifth to one tenth of the total layers, and then the five to ten
subunits are bonded together. The method of building and then bonding subunits may diminish
the possibility of distortion caused by bonding individual layers over a complete jacket structure.

[0052] As an example, the thruster tested in the experiments below is approximately 2
inches long. A thruster of this size may be made of 3,000 to 5,000 individual layers of
lithographic sheets. As engine size is increased, the thickness of individual layers may be kept
approximately the same, or may also be increased in a linear or less than linear manner.

[0053] In addition, bonding may be performed by a method known as “strain bonding”.
In this method, the layers are aligned and placed between two inflexible ceramic panels. When
heat is applied to this sandwich structure, the metal of the lithographic layers heats to cause the
adjacent layers forming bonds.

[0054] Following bonding operation 518, a machining operation 522 machines the
single block 520 to its final dimensions, yielding a regeneratively cooled porous media
jacket 524. In one implementation, because the bonding process requires alignment and uniform
pressure, it is not practical to fabricate the thruster with final dimensions pre etched, although
other implementations may allow pre-etching. The block 520, containing the contoured porous
media internal to the structure, is machined to final dimensions. A number of methods can be
used to perform the machining, but traditional metal fabrication methods (i.e. milling, lathing,
grinding, and drilling) are generally acceptable. The final jacket 524 can then receive any
auxiliary hardware required to operate/measure the thruster (i.e. inlet ports, measurement ports,
an injector head, a pressure cap, ignition mechanisms, and auxiliary hardware for mechanical

interface or measurements).
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[0055] In summary, FIG. 5 demonstrates a process for creating a regeneratively cooled
porous media jacket from a stacked and bonded structure. The process is initiated by applying
patterned designs to individual layers of metal components. The application process may
include, without limitation, chemical etching, laser cutting, machining (CNC or manual),
punching, sheering, electrical discharge machining (EDM), water jet cutting, plasma cutting, or
any combination thereof, although chemical etching has been found particularly well suited to
fabricate quantities of thin foils with very repeatable results. Individual layers are stacked in
alignment and then bonded to form a block having a three dimensional fluid path in a channel
between an impermeable inner wall and an impermeable outer wall. The interior and exterior
profiles of the block are machined to yield the regeneratively cooled porous media jacket in final
dimensions. The machining operation can employ conventional machining (CNC or manual),
EDM, grinding, or any combination thereof. The completed jacket can receive inlet ports,
measurement ports, an injector heads, a pressure cap, ignition mechanisms and auxiliary
hardware for mechanical interface or measurements.

[0056] Example 2 — Machined metal foams

[0057] An alternative method of manufacturing a regeneratively cooled porous media
jacket, involving machining and assembly, is described with regard to FIG. 6. The method of
manufacturing relies on more traditional mechanical design and fabrication methods. The
unassembled jacket is initially in the form of individual components: an inner wall 600 (which
defines the combustion chamber), two halves of porous media 602, and 604, and two halves of
outer wall 606 and 608. Candidate materials for the inner wall 600 include, without limitation,
copper, aluminum, nickel, nickel alloys, stainless steel, niobium, rhenium, tantalum,

molybdenum, carbon, carbon-carbon composite, or alloys/combinations thereof. Materials with
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higher thermal conductivity are advantageous for specific applications; however, chamber
material is chosen for the intended combustion process. Not all materials can be fabricated with
conventional machining, so a suitable process is employed. Candidate structures for the porous
media halves 602 and 604 can include open celled metal foam, sintered porous media,
sintered/diffusion bonded screens, or a combination thereof. Materials for the porous media
halves 602 and 604 can include, without limitation, copper, aluminum, nickel, nickel alloys,
stainless steel, niobium, rhenium, tantalum, molybdenum, or alloys thereof.

[0058] Forming the porous media halves 602 and 604 to the inner wall material can be
accomplished by machining (manual or CNC), EDM, mandrel pressing, or a combination
thereof. To achieve efficient cooling of the combustion chamber, effective thermal contact is
maintained between the porous media 602, 604 and the inner wall 600. One method to achieve
good thermal contact is the use of a braze or other high temperature wicking material. This
approach provides a conductive heat path from the combustion chamber into the porous media.
However, when use of braze is employed, care should be taken to avoid wicking material into the
pores of the media 602, 604. If the pores of the media 602, 604 are occluded, the heat transfer in
the media 602, 604 may be altered and the thruster may behave unpredictably. Further, the
method of joining the porous media 602 604 to the inner wall 600 should result in a joint that
will survive the extreme operating temperatures, be un-reactive with the coolant fluid, aid in heat
transfer, and be resistant to thermal cycle degradation.

[0059] These components are drafted (usually in a solid modeling program) and
fabricated individually. The materials choice defines the fabrication method. For traditional
materials, standard machining techniques (i.e. milling, lathing, grinding, and drilling) are

acceptable. However, if exotic materials are used, the fabrication method is adapted to the
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material. In one implementation, the inner wall 600 encompassing the combustion chamber is a
single part, although multiple parts can be used for this component. , The porous media
halves 602 and 604 are assembled around the inner wall 600, and the outer wall halves 606 and
608 for a pressure shell around the porous media halves 602 and 604 and the inner wall 600. To
accommodate the converging diverging nature of rocket thrusters, it has been found
advantageous to split components in half in order to assemble them on a single inner wall 600,
although other assembly configurations may be employed

[0060] The porous media material influences the manufacturing method as well. If a
porous media material displays sufficient strength to withstand machining tool pressure, standard
machining techniques can be used. However, if the machining process alters pores, breaks
bonds, or otherwise deforms the porous material, an alternate manufacturing process may be
considered. Candidate porous materials include open celled metal foams (such as ERG
Doucel®), sintered metal media, diffusion bonded screens (such as MKI Dynapore®), or a
combination thereof. The inner wall and the outer wall should typically be designed to mate well
with the porous media when choosing the material and manufacturing method. In most cases the
porous media also provides structural integrity to the jacket walls that are under fluid pressure.

[0061] To achieve good heat transfer from the combustion chamber to the coolant fluid
within the porous media channel, it is typically desirable to have good thermal contact between
the combustion chamber and the porous media. Unless two parts are held together under
pressure or have extremely smooth contact surfaces, a significant thermal contact resistance can
exist. A contact resistance can hinder heat flow from one component to another. The contact
resistance, however, can be reduced by filling the gaps with another conductive material.

Furthermore, for the porous media channel to be load-bearing and help structurally support the
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walls, the porous media can be bonded to the walls. One eftective method to achieve bonding
between the porous media and the walls this is by brazing the porous media to the combustion
chamber. The braze acts as a medium through which heat and mechanical load can be
transferred. A braze between the combustion chamber and the porous media is an effective way
to thermally and mechanically couple the porous media to the combustion chamber.

[0062] The outer wall halves 606 and 608 form a pressure shell to constrain the coolant
flow through the porous media 602, 604 creating a seal around the thruster. The parts are
assembled to be capable of handling the expected pressures and temperatures without allowing
coolant fluid to leak through the outer wall 606, 608. The material choice and the bonding
method will depend on the thermal design of the thruster (e.g., welding has been identified as a
particularly well-suited bonding technique).

[0063] The outer wall 606, 608 is illustrated as two half components in FIG. 6.
However, depending on geometry, it may be possible to slide as a single shell over the porous
media. Whatever geometry is chosen, the pressure shell forms a fluid tight seal on the outside of
the regenerative coolant media. Welding this interface may be advantageous due to fact that a
welded seal does not degrade at elevated temperatures. The weld joins both outer wall
halves 606 and 608 to the porous media halves 602 and 604 and joins the two outer wall
halves 606 and 608 to each other along joints 180 degrees from each other to form a jacket 610.
The jacket 610 can then receive any auxiliary hardware required to operate/measure the thruster
(1.e. inlet ports, measurement ports, an injector head, a pressure cap, ignition mechanisms, and
auxiliary hardware for mechanical interface or measurements).

[0064] Regeneratively cooled rocket engines have been tested using stainless steel,

nickel, copper, and aluminum materials. Materials may be chosen based on their temperature
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characteristics as well as their non-activity with a particular propellant to be used. In some cases,
it may be possible to modify the metal surface to avoid catalytic activity, while retaining the heat
transferring property of the metal.

[0065] FIG. 7 demonstrates radial injection into a porous media regenerative coolant
path (e.g., a channel) within a regeneratively cooled porous media jacket 700. In this
implementation, the coolant fluid (all or part of the rocket combustion reactants) enters through
an inlet tube 702. The inlet tube 702 flows coolant fluid circumferentially about the base of the
jacket 700 in an annular void 706 constrained on the outside by the pressure shell of the
jacket 700 and on the inside by the porous media 704. The coolant fluid also travels radially
inward through the porous media 704 into the regenerative coolant path up the inside of the
jacket 700 toward the injection head (not shown, but located at the top of the jacket 700 in the
perspective shown in FIG. 7). The annular void 706 can either be created by extending the
boundary of the pressure shell outward, or removing material from the porous media (as shown
in FIG. 7). Radial injection is suitable in cases where the porous media is uniform and has voids
in the axial direction similar to voids in the radial direction. However, if voids are an-isotropic,
radial injection can complicate designs or may not be possible at all.

[0066] FIG. 8 demonstrates axial injection into a porous media regenerative coolant
path (e.g., a channel) within a regeneratively cooled porous media jacket 800. In this
implementation, the coolant fluid (all or part of the rocket combustion reactants) enter through an
inlet tube 802. The inlet tube 802 flows current circumferentially about the base of the
jacket 800 in an annular void 806 constrained on the bottom by the combustion chamber, on the
inside by the combustion chamber (inner wall), on the outside by the outer wall, and top by the

porous media 804. In the case of a stacked layer construction, the annular void is constrained on
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all sides by the stacked layers that constitute the aforementioned components. The coolant also
travels axially upward through the regenerative coolant path up the inside of the jacket 800
toward the injection head (not shown, but located at the top of the jacket 800 in the perspective
shown in FIG. 8). This method of injection is advantageous in cases where porous voids are
concentrated in the axial direction. Such cases include the stacked layer method of construction
where it can be much easier to fabricate inter-connected voids in the direction of stacking than in
the radial direction.

[0067] FIG. 9 illustrates a graph 900 demonstrating pressure drop data through a porous
media element. Porous media flow is defined to provide sufficient cooling to a rocket thruster
while allowing sufficient propellant flow for the combustion process. To simplify characterizing
a porous media, it is generally advantageous to have a constant cross section through the
thickness of the element. That is to say, a homogeneous porous media with constant dimensions
is desirable. Said porous element should be fixtured and instrumented such that mass flow,
upstream pressure, and downstream pressure can be measured. If compressible fluids are used
for the combustion process (i.e. gases or two phase fluids), pressure drop can more accurately be
explained by plotting the mass flow of the fluid against the difference in squares of the pressures.
To develop the graph 900, data is collected for three parameters (e.g., mass flow, inlet pressure,
or outlet pressure). A quadratic curve 902 can be fit to the collected data, and linear and
quadratic coefficients of the quadratic regression are generated. Knowledge of the test element
dimensions and the test fluid properties allows one to extract flow coefficients. Equation 904
relates the quadratic coefficients to permeability and flow coefficients associated with Darcy
flow. The parameters in 904 are consistent with Example 3: P1 — Inlet pressure, P2 — Outlet

pressure, R — Gas constant, T1 — Test temperature, L — Length of porous path (thickness of
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porous element), C — Form coefficient, " - Mass flux (mass flow/flow area), 1 - Dynamic
viscosity, K — Permeability coefficient. The form and permeability coefficients are used in
subsequent analysis outlined in Example 3.

[0068] Example 3 - Model for design of regeneratively cooled jackets

[0069] Disclosed herein is a system level analytical fluids model of incorporating
porous media into a regeneratively cooled rocket combustion chamber jacket for purposes of
illustrating the capability of porous media in this type of application for allowing a rocket
thruster to operate on gas phase propellants. In this example, the specific problem of design of a
typically worst case (in terms of ability to cool and jacket pressure drop) gas-phase NOFB
monopropellant rocket engine is addressed, although different types of engines may be address
based on these teachings. More details on NOFB monopropellants can be found in the already-
incorporated U.S. Patent Application No. 12/268,266.

[0070] Heat transport into regeneratively cooled combustion chambers is commonly
limited by the thermal conductivity of the fluid. This in turn limits the cooling capacity of fluids
to cool combustion chamber walls. In a worst case scenario, the gas phase has such a low
thermal conductivity compared to liquids that hot spots readily form where phase transitions
from liquid to gas exist (i.e. boiling occurs). This process can be self-feeding since more boiling
will naturally occur in the vicinity of small hot spots that have started from small seed regions,
and these hot spot regions will naturally increase in size. In many cases, the growing hot spot
regions can lead to thermal failure and loss of structural integrity of the materials.

[0071] Variable and Parameter Definitions

[0072] (T) = Volume-averaged porous media temperature

[0073] T, = Jacket outside wall temperature

Jo

23



WO 2010/068636

10074]
[0075)
[0076]
10077]
[0078]
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[0080]

[0081]
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[0084]
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[0086]
[0087]
[0088]
[0089]
[0090]
[0091]
[0092]
[0093]

[0094]
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T, = Porous matrix jacket node temperature

T, = Jacket inside wall temperature

T, = Chamber wall temperature,

T., = Chamber freestream gas temperature,

T . = Chamber adiabatic wall temperature

q’., = Heat flux into Chamber wall

¢’; = Heat flux into Jacket inner wall

p = Jacket propellant (fluid) pressure

PJ’. = Jacket pressure gradient (along an isobaric line)

p; - Jacket propellant (fluid) density

m = Jacket propellant (fluid) mass flow rate

r” = Jacket propellant mass flux (Darcy)

u; = Coolant jacket porous media fluid velocity (Darcy)
u,, = Chamber-side freestream velocity

4, = Fluid viscosity

u, = Effective porous matrix fluid viscosity

M., = Combustion boundary layer average gas viscosity

¢, , = Fluid specific heat

¢, = Inter-jacket node fluid specific heat

¢, ., = Average combustion boundary layer specific heat

p.cbl

k, = Thermal conductivity for jacket fluid
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[0095] &

liner

= Thermal conductivity for chamber liner

[0096] %, = Thermal conductivity for porous matrix structure

[0097] &, = Effective thermal conductivity for fluid-filled porous matrix
[0098] R

= Heat flux effective thermal resistances for the chamber liner

liner

[0099] R, = Heat flux effective thermal resistance for the combustion gas boundary

layer

[00100] £ = Jacket porosity

[00101] K = Jacket permeability

[00102] C = Form coefficient

{00103} D - Experimental heat flow augmentation parameter for fluid tortuosity

[00104] G = Experimental heat flow augmentation parameter for solid matrix
tortuosity

[00105] 1, = Local jacket fluid gap,

[00106] t3ner = Local chamber wall thickness

[00107] r, - Radius to center of jacket,

[00108] r; = Radius to edge of jacket inner wall

[00109] r, = Radius to chamber inner wall

[00110] A theoretical model development, a method for evaluation of porous

media fluid properties, and exemplary analysis of a worst case gas phase NOFB monopropellant

rocket engine are described below.
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[00111]) Porous-Media-Jacket Fluids Model

[00112] An example porous media-jacket fluid geometry configured for a rocket
combustion chamber is illustrated in FIG. 10. A geometric definition 1000 of the jacket defines
some of the parameters listed above. A geometric definition 1002 defines several parameters
associated with a portion of the jacket surface, labeled as a variable contour of the jacket. A
geometric definition 1004 defines several parameters associated with the liner 1006 (i.e., the
inner wall) and the porous media 1008 of the jacket.

[00113] Porous-continuum flow is defined as a fluid regime wherein the mean pore
and solid obstacle dimensions are much smaller than the dimensions of the control volume
through which the transport processes take place. The constitutive equations for fluid flow in
this regime are applied to volume averaged continuum properties. The energy, momentum, and
mass balance equations for incompressible tluid flow (e.g. Mach number < 0.3 for gases)

through a rigid, isotropic, and homogeneous porous medium are respectively:

e (pe,), +-e)loc, ), ]@ﬁu(p% ) (@)-9)r) =k, v(7) o
V{p)= PVZ—&—i l(ﬁv) Ar_ , C(u <u

=] 22 2 o) %)), i )
V-(i)=0 3)

where < > indicates properties averaged over a volume larger than the mean free path of the
molecules and large enough to represent the average bulk properties of the structural porous
media matrix; (ﬁ)is the Darcy velocity averaged over an entire porous volume element (not fluid

velocity in pores); f, s, e subscripts denote fluid, solid, and effective properties respectively; and
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K and C represent the permeability and form coefficient of the medium respectively. Note Eq. 3
assumes the density of the fluid in the pore space changes relatively slowly as it moves axially
through the jacket. This is a reasonable approximation, given the relative shallow local
temperature gradients and pressure gradients parallel to the velocity vector that would cause
corresponding changes in tluid density particularly with a well-designed (low pressure drop)
jacket.
(00114} The effective thermal conductivity parallel and transverse to the flow can

be represented by:

k, =&k, + (1= &k, +(k, k)G @)

/(Z' :gk/.+(] —8)/($+(kf —kS)G+kaeD (5)

where G denotes an experimental parameter based on the influence of the solid matrix on heat
flow based on matrix tortuosity; Pe is the Peclet number; and D is an experimental parameter
used for characterizing the influence of fluid tortuosity on augmenting fluid heat transfer.
Because turbulence augments the transverse component of thermal conductivity, Eq. (4) can
conservatively be used for calculating heat transfer into the porous matrix.

[00115] In general G is not a scalar, but rather a tensor, since it has non-isotropic
variation in the porous-continuum associated with the non-isotropic variation in the effective

thermal conductivity:

5:——[[(”—(%(1—.9)0)7}
d ©)
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where o'is the ratio of solid to fluid thermal conductivity. However, for gases, G approaches 0.

In this scenario, Eq. (4) effectively reduces to:

k, =€k, +(1-&)k,

(7
[00116] For steady-state flow, Egs. (1) and (2) reduce to:
(e, i 9) =930 .
= Pri\ & A\ /=
V<p> = l:/ueVZ ——‘;<u> Y —i -p,C |<u>l <u>
£ K
)
[00117] Based on the axisymmetric geometry shown in FIG. 10 with no azimuthal

flow introduced, there can be no fluid flow normal to the chamber liner walls or in an azimuthal
direction. Furthermore, from Eq. (9), the isobars are normal to the fluid velocity streamlines that
are parallel to the chamber walls. As such, the average Darcy velocity and pressure gradient

reduces to:

<g>=gj =u}.(sin¢jf‘+cos¢j£) (10)

ap . Pyl . 0 Hu _
ot

J J (I 1)
Continuity adds the additional constraint:
o (_> 5.z ng ou, ) u, 5 du; 0
(U)=V-u,=sn@, —+sme, —+cosQ. — =
! 7 or Tr ! 0z (12a)
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Recognizing:

— =cos¢, ——+sin 9 i =-sing —a—+cos S
or 70x, / ayj.’ oz ! ox, 79y,
_ ou, u,
V-<z7>:a—(’~+sin¢j—’=0
Vi ! (12b)
ou . u,
ai =-sing, —li—
Y ! (12¢)
[00118] Substituting Eq. (10) into Eq. (11):
8[) ~ { 2 ﬂf - p/’ — A a . ~ A
— 3, =\ 4V === —p,Cu, lit, -5t §, = u}.(smq)}.r-lrcos¢jz)
dy; K £ y; (13)
[00119] Assuming a slowly varying fluid channel relative to fluid and thermal
gradients in the channel gap and substituting Eq. (12¢) into Eq. (13):
2 ng, ’
gﬁ:[ﬂeV‘—%ﬁ—(?lzﬁ—CJp,qut}. =P = const
) g ET y=const (14)

where Eq. (14) is constant across the cross-section as discussed above. Recognizing the fluid

mass flux, 7’ = p u, and that C=10* —10°, Eq. 14 becomes:

Ci” + By PP, =1, Vu,
K r=const ( 1 5)
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[00120] Note that in general, /" varies across the thin channel cross-section
particularly due to the variations in fluid density and viscosity that will occur under the presence
of a strong temperature gradient across the jacket.

[00121] Recognizing

to—t s =t —

9° 10 o 9 9 1
o’ ror oz 8,\'},2 )

o . d
cos g, . +sing, sy—j

J J
bl

then the viscous dissipation term on the right hand of Eq. (15) can be derived in terms of local

jacket coordinates:

odu; du, ou, u,
uVu, =, PRV P .i+sin¢.—u—’
! r ! ox 7y,

2
axj ayf2 J J (16a)
u, - ou,
=g 1 4 20592 (165)
: ox;” rooox
100122] Deriving the viscous dissipation term in terms of jacket mass flux:
. . P, .
ox; o, dx; p, ox; (17)
duy 1 9" A Ip,
ox, p, ox, pf.2 ox; (18)
9, _ Lo 2 dpy am"_iazp,- + 2”'1”[89/]‘
' pox” plox; ox, plax’ p o (19)
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Vi :Lazfﬁ”_ia&?ﬁ_i”_azpf+2m’[8pf}'+cos¢,- L 9" _cosg, i’ dp,

"p, D.\‘jz ,01.2 dx, O, pf2 ox’  p, | o roopy ox; roop, ox;
(20)
[00123] For typical values of K and 4, = 41,
L= (10° - 102
K r./‘tj
Vzujl~ it - m - it :
rp; rp, rpl; 1)
L)
}{“Wl
vl (10° =104 )o, 1,7
K (22)
[00124] Eq. (22) illustrates that £,V’u, can be neglected since the jacket gaps

necessary for allowing this term to be significant are smaller than the pore spaces or even mean
free path in the porous matrix in the first place. Eq. (15), therefore, becomes a quadratic in 7Y

that can be solved for the positive root:

" (T) =

uM| | 4K p, ()P,
2KC (, ()

(23)
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[00125] Recognizing r=xcos@, +r, —t;cos9,/2, dr =cos@,dx, Eq. (23) is

further constrained by the following overall continuity relationship:

t

J-Ih”l'dl' =2m |m"(x, )(x ,COSP, +1, —1;c089, /Z)dx_,.
0

m= |m-d4d=

s cosg; ;- 24)
[00126] Substituting Eq. (23) into Eq. (24) yields:
R 4CK’p TP
m =7<—C—0 u,(1) \/:W -1 (xj Cos@, +r,—1,cos @, /2)(1'.1‘j
| (25)
[00127] To determine the temperature distribution across the channel, Eq. (8) can
be expanded:
-~ 0 0 k o> 190 d°
) VAT)=u |sin@g, —+cosg, — (T)= | —+——+— (T
() 94ry= sing, o song, hr) = iy 5 20 2
pr (26)
100128] Eq. (26) can be represented in local channel coordinates using the
previously identified coordinate transformations:
Ty 9T sing, \HKT) cos@, (T
0,20 (o208 0)_omt,20)
8xj ayj Y ] X (27a)
llj (pCp )f c y m
alx;,y)) ==L =
where e € (27b)
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[00129]
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Ultimately, Eq. (27) may be solved with a 2D partial differential equation

solver. For the rocket combustion chamber problem shown in FIG. 11, the spatial gradients in

the x direction will dominate the temperature gradients in the y-direction in Eq. (27). A very

reasonable approximation to this solution that allows one to use a 1D solver to incrementally step

in the y-direction through the porous matrix is, therefore:

AT)
——=C0SQ,;
5~
[00130]
A7) _ 4
a.yj ji ke
[00131]
[00132]

2
0z ; ox; r,o ox; (28)
Note that the two boundary conditions apply at the jacket walls:
KT
)
, i 1o for worst case (hot) insulated casing (29)

Porous-Media-Jacket Heat Transfer Model

The heat transfer model geometry for transfer of heat from a rocket

combustion chamber into the porous media jacket with regenerative-cooling propellant is shown

in FIG 11, which illustrates an example heat transfer model geometry 1102 and thermal node

network 1100, both of which define parameters listed above and their spatial locations as is

applicable. The heat transfer model assumes, worst case, that there is a perfect insulating

boundary condition on the outside jacket wall such that maximum possible coolant propellant

temperatures are obtained. It should be noted that due to the finite wall thickness, particularly in

the vicinity of the throat, an axial correction between a given jacket axial node and the

corresponding chamber flux node is necessary as shown in FIG. 10. This correction is based on

assuming a spline f{it for the heat flow through the liner wall that is normal at both liner wall
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surfaces. Justification for this spline fit is described in more detail in the description on deriving
the liner thermal resistance. Furthermore, the temperature distribution across the jacket involves
a user specified number of inter-jacket nodes.

[00133] FIG. 11 illustrates an example heat transfer model geometry 1102 and
thermal node network 1100, both of which define parameters listed above.

[00134] Heat {lux through the thermal network can be calculated from:

(T '“Tji)

aw

q5(z)=
(R +R,0)) (30)

where My =40, /¢’ and the adiabatic wall temperature, T, , is estimated from:

T
WT,)-h(T,) = cp_EdT:%ui

T 31)

where 7,,,~ Pr’". Nodal temperatures can subsequently be calculated:
Tji.i = Tcn‘,i - Rli/m:i' 77q~ qz'i,i Tcw.i = Taw,i - Rcbl.i : 77q' q;ll (32)

[00135] The thermal resistance through the combustion chamber gas boundary

layer (subscript cb/) can be estimated from the Bartz equation:

- 0.8
171

1.8
r

¢ (33)

iy = 0.009058(c, 11"
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' | 18
R(,b,(Y,z):/——=110.4 BT
Tet CpeorMepr M (34)
[00136] The chamber boundary layer properties are evaluated at the average

temperature between the freestream temperature, 7,,, and the chamber wall temperature, 7,
denoted as 7. The chamber liner wall conductive thermal resistance is calculated from
consideration of the variation in liner wall geometry and finite liner wall thickness particularly in

the vicinity of the chamber throat. For steady-state conductive heat transfer:

j (kllnu lme: }]V k/,,w, IVI;”“,, dA 0
' (35a)

&mmjv ik, 2T 7l = (¢, cos @)1 2+ 1. Y, dz / cos{(d, + ,)12)

liner ay

+ k,,.m,,_%y_: 27[( —(t,cos9;) /Z)dz /cos@, —q.,2xr.dz/ cosg,
* b (35b)
100137} Assuming that the temperature gradient parallel to the jacket surface is

negligible compared to heat flow normal to the jacket surface (07/dy << 9T /dx) (verification of

this assumption should be made in post-model analysis):

9T\ _ 4., 089
ox|,; ik COSQ,

Ji Jiliner

(36)

[00138] Deriving the effective thermal resistance through the chamber liner wall
requires knowledge of the temperature gradient through the chamber liner wall and the variation

in cross-sectional area along this flow path. Given the large variation in heat flow cross-sectional
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area with radial as compared to axial changes inside the liner wall, a reasonable approximation

for the heat flow thermal resistance can be made by averaging the liner surface normal angles,

... = (9. +¢,)/2, and integrating along the resultant average straightline path (see FIG. 10).

[00139] Recognizing that along this path, dx_

z liner

=-dz,,./sing, w and

ave

dz/im'r = —dr/inur tan m'ew :

[COS%.,eaa—T—sin s, T J=2cos . T _ 4., CO84,, I

oz o, k

liner liner liner liner cos ¢c r/iner (3’7)
[00140] Integrating Eq. (37) with respect to r,,, along this path:
T - r 1n{2'3 —t;cos ¢j »
ow Ji cw
2kli/1er' cos ¢c | 2’1: (3 8)
[00141] From which the liner thermal resistance as defined in Eq. (31) can be
denved:
R, = r, ln(2r}, -t cos¢jl
< 2k, cos@, l 2r, l (39)
[00142] For steady state heat transfer:
n = qf.\,/qf,- _ 7(2r; —t;cos @, )dz/ cos g, _ 1 c08 @,
27rdz/cosg, 1, COSP, (40)
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[00143] Characterizing gas Pressure Drop through Porous Media

[00144] For purposes of developing experimental measurements of a porous
medium’s Form (C) and Permeability (K) coetfficients in experimental set-ups, for 1D steady-
state gas tlows through simple geometry (e.g. flat discs), a simpler form of Eq. (15) is desirable
that takes into consideration the variation in gas fluid density for large pressure drops.
Incorporating the ideal gas law, Eq. (15) can be integrated along a streamline that flows normal

to a disc surface:

(B? = B?)= 2RTLYC)oit"} + (2RTL 1, {ij(m”)
K 1)
[00145] Fitting this Eq. 41 to pressure drop data, best-fit Form (C) and
Permeability (K) coefficients from published pressure drop data of various sintered porous media
and metal foams (see Table 1) may be developed to incorporate into the fluids model described

above. Note: % Dense =1 — ¢, * denotes Sintered Metal Filters, and ** denotes Metal Foams.
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Flow Coefficient Comparison
C K
Media % Dense | (m*-1) (m*2)
0.5 micron Filter* 83% 1.00E+09 | 5.00E-14
1 micron Filter* 80% 2.00E+08| 1.50E-13
3 micron Filter* 69% 1.79E+07 | 5.50E-11
5 micron Filter* 70% 1.11E+07 | 8.00E-13
8 micron Filter* 70% 8.33E+06| 1.20E-12
10 micron Filter* 68% 5.88E+06| 1.80E-12
15 micron Filter* 64% 9.00E+05| 4.00E-12
20 micron Filter* 55% 3.33E+05| 1.00E-11
30 micron Filter* 56% 4.00E+05| 1.70E-11
50 micron Filter* 56% 3.13E+05| 2.50E-11
80 micron Filter* 52% 2.00E+05| 4.00E-11
100 micron Filter* 55% 1.08E+05 6.50E-11
150 micron Filter* 56% 9.09E+04 | 1.50E-10
200 micron Filter* 46% 7.30E+04 ) 2.58E-10
10 PPl Foam 8%** 8% 1.81E+02| 3.43E-09
10 PPl Foam 23%** 23% 2.09E+03 | -1.06E-09
10 PPl Foam 37%** 37% 6.70E+03 | -5.64E-10
20 PPl Foam 8%** 8% 2.32E+02| 1.52E-09
20 PPl Foam 23%** 23% 2.09E+03 | 2.41E-10
20 PPl Foam 37%** 37% 1.01E+04 | -3.94E-10
40 PPl Foam 8%** 8% 4.38E+02 | 2.00E-09
40 PPl Foam 23%** 22% 3.27E+03| 1.30E-09
40 PPl Foam 35%** 35% 1.15E+04 | -2.68E-10
Table 1 - Flow coefficients for various porous metal media
[00146] The metal foams and sintered metal filters are exemplary materials for

purposes of illustrating the characterization process of the porous materials for this application.

Additional porous media may be used in this application and similarly be characterized as above.

100147] Example 4 - Fluids and Engine Thermophysical Properties
[00148] The fluids and heat transport model from above has been applied to the

problem of designing a worst case gas phase NOFB monopropellant rocket engine using

uncombusted (jacket) and combusted (chamber) NOFB monopropellant gas mixture

thermophysical and transport properties. In this model, these properties are recalculated along at

each axial node point based on the temperature in the jacket and temperature in the chamber
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boundary layer. The boundary layer temperature for purposes of evaluating combustion-side
fluid properties is assumed to be an average between the freestream temperature of the NOFB
monopropellant and the combustion chamber wall. The chamber freestream gas velocity, u,,,
has been estimated by utilizing NASA’s Chemical Equilibrium Analysis code (Gordon &
McBride 1996) to evaluate the isentropic freestream fluid velocities in a nozzle relative to the
throat.

[00149] FIG. 12 illustrates a magnified photo 1200 of the porous media
overlapping hexagonal structures made by a lithographic manufacturing method. In some
implementations, it is advantageous to offset foil features to alter micro fluidic passages.

Photo 1200 demonstrates such a geometry wherein the top layer is offset from the layer below in
order to induce turbulence in the fluid. Greater levels of turbulence, generally, aid in heat
transfer between a solid and a convective fluid. It should be noted that the designer has a high
level of control in the geometry of coolant passageways. This particular structure has been
advantageous for our thruster; however, the choice in fluid passages should be tailored to the
combustion process and the coolant fluid or fluids.

100150] FIG. 13 demonstrates an exemplary combustion chamber pressure profile
chart 13 for a porous media regenerative cooled thruster. Chart 1300 shows the pressure within
the combustion chamber throughout a pulsed hot fire test. In this implementation, the chamber
pressure decreased as a function of time due to decreasing pressure in the supply tank. However,
many systems would not demonstrate decaying combustion chamber pressure such as this. Itis a
side effect of the testing system. Chamber pressure provides a pressure gradient that ultimately
generates thrust. The heat generated in this particular test created the temperature profiles shown

in Fig. 15.
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[00151) Example 5 - Engine design of an NOFB gas phase thruster

[00152] The Porous-Media-Jacket-Fluids model described above is used for the
conservative design of a gas-phase NOFB thruster. For a given mass flow rate, two-phase and
liquid phase propellants typically exhibit lower pressure drop (due to the higher average fluid
density) and lower jacket temperatures due to evaporative cooling of the liquid. Once a gas-
phase design is complete, it can be instrumented and validation tested as well as run with two-
phase and liquid propellants. In the design of a jacket, the temperature everywhere inside the
jacket should remain below the temperature limits of the coolant being used. One exemplary
high performance NOFB monopropellant has a thermal degradation limit of approximately
400°C before it very rapidly decomposes.

[00153] In general, for a given rocket flow mass flux (mass per unit cross-sectional
area), the heat flux from the combustion chamber scales weakly (gets slightly worse) with the
increasing physical dimension of the engine, but is not a bad approximate scaling for evaluating
how a jacket design may perform. To keep prototyping costs low particularly for the advanced
micro-fluidic fabrication processes, scaled down engines can typically be developed and tested
first prior to scaling up to larger scale engines. Testing of a regenerative jacket is relevant to
determine the effectiveness of the jacket design and testing off-nominal scenarios from the
original analysis. This experimental step is relevant for evaluating more complex flow-directing
or flow steering geometries incorporated into the jacket as well as operating with two-phase
flows. These scenarios are typically difficult to analyze during the design phase.

[00154] Engine testing is best conducted in its relevant environmental conditions.
For deep space applications, engine testing should ultimately occur in a vacuum chamber capable

of handling the rocket effluence at the rate the engine produces it. Prior to conducting this more
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expensive testing, preliminary testing to evaluate a jacket design under atmospheric conditions
can be conducted. As soon as a rocket engine achieves supersonic velocities in the nozzle
section downstream of the engine throat (typically achieved with a combustion chamber pressure
that is approximately twice that of the local atmospheric pressure) any disturbances in the flow
field downstream of the combustion chamber cannot propagate into the combustion chamber (the
propagate at the local speed of sound in the gases). Therefore, evaluating jacket cooling
upstream of the engine throat can be preliminarily tested under atmospheric conditions as long as
the chamber pressure is maintained sufficiently high. Some provision typically needs to be made
for flow separation from the supersonic nozzle if significant fractions of the supersonic nozzle
are being regeneratively-cooled.

[00155] FIG. 13 illustrates an exemplary 25 Ibf thruster jacket design utilizing a
single-pass, regeneratively-cooled porous media jacket and the design methodology described
above with the 400°C temperature limit in the jacket. In this jacket, both the combustion
chamber pressure (relevant to estimating heat flux from combustion chamber) and temperature
distributions on the inside and outside jacket wall are measured with a pressure transducer and
miniature thermal couples as indicated in FIG. 13. These are exemplary positions for sampling
pressure and temperature. Alternative locations may also be used.

[00156] Thermocouples were placed at six positions in the engine 1300 as shown
in FIG. 13. Thermocouple T1 is at the injector head (not shown but generally located at 102),
thermocouples T2-T3 are in the converging region of the engine 1300, T4 is at the throat, and T5
and T6 are in the diverging region of the engine. The entire tested engine 1300 is approximately

2 inches long (the numbers in FIG. 13 refer to the distance from the nozzle to the indicated
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thermocouple). The porous media in this example 1s 0.125” inches thick throughout the entire
engine. The hexagonal pores are 0.015” across the flats (about ten micropores per width).

[00157] Example 6 - Prototype testing and evaluation of an NOFB gas phase

thruster with thermocouples and pressure port

[00158] The instrumented thrust chamber shown in FIG. 13 was integrated with
the rest of the rocket engine components shown in FIG. 3 minus the 310 supersonic nozzle
extension only for use in space vacuum conditions.

[00159] FIG. 14 illustrates the combustion chamber pressure measured from an
exemplary run with the instrumented prototype engine. The engine is ignited at time O and shut
down at 8 seconds. As the combustion chamber pressure decreases, the heat transport into the
chamber wall also typically decreases. This measurement is relevant for assessing the engine
Jjacket thermal response under different engine operating pressures and resultant thrust levels.

[00160] FIG. 15 illustrates the response of the network of thermal couples
embedded in the instrumented prototype engine from the same run as described above. Note that
nowhere in the jacket does the jacket exceed the 400°C limit of the exemplary NOFB
monopropellant. When the engine is shut-off, the outside wall quickly absorbs heat from the
inner wall helping to limit the maximum temperature that components upstream of the engine
may see.

[00161]) FIG. 15 also illustrates how the temperature difference between the inside
and outside jacket walls increases as the engine contour grows (and the fluid velocity slows).
Temperatures near the top of the engine run hotter than near the base. Heat transfer
enhancements in these portions of the jacket will tend to lower the temperature difference

between the inside jacket wall and outside jacket wall and effectively average out the
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temperature in all walls and the jacket. These enhancements will make better use of the coolant
(by more closely uniformly heating the coolant) and will typically lower the maximum coolant
temperature seen in the jacket.

[00162] One method for enhancing heat transport to the outside jacket involves
adding a highly thermally conductive structure that will transfer heat directly to the outer jacket
wall. This combination structure comprises a) a porous media jacket which transfers heat from
the inside jacket wall to the propellant, and b) a direct thermal connection between the inner wall
and the outer wall to transfer heat to the much cooler outer jacket wall. As a side effect, the
direct thermal connection will also help strengthen the walls and allow one to reduce the mass of
the walls as well.

[00163] The direct thermal connections may have the structure of axial ribs,
spokes, or other structures. If one views a hypothetical “engine slice,” such as that shown in
508 of FIG. 5, the ribs or spokes would be rays on the circle that are not etched. If the non-
etched (and therefore solid metal) areas are lined up axially, then the complete structure would
constitute axial ribs, such as that shown in FIG. 16. If the solid areas are radii and offset in each
subsequent layer, then a spiral structure would be formed. If the solid areas are not in each layer
of the structure, but only in certain layers, then spokes would be formed. Virtually any solid
structure can be added to the porous media by this method. The flow of coolant can be directed
into any desired path (see Example 7). In some embodiments, the surface area of all rib features
represent less than about 50% of the total surface area of the outside jacket wall. If the area
exceeds about 50%, the coolant begins to experience a large pressure drop, and the engine

becomes quite heavy.
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[00164) If the method of making the porous jacket is that used in FIG. 6, there are
several options of how the ribs can be added. One can manufacture these ribs with the foam, by
having the ribs machined as part of the inside liner wall (between steps 1 and 2 of FIG. 6). In
this manner, step 3 of FIG. 6 would involve attaching many thinner segments of the porous
media between the ribs, rather than two halves (somewhat analogous to how insulation is cut to
fit between studs in a wall at home). Alternatively, the areas that are desired to contain the direct
thermal connections can be drilled out of the metal foam between steps 3 and 4 of FIG. 6, and
the foam material replaced with solid metal prior to addition of the outer wall.

[00165]) Example 7 - Regenerative Cooling with mixing

[00166] In some embodiments, designs are made in which the fluid is more
deliberately directed to move between the inner wall and the outer wall (shuttling or mixing).
The additional structures used to accomplish this may be of a variety of structures, and generally
are in contact with both the inner wall and the outer wall of the engine.

[00167] In one such embodiment, twisted micro-tube bundles that move the
coolant through each tube from the inside jacket wall to the outside jacket wall (basically a spiral
flute of tubing bundles through the jacket) are made. It has been observed that if the inside
jacket throat temperatures are near the nominal temperatures of the outside wall, the peak
temperatures in the engine are cooler by approximately the difference between the inside and
outside chamber wall. Thus, to lower peak temperatures in the jacket it is desirable to get the
heat into the propellant, and to get the inside and outside jacket walls to be near the same
temperature. This mixing or shuttling design lowers the jacket temperatures thereby providing
lower temperatures for coolants. This is particularly relevant with propellants that may be

degraded during use as coolant, such as the NOFB monopropellant used in the examples.
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[00168] The twisted tubes are a small micro-tluidic tube bundle (diameter of
bundle is basically the jacket width). This structure is shown in FIG. 18. For ease in viewing the
structure, only two bundles of micro-tubes are shown, but such bundles would generally
surround the entire engine. In addition, the porous media is not shown but would occupy the
space between the micro-tubes. As one moves towards the ignition source, the micro-tube
bundle is twisted so that micro-tubes alternate in contact with the inside and outside jacket walls.
This structure forces the fluid to move between the inside and outside walls to average these
temperatures better. The diameter of the individual tubes is approximately the same as that of
the hexagons discussed in Example 1. The heterogeneity in the structure may induce convection
of heat between the inside and outside walls.

[00169] The model shown in Example 3 for designing the engine is based on
homogeneous porous media (not containing the additional structures for direct heat transfer or
mixing of fluid from inner to outer wall). For heterogeneous matrix design, one would build an
experimental engine as described in Example 6 and make direct measurements of the heat flux
for scaling up the engine. An experiment such as that described in Example 6 can then be used
to assess the cooling and pressure drop obtained with more complex jacket designs.

[00170] The angle of the local fluid velocity vector (defined by either tube, ribbon
or screw pitch much like thread pitch on a screw, etc.) is generally chosen to be between about 0
and 80 degrees. The most effective angle is selected to balance the advantage of moving the
fluid back and forth between the hotter and cooler surfaces, and the pressure drop encountered if
the angle is too steep. This balance is assessed with both the “open channel” micro-tube
embodiment, and the ribbon or vane embodiment in which the fluid is moving in directed motion

through a porous matrix that has more flow restriction.
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[00171] Another embodiment of the directed flow or mixing structure comprises a
ribbon or vane type structure that directs the tlow of the coolant. In this embodiment, the coolant
flows through the porous media, but the coolant path is directed to shuttle between the inner wall
and the outer wall by a curving solid metal structure (e.g., similar to a twisted ribbon structure).
This structure is shown in FIG. 17. Again, for ease in viewing, only two vane structures are
shown, but in jackets of this embodiment, such structures can surround the entire engine. Also
the remaining space is occupied with porous media.

[00172] The above specification, examples, and data provide a complete
description of the structure and use of exemplary implementations of the invention. Since many
implementations of the invention can be made without departing from the spirit and scope of the
invention, the invention resides in the claims hereinafter appended. Furthermore, structural
features of the different implementations may be combined in yet another implementation

without departing from the recited claims.
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Claims

WHAT IS CLAIMED IS:

1. A regeneratively cooled jacket comprising:

a fluid-impermeable inner wall forming a contoured chamber;

a fluid—-impenmeable outer wall;

a porous media matrix between the inner wall and the outer wall, wherein the porous
media matrix includes an inlet configured to receive a coolant fluid at one end of the contoured
chamber and an outlet configured to expel the coolant fluid at the other end of the contoured

chamber.

2. The regeneratively cooled jacket of claim 1 wherein the porous media matrix
comprises structures providing multiple direct thermal connections between the inner wall and

the outer wall.

3.  Theregeneratively cooled jacket of claim 1 wherein the porous media matrix

comprises structures directing mixing of the coolant fluid from the inner wall to the outer wall.

4.  The regeneratively cooled jacket of claim 3 wherein the porous media matrix
structures directing mixing of the coolant fluid from the inner wall to the outer wall include

microtubes.

5. The regeneratively cooled jacket of claim 3 wherein the porous media matrix
structures directing mixing of the coolant fluid from the inner wall to the outer wall include

ribbon structures.

6.  The regeneratively cooled jacket of claim 1 wherein the porous media matrix

follows the contour of the contoured chamber.

7. Theregeneratively cooled jacket of claim 1 wherein the porous media matrix

comprises a microfluidic porous lithographic structure.

47



WO 2010/068636 PCT/US2009/067219

8.  The regeneratively cooled jacket of claim | wherein the porous media matrix

comprises microfluidic porous metal foam.

9.  The regeneratively cooled jacket of claim 1 wherein the porous media matrix is

non-catalytic to the coolant fluid.

10.  The regeneratively cooled jacket of claim 1 wherein the porous media comprises

open cell metal foam

11. The regeneratively cooled jacket of claim 1 wherein the porous media includes

aluminum.

12.  The regeneratively cooled jacket of claim 1 wherein the porous media includes

nickel.

13.  The regeneratively cooled jacket of claim 1 wherein the porous media includes

stainless steel.

14.  The regeneratively cooled jacket of claim 1 wherein the porous media has a

porosity of less than 80%.

15. The regeneratively cooled jacket of claim 1 wherein the inner wall, porous media

matrix, and outer wall are formed from stacked, aligned metal layers.
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16. A regeneratively cooled jacket comprising:

a fluid-impermeable inner wall forming a chamber;

a fluid-impermeable outer wall;

a porous media matrix between the inner wall and the outer wall, wherein the porous
media matrix has a porosity of less than 80% and includes an inlet configured to receive a
coolant fluid at one end of the chamber and an outlet configured to expel the coolant fluid at the

other end of the chamber.

17.  The regeneratively cooled jacket of claim 1 wherein the porous media matrix

comprises a microfluidic porous lithographic structure.

18.  The regeneratively cooled jacket of claim 1 wherein the porous media matrix

comprises microfluidic porous metal foam.

19.  The regeneratively cooled jacket of claim 1 wherein the porous media matrix is

non-catalytic to the coolant fluid.

20. The regeneratively cooled jacket of claim 1 wherein the porous media comprises

open cell metal foam

21. The regeneratively cooled jacket of claim 1 wherein the porous media includes

aluminum.

22. The regeneratively cooled jacket of claim 1 wherein the porous media includes

nickel.

23.  The regeneratively cooled jacket of claim 1 wherein the porous media includes

stainless steel.

24.  The regeneratively cooled jacket of claim 1 wherein the porous media has a

porosity of less than 80%.

25. The regeneratively cooled jacket of claim 1 wherein the inner wall, porous media

matrix, and outer wall are formed from stacked, aligned metal layers.
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26. A method of cooling a rocket engine comprising passing a fluid propellant coolant
from a propellant tank through an inlet port, through a porous media matrix that is disposed
between an inner wall of the rocket engine that is fluid impermeable and an outer wall of the
rocket engine that is fluid impermeable; and through an outlet port into the combustion chamber

of the rocket engine.
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27. A method of making a regeneratively cooled jacket from a stacked and bonded
structure comprising:

applying patterned designs to individual layers of metal components;

stacking individual layers in alignment;

bonding to form a block having a three dimensional fluid path in a channel between an
fluid-impermeable inner wall and a fluid-impermeable outer wall; and

machining the interior and exterior profiles to yield the regeneratively cooled porous

media jacket in final dimensions.
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