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 Jet engine operating temperatures have been on the rise since the inception of the jet 

engine. High Operating temperatures mean increased efficiency, more power, and lesser 

emissions. However, operating temperatures of jet engines are limited by the operating 

temperatures of the turbine material. This temperature must not be exceeded or else it will 

damage the turbine components. To solve this problem, complex cooling schemes have been 

adopted. They employ the use of outside air to dilute the high combustion temperatures to 

make them suitable for turbine section exposure. This leads to a non-uniform temperature 

profile leaving the combustion area and therefore decreasing the overall engine performance 

by introducing thermal cycling and inconsistencies in operational temperatures. This research 

suggests placing an ultra-high temperature open cell metal foam ring in front of the 

combustion area and directly before the turbine section. Open cell foam with their 3-

dimensional geometry help mix the hot and cool gasses entering the turbine area creating a 

more uniform temperature profile. This increases efficiency by raising the operational 

temperature of the jet engine. It also contributes to an increased lifetime since the mixing 

function of the metallic foam will reduce thermal cycling fatigue on turbine vanes and 

blades. This research presents a full investigation on the feasibility of this idea; it studies the 

potential of producing ultra-high temperature metallic foam from a list of currently available 

as well recently engineered materials. This work also investigates the pressure drop and heat 

transfer associated with the foam for a full assessment of the design. Infrared imaging for 

heat transfer measurements done on Al foam of 5 and 10 PPI (pores per inch) samples 

showed the mixing role of the metal foam as a function of thickness; it showed improvement  



of the temperature profile resulting from the averaging the hot and the cool gasses. Pressure 

drop testing provided data on pressure drop in Al foams in the compressibility region of air. 

Up to this point, similar data was not available. Pressure drop testing revealed that with 

careful design of pore size, ligament thickness and foam thickness, taking into consideration 

heat transfer capabilities of the foam, a feasible design of an ultra-high temperature open cell 

foam ring can be achieved with minimal pressure drop and increased heat transfer 

capabilities. 
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Introduction 

The thermodynamic efficiency of the Brayton cycle, upon which all gas turbines 

(aeropropulsion and power generation) are based on scales with the peak operating 

temperature. However, the peak temperature is limited by the turbine blades and the 

temperature they can withstand.  The highest temperatures in the gas turbine obviously occur 

in the combustor region but these temperatures are often too high and the combustion 

products must be diluted with relatively cooler air from the compressor to reduce the 

temperature to tolerable levels for the turbine blades.  Thus, to maximize the thermodynamic 

efficiency, the amount of dilution air should be minimized. The best performance occurs 

when the temperature entering the nozzle guide vanes is perfectly uniform and equal to the 

maximum allowable temperature. If there are non-uniformities in temperature, the mean 

temperature must be decreased so that the local (in time or space) maximum temperature 

does not exceed the maximum allowable values.  It is also desirable to have a uniform 

velocity profile. Considerable effort has been expended in reducing the pattern factor and 

moving the profile factor closer to unity. This will not only increase the efficiency of the 

engine but will also increase the lifetime of the turbine blades that constantly suffer from 

thermal fatigue cycling. However, current practices yield results that are far from optimal. In 

our study, an open cell porous material is being placed between the combustor section and 

the turbine section of the engine.  This provides a better temperature and velocity profiles and 

allows operation at the maximum allowable temperatures. The open cell porous material with 

its increased surface area mixes the hot and cold air entering the turbine section and 

eventually provides a profile that is closer to unity. The main issues in this case will be to 

control the pressure drop at an acceptable level and finding a porous material with 
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sufficiently low stagnation pressure losses yet able to withstand the thermal and mechanical 

stresses as well as corrosion and oxidation.  

This research focuses on studying the thermal and physical properties of various open 

cell porous materials with different cell sizes, materials, and thicknesses and their behavior at 

elevated temperatures and pressures. The temperature profile versus pressure drop for various 

porous media will be experimentally tested and analyzed and the effect of each parameter on 

the pressure drop and temperature profile is being studied.  

 

I-Metallic foams 

 

-Introduction 

 
Metal foams are revolutionary materials that exhibit different attractive characteristics 

when compared to their solid material counterparts. Metal foams are cellular materials that 

have great strength-to-weight ratio1  and are used for applications ranging from mechanical 

to thermal. Foams and other highly porous materials with a cellular structure are known to 

have many interesting combinations of physical and mechanical properties, such as high 

stiffness in conjunction with very low specific weight or high gas permeability combined 

with high thermal conductivity. For this reason, nature frequently uses cellular materials for 

constructional or functional purposes (for example, wood or bones). Metallic foams are 

characterized structurally by their cell topology, open cells or closed cells, relative density, 

cell size, cell shape and anisotropy. Metal foams are made out of different types of materials 

including Aluminum, Titanium, or Nickel to name a few. The type of application of the 

metallic foam ultimately decides the kind of material it’s made off. Metal foams also have a 

wide range of relative densities spanning from as low as 2% to as high as 100%. Figure 1 (a) 
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shows a sample of closed cell metal foam manufactured by Fraunhofer®, Germany, while 

Figure 1 (b) shows a close-up (micrograph) of the open cell configuration. 

 

 (a)      (b) 
Figure 1: (a) Closed cell metal foam2, (b) SEM image of open cell foam1 

                                                  
 

The difference between the closed and open cell configuration is clearly seen; the 

pores in the open cell allow the passage of fluids and gasses for different applications ranging 

from filtering to heat exchange and give the foam its increased surface area while the closed 

cell configuration is optimal for energy absorption and structural applications like in car 

bumpers, bridges and buildings. Figure 2 (a) shows a heat exchanger prototype manufactured 

by Porvair® and Figure 2 (b) is a sandwich panel made of closed-cell foam core with steel 

sheets for structural applications courtesy of Fraunhofer®, Germany. 

 

(a)  (b) 
Figure 2: (a) sandwich panel with close-cell foam core, courtesy of Fraunhofer®  (b) heat exchanger 

prototype made out of open-cell foam, courtesy of Porvair® 
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Closed-cell metal foams are also used as sound dampers and they are placed in cars 

(as firewall material) and buildings as well. Fire retardant applications have also benefited 

from the closed cell configuration since it provides thermal insulation. Gas is usually trapped 

inside the cells of the foam and therefore acts as a poor conductor of heat and hence an 

insulator. The gasses trapped inside the closed cell foam also help in impact absorption; 

when the foam is impacted the gasses inside the foam are compressed and offer extra 

damping. Open-cell foams are also good energy absorbers but they are usually used as heat 

exchangers since they have a high coefficient of thermal conductivity, increased surface area 

and they allow the passage of fluid through their pores. They have a pore density referred to 

as pores per inch (PPI); therefore, the lower the pore density the less pores per linear inch 

present which means the cell diameter for the pores will be bigger compared to a sample with 

higher pore density. The three micrographs below in Figure 33, show samples of 10, 20 and 

40 PPI samples, respectively. It can be seen from those figures that the 10 PPI sample has 

less pores per linear inch and therefore the pore size bigger compared to say the 20 PPI 

sample. The actual density of the foam also plays a deterministic role in the pore size, and 

ligament diameter on the cells. This will be discussed in more detail in a later section of this 

paper. 

 
                                        10 PPI                                  20 PPI                              40 PPI 

Figure 3: Samples of different pore density Aluminum foam with a graduated millimeter scale3 
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Probably the most important feature about cellular solids is their relative density, which is 

defined as ρ/ρs, where ρ is the density of the cellular solid while ρs is the density of the solid 

material of the cell wall. Relative density directly affects the cell size, cell wall thickness and 

pore diameter and consequently affects the mechanical and thermal properties of the foam. 

As will be discussed later, the thermal, mechanical and electrical properties of the foam scale 

with their relative density. 

 

-Processing  
 

There are numerous methods developed to make metal foams but all these methods 

fall into four classes: foam formed from the vapor phase, foam electrodeposited from an 

aqueous solution, foam from liquid-state processing and foam created from the solid state. 

Figure 4 shows the four main routes of making metal foams and the methods they use4: 

 

 
Figure 4: Overview of the various classes for producing metal foam 
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One way of foaming is by gas injection. A good example of that is the CYMAT and HYDRO 

process where bubbles of gas are injected into an Al and SiC melt, the gas is injected through 

a shaft with a propeller at the end that is also a gas injector which blows the gas, ultimately 

the size of the propeller, the rate at which the bubbles are injected and the size of the bubbles 

affect the porosity and density of the foam. According to this process as depicted in 

schematical in Figure 5 silicon carbide, aluminum oxide or magnesium oxide particles are 

used to enhance the viscosity of the melt.  

 

 
Figure 5: A schematic illustration of the manufacture of the CYMAT and HYDRO process 
 

 

Therefore, the first step requires the preparation of an aluminum melt containing one of these 

substances. The problem to be solved resembles the one encountered in making ordinary 

metal matrix composites (MMC’s), namely the problem of wetting the particles by the melt 

and of achieving a homogeneous distribution of the reinforcing particles. The wetting angle 

of the propeller and shaft plays an important role as well; It has been derived that the wetting 

angle has to be in a certain range to ensure that the bubble/particle interface is stable when 
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the bubble rises through the melt, (the particles are not stripped off the bubbles) and that the 

particles on the interface lower the total energy of a pair of bubbles with particles in between 

(stabilize bubble/particle/bubble interfaces.) 

Another method of making closed cell Aluminum foam is the Alporas® process which is 

classified as foaming with blowing agents. Alporas® foam is made using a batch casting 

process, as can be seen in the schematic of the manufacturing process shown in Error! 

Reference source not found..  There are five steps in this process, 1) mixing, 2) foaming, 3) 

cooling, 4) ejecting, and 5) slicing. The process goes as follows: 

 

1. In mixing, aluminum is melted at 680˚C and mixed with 1.5 wt.% Ca.  (ambient 

atmosphere, 6 min)  It is desired to increase the viscosity of the melt so that later on the 

H2 bubbles will not rise out of the melt very easily.  To do this, fine particles are 

suspended in the melt.  The calcium mixed in will oxidize at the surface and in the melt 

to produce fine particles of CaO and CaAl2O4.  These will then thicken the melt. 

2. In foaming, hydrogen gas is released by the thermal decomposition of TiH2 particles, 

previously mixed in at 1.6wt.%.  The volumetric yield of H2 gas can be increased with 

increasing temperature, but this also makes it easier for the H2 bubbles to escape from the 

melt.  The mixture is cured at 680˚C to fill the mold (~15 min). 

3, 4, 5.  The foam is cooled in the casting mold using fans.  The cooled foam block is 

removed and can then be cut to the desired sizes.   
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Figure 6: Alporas® manufacturing process 

 

 
For making open cell metal foams, one of the ways used is investment casting. This 

process is thought to be used by ERG to make their DUOCEL foam5. This method uses a 

polymer or a wax precursor as a template. An open-cell polymer foam mold template with 

the desired cell size and relative density is first selected, slurry (ceramic powder) is used as a 

coating which is them dried and embedded in casting sand. The mold is then baked to harden 

the casting material but to also decompose and evaporate the polymer template, leaving 

behind a negative image of the foam. Subsequently, the mold is then filled with a metal alloy 

and then allowed to cool. Moderate pressure is used during melt infiltration to overcome the 

resistance to flow of some liquid alloys. After directional solidification and cool, the mold 

materials are removed leaving behind the metal equivalent of the original polymer foam.  

Figure 7 illustrates the process with all its steps. 
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Figure 7: DUOCEL® foaming process. Source: Metal Foams, A design guide 

 

Open-cell polymer foams can also serve as templates upon which metals are deposited by 

chemical vapor decomposition (CVD), by evaporation or by electrodeposition. In the INCO 

process, nickel is deposited by the decomposition of nickel carbonyl, Ni(CO)4. One approach 

uses an open-cell polymer placed in a CVD reactor and nickel carbonyl is introduced. The 

gas decomposed to nickel and carbon monoxide and a temperature around 100°C and coats 

all the exposed heated surfaces within the reactor. Infrared or RF heating is then used to heat 

only the polymer foam. After a satisfactory amount of coating is deposited, the metal coated 

polymer is removed from the CVD reactor and the polymer is burnt out by heating in air. 

This results in a cellular metal structure with hollow ligaments; this is solved by a subsequent 

sintering step used to densify the ligaments. Figure 8 is a schematic describing the entire 

process.  
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Figure 8: Inco® foaming process. Source: Metal Foams, A design guide 

 

-Potential Applications for Metal foams 
 

  
Table 1: Common applications for open and closed cell metallic foam is a collection of 

possible uses of open and closed cell foam. It lists the various uses and potential of closed 

and open cell metal foams. These foams have a wide range of applications in many industries 

and sciences that deal with thermal, mechanical, biomedical, fuel cell, electrical and damping 

applications. 

 

 

 

 10



 

 
Table 1: Common applications for open and closed cell metallic foam 

Application Comment 
Lightweight structures Excellent stiffness-to-weight ratio when loaded in 

bending 
Sandwich cores Metal foams have low density with good shear and 

fracture strength 
Strain isolation Foams can take up strain mismatch by crushing at 

controlled pressure 
Mechanical damping The damping capacity of metal foams is larger than that 

of solid metals by a factor of 10 
Vibration control Foamed panels have higher natural flexural vibration 

frequencies of solid sheet of the same mass per unit area 

Acoustic vibration Used in cars and buildings 
Energy Management Metal foams have exceptional ability to absorb energy at 

almost constant pressure 
Packaging with high temperature 
capability 

Ability to absorb impact at constant load, coupled with 
thermal stability above room temperature 

Thermal management Open-cell metal foams have large accessible surface area 
and high cell-wall conduction giving exceptional heat 
transfer 

Heat shields Metfoams are non-flammable; oxidation of cell faces of 
closed-cell aluminum foams appears impart exceptional 
resistance to direct flame 

Biocompatible inserts The cellular texture of biocompatible metal foams such 
as titanium stimulate cell growth 

Filters Open-cell metal foams with controlled pore size have 
potential for high-temperature gas and fluid filtration 

Electrical screening Good electrical conduction, mechanical strength and low 
density make metfoams attractive for screening 

Electrodes and carriers High surface/volume ratio allows compact electrodes 
with high reaction surface area 

Buoyancy  Low density and good corrosion resistance suggests 
possible floatation devices 
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-Energy Absorption and Mechanical Properties of Metal Foams 
  

The way the cells are formed in metal foams allow energy absorption in all directions. 

The tetrakaidecahedron shape of the cell makes it insensitive to direction or isotropic (ideally 

speaking); this geometry allows the foam to absorb energy from any direction and it also 

allows heat transfer, thermal resistance and fluid flow from all directions as well. It is 

important to state that foams of uniform periodic cell distribution and porosity can ideally be 

labeled as isotropic; however, when foams are processed, imperfections always arise in cell 

distribution and the cells themselves, normally, are slightly sheared to one direction; usually 

that would be the direction the foaming agents or bubbles rose to and furthermore the cell 

pores vary in size. Figure 9 (a) shows the tetrakaidecahedron shape of the cell6; Figure 9 (b) 

shows an idealized version of a single tetrakaidecahedron.  The cell in Figure 9 (a) is as close 

to being isotropic as possible but upon closer inspection it is found that the cells are slightly 

sheared and not exactly all equal in size; hence, labeling this sample as isotropic would be 

slightly inaccurate. This slight shearing of the cell does not mean that this sample, on the 

macro scale, and when subjected to mechanical loading won’t behave in a homogenous way. 

The slight shearing of the cells with their high uniformity allows the foam to perform as 

homogenous, uniform foam. 
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  (a)               (b) 
 

Figure 9:(a)  A single tetrakaidecahedron, (b) an idealized tetrakaidecahedron3 

 
 

For energy absorption uses, the two main competitors of aluminum foam are 

honeycomb and polymer foams. Both of these are good materials for some applications but 

have disadvantages that are not present in aluminum foam. Honeycomb material is very 

directional, meaning it will absorb a great deal of energy in one direction but not in any other 

direction. This causes problems when the precise direction of impact is not known. 

Aluminum foams are stronger and stiffer than polymer foams and can operate at much higher 

temperatures. Unlike polymer foams, they have constant properties over time, humidity 

ranges and crash speeds and do not give off noxious fumes when they decompose. 

To better understand how metallic foams absorb energy, Figure 10 below is a 2-D 

illustration of how cells collapse under loading7. The can be describe similar to having a leaf 

spring behavior. When point B is under loading, and if the foam stays in the elastic region, 

point B will recover to its initial position after it has absorbed the energy from loading. Even 

when the foam reaches the plastic regime, this same behavior is the energy absorbing effect; 

by the time point B reaches B*, it not only it would have deformed but it would also have 
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absorbed a significant amount of energy. Keep in mind that what is shown in Figure 10 is 

only a 2-D illustration. As mentioned before, this energy absorbing affect is effective in any 

direction. 

 
Figure 10: 2-D illustration of deformation and energy absorbing effect in open-cell metal foams 

 

The relative density of a metallic foam as well its pore density are the two most 

important factors in energy absorption. The relative density controls the ligament thickness 

of the cells and therefore the thicker the ligament the more energy-absorbent the cell is and 
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consequently the stronger the foam. Figure 11 demonstrates data for a 10 PPI sample with 

varying relative density, the relationship is almost linear8. Similarly, foams with higher pore 

densities are more resistant to stress. Foams with smaller pore sizes have more material and 

more surface area thus when exposed to pressure or force they absorb more energy when 

compared to foams of bigger pores. Table 2 is data from 3 samples of open-cell metal foams 

with porosities ranging from 10 to 40 PPI that were subjected to Charpy impact testing. This 

is a dynamic test and not quasi-static like the data shown for stress-strain. It is clear from the 

data that as the pores got smaller, the more energy the foam absorbed. The samples were 

DUOCEL® aluminum foam manufactured by ERG Aerospace Corporation. The samples 

were 1 ½”x1 ½”x 2 ½”.  

 

 
Figure 11: Compressive strength vs. relative density for 10 PPI sample, courtesy of ERG Aerospace 
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 Table 2: Charpy impact testing on different pore densities of DUOCEL® foam 
 

Pore Density (PPI) 10 20 40 

Energy Absorbed (pound foot) 49 68 87 

 
 

Figure 12, is another good example of how increased relative density increases foam 

strength. Data provided in the mentioned figure is for a 10 PPI sample. 

 

 
Figure 12: Stress vs. strain plots of 10 PPI Al samples at different relative densities, courtesy of ERG 

 
 

Figure 13 shows a schematic of the general stress-strain behavior of cellular foam. 

The densification strain point listed is the point at which the foam stops absorbing energy. It 

is the point at which the stress exceeds the plateau stress. The area under the curve, up to the 

densification strain represents the energy absorbed by the material. 
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Figure 13: Schematic diagram of typical stress-strain behavior of cellular metallic foam 

 
 

The stress-strain response of open-cell foam can be tailored for a number of specific 

application requirements by varying the density and alloy of the foam, while its isotropic 

properties provide identical response without regard to impact angle. A high strength-to-

weight ratio results in superior performance and greater shear strength than honeycomb of 

the same density. The constant stress portion of the stress-strain curve extends to more than 

50% strain, and the foam can be pre-crushed to change the yield point and response as 

needed. Figure 14 is a stress-strain curve for 7% nominal relative density aluminum alloy A-

356-T6. The sample was originally 1"x1"x2" before a vertical load was applied. 
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Figure 14: Stress-Strain curve for 7% nominal density DUOCEL® foam 

 

When metal foams are used for structural applications, usually the choice is closed-

cell metal foam. Closed-cell foam are generally stiffer compared to open-cell foam with the 

same density but that does not necessarily mean that closed-cell foams absorb more energy at 

all stress levels. Figure 15 shows the difference between open-celled (ERG foam) and closed-

cell (ALPORAS® foam) Aluminum foam. Since the area under the stress-strain curve can be 

representative of the amount of energy absorbed by the foam, it is clear that the open-cell 

foam was capable of more energy absorption; this is consistent up to 20% strain. 

 
Figure 15: Stress-Strain plot of open and closed cell metal foam. Courtesy of [6] 
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The oscillations observed on both curves represent the collapse of the cell walls; as 

the cell walls collapse, they absorb energy and hence the increase in the stress-strain curve is 

observed. The reason the oscillations happen is also related to the collapse bands associated 

with the foam under compression. The way the foam collapses is in the form of layers on top 

of each other. Although collapse bands are more common in closed cell foams because, in 

general, closed cell foam cell structure tends to be irregular and non-uniform while open cell 

foams, especially DUOCEL foam, is more regular and has a uniform cell structure.  This is a 

great advantage to open-cell metal foams since they can be used for structural and heat 

exchanger applications at the same time9. Both open-cell and closed-cell metal foams 

demonstrate energy absorption capabilities, stiffness, and thermal conductivity on a wide 

spectrum; those values vary significantly from one kind of foam to another and from open-

cell to closed-cell. Figure 16, Figure 17 and Figure 18 are data for energy absorption, 

compressive strength vs. density and specific stiffness vs. specific strength for currently 

available metallic foams, respectively. 
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Figure 16: Energy absorption per unit volume at 25% strain for currently commercial metallic foams. 

Source: Metal Foams, A design Guide 
 

 

 
Figure 17: Compressive strength vs. density data for commercially available metallic foam. Source: 

Metal Foams, A design Guide 
 
 

 20



 
Figure 18: Specific stiffness vs. specific strength data for commercially available metallic foams. Source: 

Metal Foams, A design Guide 
 
 

Data from the above figures gives a very good idea and comparison between open and closed 

cell foams as well as there energy absorbing capability and strength. This is very helpful 

when selecting specific foam for a certain application. Optimal design can be achieved from 

knowing all the parameters and function of the design and therefore selecting a suitable 

foam. There are correlations that relate the solid matter and its representative foam. These 

conversion or scaling laws are presented in Table 3 and are universal to all foam and there 

solid counterparts. The letters with the s subscript refer to the solid material. 
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Table 3: Scaling laws for mechanical properties of open- and closed-cell metallic foam 

 
 

Han et al10 found that an open cell aluminum foam can be enhanced by introducing 

secondary small pores into the cell walls in comparison to those with single pore size. A 

combination of large pores with relatively smaller pores contributes to relatively higher 

specific yield strength, while with relatively bigger pores makes the elastic modulus increase. 

However, excessively high volume fraction of the combined small pores will decay the 

mechanical properties. The simulation resulting from the study suggests that the 

enhancement arises from the changes in the stress distribution and deformation fashion. 

Figure 19 illustrates the deformation modes of stress distribution at a strain of 0.1 in the cell 
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walls of the foam with a relative density of 0.30; the sizes of the combined small pores are 

(a) 0;(b) 0.10d; (c) 0.15d; (d) 0.20d. 

 
Figure 19: Deformation modes of Al foam with varying pore size combination 

 

 

Fatigue is also an important factor to take into account when dealing with foams. In 

compression-compression style fatigue, metal foams act in a very ductile manner resulting 

from the bending of the cell walls or ligaments. In tension-tension style fatigue, the ligaments 

progressively straighten until a brittle type fracture is reached. The degradation in strength 

due to a hole or crack in a foam is usually minor. Instead, foams form net sections where they 

either shorten or elongate under fatigue. It has been concluded that Al metal foams behave in 

a comparable manner to their fully dense counterparts and there is no clear dependence of 
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fracture strength on relative density11. Furthermore, open-cell metal foams showed a slightly 

better fatigue behavior than closed cells. Figure 20 , is data of fatigue (maximum fatigue at 

107 cycles) related to relative density compared to fully dense aluminum alloys. 

 
Figure 20: Fatigue at maximum cycles vs. relative density of selected Al foams 

 
 

Creep is another factor to be accounted for when dealing with higher temperature 

applications above room temperature. Usually, creep becomes a factor in metals and foams 

made from at temperature about or above one third their melting point. The creep of metallic 

foams depends on their relative density and on creep the creep properties of the solid from 

which they are made. The dominant mechanism of creep depends on stress and temperature. 

At low stresses and high temperatures (T/Tm>0.8) diffusional flow along the grain 

boundaries or within grains can become the dominant mechanism. At higher stresses and 

more modest temperatures (0.3<T/Tm<0.8), climb-controlled power law creep becomes 

dominant. The secondary creep rate is given by : 
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Q is the activation energy for the kinetic process controlling creep rate, σ0 is a reference 

stress, R is the ideal gas constant. Figure 21 shows creep testing under tension and 

compression of Al foam. Figure 22 is a picture of the failure mode of Al foam in tensile 

loading while Figure 23 is the failure in compression at 275°C and 0.88 MPa12. 

 
Figure 21: Creep strain vs. time for Al open-cell foam for (a) tensile and (b) compressive loading. Source 

Andrews et al (1999)13
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Figure 22: Failure of open cell foam in tension 

 
 

 
Figure 23: Compression bands showing in compression at 275C and 0.88 MPa 
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-Fluid Flow and Pressure Drop 
 

The study of fluid flow through the pores of the metal foam is another important 

aspect and needs to be fully understood. When fluid enters any porous material with a certain 

velocity, there will be a pressure drop associated with the exit velocity. This pressure drop is 

directly related to the porosity of the material. In other words, the more porous the material is 

the less the pressure drop across it and, of course, the opposite is true. To better understand 

the behavior of the fluid flow through metal foams and how that relates to pressure drop and 

pore density, some experimental data was gathered from ERG Aerospace® for 10, 20 and 40 

PPI DUOCEL® samples with varying air speeds and pressure drop values. It is clear from 

Figure 24 that as the porosity increases the pressure drop decreases. The data in Figure 24 

was gathered at standard pressure and temperature conditions. All the research done on 

pressure drop through metal foams uses a general equation that states that pressure drop 

varies with the square of the velocity. The data in Figure 24 was curve fitted with a trendline 

and an equation representing flow for the 10 PPI sample is included. The equation fitted to 

the experimental is a very good fit and is of the quadratic form. There is a satisfactory 

amount of data about pressure drop in metallic foams but all the data available is at low 

velocities, mostly below 30 m/s. Although it is not quite clear when the flow in metal foam 

changes from the laminar regime to the turbulent one14, it is acceptable to assume that the 

equations used to predict flow in the laminar region are valid in the turbulent one with minor 

modifications of friction factor and drag. However, there is no data available that describes 

flow through porous media at compressible speeds or greater than 0.3 Mach, or about 100 

m/s. Lage et al15  studied high speed flow through compressed foam in the turbulent regime 

 27



and found a cubic dependence of pressure drop on velocity. This study will be reserved for a 

later section of this paper to verify the feasibility of the research. Geometric factors like 

ligament thickness, porosity and cell shape grossly affect pressure drop. Figure 25, shows 

two kinds of foam that have similar cell structure but different ligament geometries. The 

specimen that contains no lumps at the connection of the cells yields less coefficient of drag 

and hence less pressure drop. Inversely, the specimen containing cell wall lumps will have 

turbulent or eddy effect around it that will not only increase air blockage but increase drag 

and consequently pressure drop as well. 

 
 
 

Pressure Drop vs. Velocity
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Figure 24: Pressure drop vs. Velocity data provided by ERG. 
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Figure 25: Comparison of two samples of foam, without a lump, and with a lump 

 

Data from Porvair® on open cell stainless steel foam (5 PPI) over a range of relative 

densities is presented Figure 266 and it also shows the quadratic dependence of pressure drop 

on velocity. The velocity numbers only go up to 27 m/s which are more than likely in the 

turbulent region but far under the compressibility region of air. 

 
Figure 26: Pressure drop vs. Velocity data for a 5 PPI stainless steel foam at different relative densities. 

Source: Porvair® 
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The graph also shows the dependence of pressure drop on the relative density of the foam. So 

the general form of pressure drop vs. velocity for cellular metals in a Newtonian 

incompressible fluid (also for air below 0.3 Mach) is (Pressure drop per unit length): 

bVaV
L
P

+=
∆ 2  

 Where a=f(permeability K, viscosity µ) and b=f(friction factor f, density of fluid ρ). The 

equation above is a modification of Darcy’s law to account for inertial effect at higher flow 

rates. It is known as Forschheiner’s equation and it is of the form: 

V
K

V
K
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P µρ

+=
∆ 2                                                                                                          (3)          

          

This equation is the basis for all incompressible Newtonian fluids in porous media. 

Moreover, when dealing with high porosity cellular foam, the permeability plays and 

important factor since it’s a function of geometry and therefore, PPI number, relative density 

and cell size all play an interconnected role. Usually, the porosity of open cell metal foam is 

not less than 90% and can be as high as 98%. Du Plesis et al16 suggested an equation that 

derives the permeability from the tortuosity of the foam which is itself a function of porosity, 

pore diameter and pore cross sectional area. However, as shown in the research from 

Bhattacharya et al17, a modification was done for accurate representation of permeability 

from turtousity especially since the pressure drop prediction was made at very low flow 

velocities, under 2 m/s. Furthermore, that prediction did not take into account lumps in 

certain foams. As discussed before and as shown in Figure 25, lumps tend to increase drag, 

restrict flow and force the flow to take a more tortuous path. The modifications yielded the 

following equations that are valid for a range of porosities and foam: 

 30



)1(36

22

−
=

χχ
ε dK   (ε is porosity, χ is tortuosity)                                                                (4) 

 pdd
ε
χ
3

=  (dp= Pore diameter)                                                                                     (5) 

  
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−=

2

3
1118.11

4
1

π
ε

ε
π

χ G
  (G is a geometric factor)                                             (6) 

eG 04.0/)1(1 ε−−−=  and finally;                                                                                           (7) 

1

8.0

3
)1(118.1

)1(3
0095.0

−

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−

=
π
ε

χ
ε

G
Gf                                                                  (8) 

After finding final values for f and K, using the original Forschheimer equation, equation (1) 

yields a good prediction of the pressure drop as a function of velocity. 

Another good equation for pressure drop prediction is the one derived in the book, Metal 

Faoms, A design guide. It predicts pressure drop versus exit velocity and is of the following 

form: 
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Where 
ρ
π

rel

da 324.1=                                                                                                   (10) 

Vf is the free stream velocity, α is the fluid thermal diffusivity, υa is the kinematic viscosity, d 

is ligament diameter, a is cell size (cell diameter), ρa is fluid density, m and ξ are determined 

experimentally, and because of the relation of relative density and PPI, the above equation 

can be rewritten in the following form using Porvair’s derivation from the experiments 
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conducted of stainless steel foam, note that the following equation using Porvair’s derivation 

of cell size and cell diameter but applied to equation (9): 

                                                             (11) 
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As stated before, relative density affects the ligament cell thickness; hence, the 

thicker the ligament the more the pressure drops. The ligament diameter is inversely 

proportional to the PPI number and the relative density. From this idea, Porvair® research 

adopted a different approach which used PPI number to predict permeability and pressure 

drop, a model was specifically created for the stainless steel and FeCrAlY foam based on 

Forschheimer’s equation of course18. The modified Porvair equation for cell size (diameter) 

and ligament diameter for stainless steel foam are the equations (12) and (13). Boomsma et 

al6 also developed a model for porosity for use in applications of thermal conductivity of 

open-cell foams with results closely matching that of experimental data. 

To get a better understanding of how the listed equations predict pressure drop, 

Maple® software simulations are presented and compare the different equations used, the 

simulations represent speeds up to 100 m/s or 0.3 Mach. The pressure drop shown represents 

the pressure drop per inch of foam; Pressure drop is in KPa. Simulations will include: 

- Simulation #1: Equation (3) with data taken from table 4 
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- Simulation #2: Equation (9) with m=0.4 and ξ=4 (from Metal Foams: A design 

guide), a will be calculated using equation (10) 

- Simulation #3: Equation (11) with m=0.19 and ξ=182.6 

 

Table 4 lists typical Al foam characteristics, with PPI, porosity, friction factor and more. 

Table 4: Experimental results for Al foam characteristics 

 
 

 

All the equations listed up to this point are derived, studied and applied to flows 

under 10 m/s, the only data available above 10 m/s is the what is available from Porvair up to 

27 m/s which is in the turbulent regime. Unlike flow in pipes, there is no sudden change from 

laminar to turbulent flow in metallic foam and porous media in general, the transition 

happens over a range of Reynold’s number from 1 to 10. However, with slight modifications 

to the friction factor, all the above equations should hold for velocities reaching to 100 m/s or 
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the speed at which air becomes compressed. Simulations were done assuming standard 

pressure and room temperature.  

Kpa/in 

 
Figure 27: Three simulations of pressure drop using different equations, velocity is in m/s 

 
 

In the above simulation, Simulation #2 and #3 are close in results but Simulation #1 is 

not. This states that even though foams are considered porous media, they don’t quite follow 

the exact Forschheimer equation or the square dependence of pressure drop on velocity but 

rather a less power or exponent of values from 1.5 to 1.8, depending on the foam. This is 

because when dealing with foam many effects come into play like porosity cell wall, and cell 

geometry that create complex effects of fluid flow and eddy phenomena around cell 

ligaments. Investigations showed that the additional pressure drop can be explained by the 

elongational strain of the fluid since about 75% of the resultant pressure loss is caused by 

elongational strain and only 25% by shear strain19. Figure 28 (a) is a simulated figure of a 
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portion of metallic foam, Figure 28 (b) is a 3D image of the ligament tetrahedral shape20; it 

gives a good idea of what the flow encounters as it passes through the cells and around cell 

ligaments . This tetrahedral ligament geometry is a less contributor to pressure drop.  

 

 (a) (b) 
Figure 28: (a) Simulated section of open-cell metal foam, (b) 3D image of the ligament tetrahedral joints 

 

Figure 29, is a CFD simulation of flow over a cell ligament. Surface pressure distribution and 

formation of 3D recirculation streamlines after a cell ligament are shown. 

 

 
Figure 29: Surface pressure distribution and streamline formation after flow over a cell ligament 
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Figure 30 is an overall simulation of pressure distribution at the inlet and outlet of simulated 

SiC metal foam21. It shows pressure built up over the inlet area and pressure drop over the 

exit profile. 

 
Figure 30: Pressure profiles over the inlet and outlet areas of SiC-simulated metal foam 

 

As mentioned before, flow in the compressed air regime will be studied in a later section of 

this paper. 

 

-Thermal Management 
  

Possibly the biggest advantage of open-cell metal foams is their heat transfer capabilities. 

The increase surface area per volume of the open cell foam make them prime candidates to 

take the role as the next generation heart exchangers and fuel cell applications. There are 

three guiding design principles of a foam to be considered for heat transfer application: 

1. High conductivity ligaments (or foam material) are needed to transport heat rapidly 

into the medium. 

2. A turbulent flow is preferred to facilitate high local heat transfer from the solid to the 

fluid. 
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3. A low-pressure drop between the fluid inlet and outlet such that the fluid can be 

forced through the medium using a pumping system with moderate power 

requirements making low fluid viscosity desirable. 

Figure 31 shows the thermal conductivity versus specific heat for currently available open 

and closed-cell metallic foams. From this figure, the span of the thermal characteristics of 

such foam is clearly evident. 

 

 
Figure 31: Thermal conductivity vs. volumetric specific heat of currently commercial available metal 

foams. Source: Metal Foams: A design guide 
 

Thermal performance in open cell foam is characterized by an effective heat transfer 

Hc, which is related to the heat flux per unit area, q, from the hot surface in the standard 

manner22.      

q=Hc∆T                (14)  
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Where ∆T is representative temperature drop. Hc is derived from assuming that the foam is a 

bank of cylinders (BOC) oriented normal to the flow. Figure 32 is a representation of the 

BOC used to derive the heat transfer equation23. Figure 33 illustrates the geometry the BOC 

would be compared to after scaling to a metal foam, which is an array of three 

tetrakaidecahedra. 

. 

 

Figure 32: Bank of cylinders approach used to derive heat transfer equations for cellular foam. Source: 
Metal Faoms: A Design Guide 
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Figure 33: An array of three tetrakaidecahedra cells joined together to simulate an open cell foam. 

Source: Fourie and Du Plessis (2002) 
 

 

 This solution was modified and experimentally verified to fit metal foams and the final heat 

transfer coefficient takes the form: 

⎥⎦
⎤

⎢⎣
⎡= effeffeffC Bi

d
bBik

d
H 2tanh2ρ                   (15) 

ρ is relative density of the foam, d is ligament diameter, b is thickness of the medium. 

Keff is the effective thermal conductivity related to the actual thermal conductivity of the 

constituent metal, ks, by: 

seff kk 28.0=                                 (16) 

The Biot number is: 

sdk
hBi =                      (17) 

But for different Reynold’s number flows in BOC, it is given by: 

)(RePr91.0 4.036.0

s

a

k
k

Bi =   (Re < 40)                    (18) 
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)(RePr62.0 5.036.0

s

a

k
k

Bi =  (Re > 40)                   (19) 

a

f dv
ν

=Re   vf is flow velocity and υa is kinematic viscosity 

Or,  

µ
ρ Kv f=Re  , µ is dynamic viscosity                 (20) 

And finally, the calibration of the Biot number for use in foams is: 

BiBieff 2.1=                      (21) 

The heat Q, flowing into the fluid through the cellular medium per unit width is related to the 

heat transfer coefficient by: 

Q=LHc∆Tlm,                      (22) 

L is the length of the foam layer and ∆Tlm is the logarithmic mean temperature given by: 
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T                     (23) 

T1 is temperature of the heat source, To is the fluid temperature at the inlet, Te is the 

temperature of fluid at the outlet. Figure 34 is an indication of the performance of an ERG 5 

PPI sample of DUOCEL foam. The data compares the overall heat transfer coefficient to 

flow rate and relative density. 
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Figure 34: Overall heat transfer coefficient h, as a function of relative density and fluid flow of air at 

20°C for a 20 PPI sample of DUOCEL foam 
 

 

As the heat transfer coefficient increases, so does the pressure drop across the 

medium. There is also a trade-off between the pressure drop and heat flux for any system and 

metal foams are no exception. Figure 35 shows that as the heat dissipation index increases, 

pressure drop decreases. Table 5 states the definition of the terms used in the graph. 

Table 5: Definition of terms used in Figure 33 
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Figure 35: Pressure drop vs. heat dissipation index for open cell metal foams 

 

Heat exchangers are commonly characterized by the Colburn j factor, which gives a 

heat transfer performance estimate comparing the convection coefficient to the required flow 

rate of a heat exchanger. The Colburn j factor is based on the measured convection 

coefficient (h), the necessary velocity of the coolant in order to achieve the corresponding 

convection coefficient(V ), and the fluid’s mechanical and thermal properties, 

as described by the density (ρ), specific heat (c), kinematic viscosity (υ), and the fluid 

thermal diffusivity (α). The Colburn j factor is given in Equation (22) by the following: 

3
2

⎟
⎠
⎞

⎜
⎝
⎛=
α
ν

ρcV
hj                     (24) 

Figure 36 illustrates some experiments done on Al foam samples of the following 

characteristics24, Table 6: 
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Table 6: Properties of some Al foam samples tested for heat exchanger application refer to figure [36]. 
Source Boomsma et al (2003) 

 
 

 
Figure 36: The Colburn factor plotted against the Re number for selected foams. Source: Boomsma et al 

(2003) 
 

Figure 37 shows the behavior of the Nusselt number plotted against velocity. This is a good 

indication of heat transfer versus velocity since the Nusselt number for Al foams is defined 

as: 

c

hyd

conc

hyd

k
D

TA
q

k
hD

Nu
∆

==                     (25) 

Dhyd is the hydraulic diameter, q is heat rate, Acon is the convective cross-sectional area, kc is 

the coolant or fluid thermal conductivity. 
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Figure 37: Nusselt number plotted against velocity of selected metal foams. Source: Boomsma et al (2003) 
 

It is of no surprise from the figure above that increased velocity will increase the heat transfer 

rate, q. To put the effectiveness of the thermal management of metallic foams in perspective, 

Figure 38 shows the performance of a mesocell metal heat sink used for chip cooling. It 

illustrates the power dissipated in relation to foam thickness and foam relative density at a 

defined flow rate. The figure shows a maximum heat dissipation value about half way 

through the heat sink. Therefore, from this figure, an optimal design for obtaining maximum 

heat dissipation can be reached at a specific relative density. 
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Figure 38: Maximum on-chip thermal performance using a mesocell metal heat sink 

 

II-High Temperature Open-cell Metal Foam for Jet Engine Use 
 

-Motivation 
 

Since the invention of the jet engine and its use in the aerospace industry, the aim has 

always been to increase turbine operating temperatures since this means better efficiency, 

more power, less fuel consumption and less pollution for airplanes. In fact, during the past 30 

years turbine airfoil temperature capability has increased on average by about 4°F per year. 

This created a big challenge since the operating temperatures of turbines were limited by how 

much their material could handle. Nickel-base superalloys (NBSA) have dominated high-

temperature jet engine applications in past years but because of their melting point (1455°C 

for Nickel) the use of NBSA has been limited and other alloys are being considered. 
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Although NBSA have been alloyed with refractory metals which improved their thermal and 

mechanical properties, there are still short comings with NBSA mainly because of their 

relatively low melting temperatures compared to refractory metals. Refractory metals with 

their high melting point are being increasingly considered as alloying elements and even as 

base elements as a replacement for NBSA. Refractory elements and their alloys are proving 

to have better properties than NBSA; not only do they exhibit higher melting points but they 

also have better thermal and mechanical properties of oxidation, creep and corrosion at high 

temperature from 1500°C to 1800°C. An investigation of the proper alloys will be studied in 

this research yet whether that chosen alloy or alloys can be made into porous metal foam is 

another challenge. This research also investigates the foaming possibilities and processes of 

these ultra-high temperature alloys. This porous structure will be known as “Refractory Open 

Cell Metal Foam.” Furthermore, this research will investigate the current turbine vane 

materials of certain engines and whether these alloys can be made into porous foam. The 

reason being is that there would be no need to develop new high temperature alloys of 

current engines if the turbine vane material is already available and is capable of 

withstanding the temperatures of that specific engine. Another challenge arises from this idea 

and that is the material the turbine is made from is a bulk or solid structure and not foam so 

when this material is foamed will the foam ligaments and cells be able to withstand the high 

temperature, corrosion and oxidation in the same manner as the bulk material would? 

Yet regardless of the operating temperatures of turbines or the materials they are 

manufactured from, the fact remains that turbine blades are always under temperature cycling 

during operation. Jet engine turbine vanes are hollow for better heat transfer; they are 

lightweight to reduce centripetal forces; and they are made out high temperature materials to 
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minimize oxidation, creep, thermal fatigue and corrosion. However; current jet engine 

designs employ the use of outside air to cool or dilute the temperatures exposed to turbine 

components to prevent them form being damaged or reducing their operating life.  

This paper presents a solution that will reduce the thermal cycling issue and improve 

engine efficiency and lifetime while maintaining optimal operational safety. This research 

suggests placing a ring of open cell metal foam directly in front of the turbine blades (after 

the combustion chambers) for the purpose of mixing the hot and cold gasses. As discussed 

earlier, metal foams are considered porous media and exhibit exceptional heat transfer 

capabilities since they have increased surface area that allows them to transfer heat at higher 

rates and quantities compared to bulk materials. Therefore, placing a ring of high porosity 

metal foam right before the turbine inlet will mix the difference in the temperatures of the 

gasses entering the turbine and it will create a temperature profile closer to unity; hence, 

raising the overall average operating temperature. This way, temperature cycling is 

significantly reduced and as a result, turbine operating life, operating temperatures and 

efficiency will increase. The foreseeable potential disadvantages are mainly pressure drop 

and a suitable material for metal foams that can withstand such high temperatures and 

pressures. The designed material of foam must also be oxidation and corrosion resistant, 

exhibit good creep and rupture lifetime as well as ductility and strength over a variety of low 

and high temperature profiles. It must also have good thermal conductivity to ensure 

maximum heat transfer and sufficient mixing. 

 Another positive outcome of placing a ring of porous high-temperature metal foam in 

front of the turbine section is that the metal foam can be coated with a catalytic material to 

lower harmful NOx gasses and emissions to the environment. Porous metal foams have been 
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researched in the past few years as a potential replacement for current catalysts and catalytic 

converters8,18 as well as for fuel cell technology. The reason metal foams are attractive for 

this application is the reduced backpressure resulting from the cell structure (porosity) and 

the increased surface(area)-volume ratio that also increases catalyst coating per volume 

compared to conventional catalysts. Current catalysts use a 2-D array of channels that are 

coated with the chemical; metal foams with their 3-D cell structure not only allow more 

catalytic material to be coated but it also allows the catalytic reaction to take place in a more 

rapid and efficient way. This process will not only help the environment but will also 

contribute to increased turbine life by reducing the Nitrogen and Sulfur (nitrides and sulfides) 

contents created from combustion. Sulfur and Nitrogen can have long-term devastating 

effects on turbine components, they contribute to wear, oxidation and corrosion of the turbine 

especially since the gasses are at temperatures that exceed 1000°C in many cases.  

 

-Concept Description 
 

Figure 39 is a simplified schematic of a turbojet engine, the most commonly used 

engine design today. It illustrates the major components starting with the fan, low pressure 

compressor (LPC), high pressure compressor (HPC), axial shaft, combustors and combustion 

chambers, high pressure turbine (HPT), low pressure turbine (LPT) and finally, nozzle. 

Figure is a picture of an actual jet engine with all the basic parts. 
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Figure 39: A simplified schematic of a turbofan jet engine with its major components25

 

 

 
Figure 40: Typical jet engine with the (a) compressor, (b) combustor, and (c) turbine region. 

 

Figure 42 shows the use of outside air (secondary air stream) to cool the inside casing of the 

engine and it also shows how the primary air stream is compressed and then combusted to 

drive the turbine that follows. The illustration shows how part of the cold primary air stream 

still finds its way to the turbine blades exposing them to cooler temperatures and causing 

thermal cycling and fatigue. Figure 41 is a better description of how the cold air flows around 

the combustion chambers for cooling and then goes on to the turbine blades. As discussed 

earlier, by placing an open cell metal foam in front of the turbine blades allows the cold and 
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hot temperatures to mix and therefore reduce the thermal cycling by increasing the average 

between the cold and hot gasses entering the turbine.  

 
Combustion 
chamber 

 

F
 

Figure

 

 

 
Cooler air streams flowing around combustion
chambers and to turbine vanes
 

Foam 
section 

igure 41: Schematic of turbofan engine showing cooler air streams flowing to turbine blades 

 42 shows an illustration of the foam ring placed inside the jet engine. 

 

 
Open cell metal foam ring in front of the turbine 
blades 

Figure 42: Illustration of the metal foam ring inside the turbofan engine 
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Figure 43, Figure 44 and Figure 45 show three main types of combustion chamber 

designs used throughout the years and each of them uses outside air to cool the combustion 

chamber walls as well expose the turbine blades to cooler air. Figure 43 is a description of 

Multiple Combustion Chamber, this type of combustion chamber is used on centrifugal 

compressor engines and the earlier types of axial flow compressor engines. It is a direct 

development of the early type of Whittle engine combustion chamber. Chambers are 

disposed radially around the engine and compressor delivery air is directed by ducts into the 

individual chambers. Each chamber has an inner flame tube around which there is an air 

casing. The separate flame tubes are all interconnected. This allows each tube to operate at 

the same pressure and also allows combustion to propagate around the flame tubes during 

engine starting26.   

 

 

Figure 43: Multiple Combustion Chamber design 
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Figure 44 describes the annular combustion chamber design. This type of combustion 

chamber consists of a single flame tube, completely annular in form, which is contained in an 

inner and outer casing. The main advantage of the annular combustion chamber is that for the 

same power output, the length of the chamber is only 75 per cent of that of a can-annular 

system of the same diameter, resulting in a considerable saving in weight and cost. Another 

advantage is the elimination of combustion propagation problems from chamber to chamber. 

 

 

Figure 44: Annular combustion chamber design 
 

Figure 45 describes a Can-annular chamber design. This type of combustion chamber 

bridges the evolutionary gap between multiple and annular types. A number of flame tubes 
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are fitted inside a common air casing. The airflow is similar to that already described. This 

arrangement combines the ease of overhaul and testing of the multiple systems with the 

compactness of the annular system. 

 

 
Figure 45: Can-annular combustion chamber design 

 

Current combustor designs attempt to mix the hot and the cold gasses as best to their 

ability, good mixing means less temperature fluctuations hence good efficiency. This mixing 

is done by swirl vanes inside combustors. The swirl vanes spin the hot and cool gasses inside 

the combustors in order to create a relatively uniform temperature gradient that will then be 

exposed to the turbine. Figure 46, is a detailed description of a can combustion. It shows the 

amount of dilution interfering with combustion. Figure 47 shows a swirl vane and its effect 

on mixing the gasses.  The color profiles indicate the velocity modulus27.  Figure 46, is a 
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detailed description of a can combustion. It shows the amount of dilution interfering with 

combustion. 

 
Figure 46: Detailed description of a can combustor 

 
 

 
Figure 47: from Selle et al, simulated axial swirler vanes at T=1000K with colored velocity modulus 

 

Even with axial and diagonal swirl vanes in place, temperature fluctuations still exist 

and temperatures leaving are not uniform as demonstrated by a simulation from Di Mare et 

al28. The temperature profiles leaving this can combustor are not uniform and therefore tend 

to decrease engine efficiency (Figure 48). From visual inspection of this simulation, a 

∆T=1000K can easily be measured from the center of the can out to the upper or lower 
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edges. Note that combustion temperatures inside the can reach temperatures of 2100K but 

with advanced cooling schemes the highest exiting temperature is about 1300K which is 

about what current jet engines operate under.  

 
Figure 48: Combustion simulation in a can-type combustion with exiting temperature profiles, 

temperatures shown are in degrees Kelvin 
 

A simulation from the same publication shows more closely how dilution air cools down 

combusting gasses. Figure 49 shows upper and lower cool air dilution lines entering the 

combustion chamber and significantly reducing the temperatures. Note that the pink colors 

indicate temperatures of 2200K while the blue ones are at 315K 

 

Dilution air lines reducing 
the temperature of the 
combusting gasses 

Figure 49: Temperature simulation of combustion with dilution air line. Five levels of temperature are 
between the pink and blue lines. 
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Furthermore, to put the amount of dilution air used in the cooling process, Figure 50 below 

from Di Mare et al shows how much dilution air is used in the cooling process; in this 

particular simulation, 6 dilution air intakes are presented in this cross section of combustor. 

This gives an idea of how much cooling is needed to operate the jet engine at temperatures 

that will not melt the turbine vanes or blades. 

 

 

Cool air dilution 
intakes in a combustor 

s

Figure 50: Cross section of a can-type combustor with streamline coming in from cool d
 

Figure 51 is a conceptual description of the effect of placing the metal foam a

combustors. The cells will act as a mixing and averaging medium and result i

uniform temperature profile exiting the combustors. 

 56
Swirler vane
ilution air intakes 

fter the 

n a more 



Foam 

 
Figure 51: Schematic illustrating the effect of placing a ring of metal foam in front of the combustors 

More uniform 
temperature 
profile leaving 
combustors temp 

 

Although the operating temperatures of jet engines have been on the rise for the past 

30 years, engine efficiency has effectively improved but much of that is attributed to cooling 

and the ideal “efficiency line” is currently not being reached. Figure 52 shows this clearly by 

comparing Specific Core Power [(hp/(lbm/s)] versus Turbine Inlet Temperature29. Therefore, 

the need for the technology that would raise the operating temperatures while maintaining the 

integrity of the turbine blades is present.   

 
Figure 52: Specific Core Power versus Turbine Inlet Temperature for the past 70 years for several Pratt 

and Whitney engine and others as well. 
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The data for specific engines span about 70 years and are compared to the ideal or theoretical 

limit. The data suggest that while horsepower has increased, much of this has come from 

advanced cooling schemes (blue shaded area) and that overall turbine efficiency has drifted 

down from the ideal line. Higher-temperature materials are needed to shift performance back 

toward the ideal limits, but those materials must be manufactured using processes amenable 

to the production of complex airfoil components such as the one shown in the inset (height: 

approx. 12 cm.). Specific power is expressed relative to mass of air flow (neglecting fuel). 

T2, T3, and T4 are the fan inlet, compressor exit, and combustor exit temperatures, 

respectively. R is the ideal gas constant, and γ is the ratio of heat capacities, Cp/Cv (usually 

about 1.4). For a given compressor exit temperature there is a corresponding turbine rotor 

inlet temperature for combustion of the fuel under stoichiometric conditions. The numbers at 

the upper right of the ideal curve indicate possible compressor exit temperatures, and the 

lines mark the corresponding turbine inlet temperatures for achieving stoichiometric 

conditions. Today’s engines expose superalloys to temperatures close to 1150°C, while the 

turbines themselves are able to operate at higher temperatures by distributing cooling air 

through the advanced single-crystal airfoils and by using thermal barrier coatings. However, 

closer inspection of the data shown for the PW2037 through PW4084 engines reveals a new 

and disappointing trend. While the turbine inlet temperatures rose with each of these engines 

in turn, the deviation from ideal performance increased, mainly as the result of necessarily 

increased cooling air flow. So by placing a metal foam piece in front of the turbine inlet, 

those cooling flows will be better mixed with combustion gasses and therefore operating 

temperatures will increase closing the gap and bringing the jet engine operation closer to 

ideal. Furthermore, and as proven from information deduced from Figures 43 to 48, a high 
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temperature metallic foam ring placed after the combustor might be the answer that would 

bring up the average operating temperatures hitting the turbine section and thus increasing 

efficiency. 

-Designing a suitable high-temperature metal foam 
 
 The Brayton thermodynamic cycle states that the higher the operating temperatures 

for an engine the better the efficiency becomes and the jet engine is certainly no exception. 

For this reason, jet engine operating temperatures have been on the rise since the introduction 

of the jet engine to commercial aviation some 50 or 60 years ago. This has made the turbine 

section be exposed to very harsh environments that contribute to corrosion, oxidation, creep 

and rupture since high temperatures worsens the mechanical integrity of the turbine material. 

Up to this point Ni-based superalloys have been the material of choice for hot jet engine 

sections. They exhibit unsurpassed resistance to corrosion and oxidation and have excellent 

high and low temperature strengths and ductility. However, jet engine design and technology 

is rather exceeding the limitations of Ni-based superalloys and nearing their maximum 

operating temperature of about 1000°C and because of their melting point (~1400°C), other 

alternatives are being researched to replace NBSA. Nevertheless, NBSA technology has been 

researched for a number of years and is very established and understood and current 

researchers are designing new materials with higher melting points with the NBSA 

technology in mind. Figure 53 shows the general pressure and temperature distribution of a 

GE J79 after-burning jet engine. The hottest parts are clearly the ones leaving the combustor 

and hitting the turbine section. Therefore, when designing an open-cell metal foam to be 

placed in that section, clearly that foam has to withstand high temperatures and pressures 

along with oxidation and corrosion resistance. 
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Figure 53: Pressure, Temperature and Velocity profiles of a GE J79 jet engine. Courtesy of General 

Electric 
 

 

-Nickel-based Superalloys  
 

Nickel-Based superalloys have been successfully used in turbine components since 

the late 1940’s. Around 70% of the weight in modern turbine engines comprises NBSA’s. 

The success of NBSA’s is due to their high yield stresses and excellent resistance to 

environmental attack at high temperatures. The high yield stresses at high temperatures are 

possible because the microstructure of the NBSA’s are composed of fine, coherent, ordered 

precipitates in a compatible matrix. The precipitates are coherent with matrix since they have 

a very similar structure and therefore the misfit between the lattice parameters of the matrix 

and precipitates is very low.  The precipitates are ordered while the matrix is disordered, on 

other words, the atoms have no site preference. In NBSA’s, the precipitates have the L12 

structure (Ni3Al); they are ordered fcc (Ni matrix) and thus very closely related to the fcc 

matrix phases. High yield stress capability result from making dislocation movement more 
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difficult and hence alloy deformation is slowed because dislocations must move through 

many precipitates to pass through the component as stress is applied. Inside the precipitates, 

dissociation occurs with an anti-phase domain boundary between them. For this to happen, it 

requires energy and thus dislocations are slowed even further and the alloys are strengthened. 

Furthermore, because of the coherency between the precipitate/matrix interface, the particles 

are very stable even at high temperatures. The surface energy is always low, even for the 

high surface areas of fine precipitates and there is very little driving force for particle 

coarsening and thus the precipitates remain fine and the high strengths of the alloys are 

retained. 

Nickel-based alloys can be either solid solution or precipitation strengthened. Solid 

solution strengthened alloys, such as Hastelloy X, are used in applications requiring only 

modest strength30. In the most demanding applications, such as hot sections of gas turbine 

engines, a precipitation strengthened alloy is required. Most nickel-based alloys contain 10-

20% Cr, up to 8% Al and Ti, 5-10% Co, and small amounts of B, Zr, and C. Other common 

additions are Mo, W, Ta, Hf, and Nb. In broad terms, the elemental additions in Ni-base 

superalloys can be categorized as being: 

 i)  Formers (elements that tend to partition to the  matrix) 

ii) ' Formers (elements that partition to the ' precipitate) 

iii) Carbide formers 

iv) Elements that segregate to the grain boundaries 

Elements which are considered  formers are Group V, VI, and VII elements such as Co, Cr, 

Mo, W, and Fe. The atomic diameters of these alloys are only 3-13% different than Ni (the 

primary matrix element). ' formers come from group III, IV, and V elements and include Al, 
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Ti, Nb, Ta, and Hf. The atomic diameters of these elements differ from Ni by 6-18%. The 

main carbide formers are Cr, Mo, W, Nb, Ta, and Ti. The primary grain boundary elements 

are B, C, and Zr. Their atomic diameters are 21-27% different than Ni. 

The major phases present in most nickel superalloys are as follows: 

Gamma ( ): The continuous matrix is a face-centered-cubic (FCC) nickel-based austenitic 

phase that usually contains a high percentage of solid-solution elements such as Co, Cr, Mo, 

and W.  

Gamma Prime ( '): The primary strengthening phase in nickel-based superalloys is Ni3(Al, 

Ti), and is ( '). It is a coherently precipitating phase (i.e., the crystal planes of the precipitate 

are in registry with the gamma matrix) with an ordered L12 (FCC) crystal structure. The close 

match in matrix/precipitate lattice parameter (~0-1%) combined with the chemical 

compatibility allows the ' to precipitate homogeneously throughout the matrix and have 

long-time stability. Interestingly, the flow stress of the ' increases with increasing 

temperature up to about 650oC (1200oF). In addition, ' is quite ductile and thus imparts 

strength to the matrix without lowering the fracture toughness of the alloy. Aluminum and 

titanium are the major constituents and are added in amounts and mutual proportions to 

precipitate a high volume fraction in the matrix. In some modern alloys, the volume fraction 

of the ' precipitate is around 70%. There are many factors that contribute to the hardening 

imparted by the ' and include ' fault energy, ' strength, coherency strains, volume fraction 

of ', and ' particle size. 

Extremely small ' precipitates always occur as spheres. In fact, for a given volume of 

precipitate, a sphere has 1.24 times less surface area than a cube, and thus is the preferred 

shape to minimize surface energy. With a coherent particle, however, the interfacial energy 
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can be minimized by forming cubes and allowing the crystallographic planes of the cubic 

matrix and precipitate to remain continuous. Thus as the ' grows, the morphology can 

change from spheres to cubes (as shown in Figure 54) or plates depending on the value of the 

matrix/precipitate lattice mismatch. For larger mismatch values the critical particle size 

where the change from spheres to cubes (or plates) occurs is reduced. Coherency can be lost 

by over aging. One sign of a loss of coherency is directional coarsening (aspect ratio) and 

rounding of the cube edges. Increasing directional coarsening for increasing (positive or 

negative) mismatch is also expected.  

 

 

 

 

 

 

 

Figure 54: Cuboidal morphology of NBSA microstructure 
 

 There are numerous kinds and NBSA that differ in properties and application. To show a brief 
summary of the effect of alloying elements on NBSA, Figure 55 below is a good example and general idea 
of how the alloying elements affect NBSA31. These elements also have similar affects on alloys beyond Ni-

based with similar microstructure. Yet to better understand corrosion and oxidation resistance, it is 
crucial to understand the nominal composition of the discussed alloys,  

 
 

Table 7 is a list of the nominal composition of some as cast NBSA. 
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Table 7: Nominal composition of selected as cast NBSA. Source: Superalloy, a technical guide, 2nd edition 
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Figure 55: Effects of adding certain elements to NBSA, source: Superalloys, a technical guide, 2nd edition 

 
 

Figure 56, shows a comprehensive chart of corrosion, its affects, contributing factors and 

ways of prevention. This figure is of importance because when designing an alloys superior 

to Ni-based but with similar microstructure, that alloy is going to have similar behavior 

depending on the alloying elements added. 
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 Table 8 shows a list of NBSA and their tensile strength, yield strength at 0.2% offset and 

tensile elongation % at different temperatures While Table 9 shows the effect of temperature 

on 1000h stress-rupture strengths. 

 

 

Figure 56: Comprehensive corrosive and oxidizing cases for NBSA and ways of prevention. Source: 
Superalloys, a technical guide, 2nd edition 
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Table 8: Effect of temperature on strength of selected NBSA. Source: Superalloys, a technical guide, 2nd edition 
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Table 9: Temperature dependence on 1000h stress-rupture strengths of selected wrought NBSA]. Source: 
Superalloys, a technical guide, 2nd edition 

 
 
 
 

-Beyond Nickel-based Superalloys 
 
  As discussed before, the only major drawback that NBSA suffer from is their low melting 

point. This has been the driving force after the research to develop new superalloys that have the 

same environmental resistance as NBSA as well as high and low temperature strength and 

ductility but with higher operating temperatures. In order make such alloys, much has been 

learned from the microstructure of NBSA and how that translates to its performance. It is known 
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that the Ni-fcc matrix and Ni3Al-L12 precipitate is a key structure for NBSA; it’s where they 

retain their strength at high temperature as well ductility and at a range of temperatures. As 

discussed earlier, the fcc-L12 microstructure is vital in making dislocation movement more 

difficult and it results in a good matrix-precipitate coherency that in turn results in a very low 

lattice misfit, in most cases it’s less that 1%. Therefore, when scientists sought to engineer the 

next ultra-high temperature material, the desire was to mimic the fcc-L12 microstructure of 

NBSA but with increased operating temperatures. This will combine the benefit of 

environmental resistance, low and high temperature ductility and increased strength at high 

temperatures beyond the capabilities of NBSA. This next-generation alloy will be dubbed 

Refractory Superalloy since it will have the behavior and microstructure of Ni-based superalloys 

and it will probably be made of refractory material which means it will be to operate at 

extremely high temperatures. 

Considerable promising research has been conducted to find the best fit for the next ultra-

high temperature alloy yet perhaps the most promising research has been coming from the 

elements of the Platinum Group Metals (PGM) intermetallic-based compounds, mainly Rh, Ir, 

Pt, and Re. PGM elements have melting temperatures (refractory) well beyond Ni (around 

2773K) and also exhibit good oxidation and corrosion resistance, even better than Nb, Mo, W, 

and Ta based alloys. Other research has been conducted on Nb, Si, and Mo-based alloys however 

none quite showed as promising results as PGM alloys neither in high operating temperatures nor 

in ductility or strength at low and high temperatures. Studies have been performed on refractory 

metal based on Mo, Nb and Ta alloys, these alloys showed good creep and tensile strengths 

beyond 1800°C32; however, all these alloys suffer from severe lack of oxidation resistance and 

hence can not be used as turbine vanes or blades. PGM alloys were found to have crystal 
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structures of L10, L12, and B233. Their specific gravity was above 10 in exception on rhenium- 

and ruthenium-based alloys. This is a disadvantage for PGM since high specific strength and 

specific modulus are required are elevated temperatures; however, the high melting points of 

these alloys makes them very promising candidates for next generation refractory material. 

Another disadvantage that PGM-based intermetallic compounds have is relative heavy weight 

when compared to NBSA therefore their application is geared more towards non-rotating jet 

engine parts. Significant research is being done to alloy PGM with different elements to reduce 

weight, for example, alloying with Al, Ni and Cr. Table 10 summarizes the crystal structure, 

melting temperature and specific gravity of PGM intermetallic alloy compounds or what 

represents the γ´ precipitates. 

 

Table 10: List of Platinum Group Metal intermetallic compounds, their crystal structure and density 

 

 70



Ir-Based Refractory Superalloys 

Iridium, with its high melting point (2443°C) and a  γ-fcc structure can be equilibrated 

with a γ’-L12 structure precipitate according to the binary phase diagrams, for example; Ir-Nb, Ir-

Ti, Ir-Hh, Ir-Zr and Ir-V systems. Figure 57 shows the cuboidal L12 precipitates in Ir-Nb and Ir-

Ta. 

 

 
Figure 57: L12 Precipitates of Ir-17Nbheat treated at 2073k for 24 hours 

 

 

Out of the above listed binary alloys, Ir-15at%Ti and Ir-15at%Nb alloys have γ/ γ’ coherent two 

phase structures. Figure 58 lists two phase diagrams of Ir-Nb and Ir-Ti systems. Two phase γ/ γ’ 

alloys have superior high temperature strengths to single γ and γ’ single phase alloys.  
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Figure 58: Binary Phase diagrams of (a) Ir-Nb and (b) Ir-Ti alloys 

 

  

The aforementioned superalloys exhibited lattice misfits around 1% and had very high 

compressive strengths, 0.2% flow stresses at 1800°C being about 210 to 220 MPa, which are 

equivalent to those of the strongest W-base alloys. Research experiments done found that 

refractory superalloys have far better oxidation resistance than W- and Nb-base conventional 

refractory alloys. Therefore Ir-base alloys have promising potential to become the next ultra-high 

temperature materials in jet engines. One drawback for Ir alloys is their densities are much 

higher (20-22 g/cc) than NBSA’s (8-9 g/cc); for this reason, they are not attractive alloys to use 

in engine rotating parts but for foam applications they can still be considered as a potential 

candidate since with foamed metals, weight is drastically reduced and therefore the deciding 

factors are geared more towards thermal conductivity, fatigue life, oxidation and creep 

resistance. Figure 59 shows the compressive stresses of the Ir-base binary alloys at 1800°C 

compared to pure Ir, pure W, Al2O3, Nb-Al-W and W-HfC. The graph clearly shows the 
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increased strengths of Ir-base binary alloys upon alloying. Ir-based alloys showed greater 

strengths than W-HfC (197 MPa) which is believed to be the strongest metallic materials 

available. 

 

 
Figure 59: Compressive stress-strain curves of binary Ir-base alloys  

 

Oxidation tests were performed on Ir-15at%Nb at 1800°C for 1 hour in air compared to the same test 
performed on pure W, Nb-20.4at%Al and Nb-4.2W-21.3Al(at%). The pure W, Nb-20.4at%Al and Nb-4.2W-

21.3Al (at %) samples were completely vaporized while the Ir-15at%Nb had only a 0.03 mm material loss 
from the surface. Furthermore, compressive creep resistance tests were done on Ir-Nb and Ir-Zr alloys at 

different heat treatments listed in  
 

Table 1134. 

 
 
 
 
 
 
 

Table 11: Alloy composition and heat treatment of test Ir-Nb and Ir-Zr samples 

 73



 
 

The compression creep behavior of the Ir-Nb alloy with cuboidal precipitates, the Ir-Zr alloy 

with plate-like precipitates, and the Ir-Zr alloy with a discontinuous coarsened lamellar  

structure (DCLS) was investigated at 1500°C under 137MP and results are shown in Figure 60. 

 
Figure 60: Creep test for Ir-Nb and Ir-Zr alloys 

 

Primary and secondary creep were observed during 300 hours. The largest strain about 3.2% was 

shown in the Ir-Zr with the DCLS. The smallest strain, of about 1.2%, was observed in the Ir-Nb 

alloy. The microstructure after creep showed that cuboidal precipitates in Ir-Nb alloys are stable 

under this creep condition. On the other hand, plate-like precipitates were replaced by 

discontinuous coarsening during creep. This shows that the creep property 

of the Ir-Zr alloy is inferior to that of the Ir-Nb alloy although the Ir-Zr alloy shows higher 

precipitate hardening during compression test (short period test) due to a large lattice misfit. The 
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temperature dependence of strength on L12 Ir-based alloys was also investigated35. It was found 

that only Ir3Nb and Ir3Zr showed anomalous strength behavior but not Ir3Ti and Ir3Hf. The peak 

temperature for Ir3Nb and Ir3Zr was at 1273K, which is only 0.4 their melting temperature unlike 

Ni3Al alloys which reach their maximum strength at only 873K but that is 0.5 their melting 

temperatures. Creep data from figure 61 and from Mitatrai et (2000) shows that creep 

performance at temperatures around 2000K is not very convincing and therefore needs 

improvements since tertiary creep occurred only after a few hours. This creep improvement 

comes from adding a third element to the binary Ir alloy. By adding Ni or Zr, the creep behavior 

of Ir-Nb was drastically improved at 2073K and 137 MPa. Figure 61 shows the improved 

performance of creep compared to the binary system. 

 
Figure 61: Improved creep behavior of Ir-Nb by adding Ni and Zr  

 

One reason for good creep performance in ternary alloys is their microstructural stability and 

strengthened grain boundaries. This is further supported by data from Figure 62 below. It shows 

that increased Nb contents (beyond 17%) in the mentioned ternary alloys help increases creep 

life. 
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Figure 62: Increased creep life with increased Nb content of Ir ternary alloys. DS stands for directionally 

solidified 
 

In the ternary alloys, the dendritic structure showed in Figure 63 did not disappear during heat 

treatment, this yielded a complex fcc-L12 microstructure to form around grain boundaries which 

also helped creep lifetime.  

 

 
Figure 63: (a)Dendrite microstructure of Ir-23Nb annealed at 2073K for 72hrs, (b) higher magnification 
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Another similar ternary Ir-based alloy was investigated36. Ir-Pt-Al alloy was studied at 

1773 and 1973 K to design an alloy with the fcc and IrAl two-phase structure. The maximum 

solubility of Pt in the IrAl phase is about 4 at% at 1773 K. Thus, the fcc and IrAl two-phase 

region is very narrow. Instead, the Pt Al, Pt Al , and PtAl phases were observed to include a 

large amount of Ir. Compression creep tests were performed for the alloys with two-phase 

structure, such as fcc+IrAl, fcc+Pt5 Al3 , and fcc+Pt3 Al, at 1773 K under 30 MPa. The creep 

properties of the two-phase alloys are inferior to those of the alloys with single fcc phase only. 

Precipitation hardening by these second phases was not observed in the Ir–Pt–Al alloys. Thus it 

is concluded that the Ir–Pt–Al alloys should be used at temperatures lower than 1773 K or under 

applied stress lower than 30 MPa.  Figure 64 a and b clearly show this outcome. 

 

 
Figure 64: (a) creep behavior of Ir-Pt alloys, (b) creep of Ir-Pt-Al alloys, both at 1773K and under 30 MPa 

 

Usually the accepted creep behavior is at the temperature at which at material can withstand 

137MPa after 1000 hours. The binary and ternary Ir-based alloys tested thus far have not quite 

reached that kind of performance, nonetheless; they have shown much promise of increased 

performance with ongoing research. An attempt to increase the creep performance was done by 

Huang et al37 where they suggested a quartenary Ir-based alloys with Ir-Nb-Pt-Al with the 

following compositions and heat treatments, Table 12 : 
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Table 12: Compositions and heat treatments of Ir-Nb-Pt-Al alloys 

 
 

The above alloys were tested for strength and creep with results from the Ir-Nb-Ni-Al systems, 

Figure 65 (a) and (b). 

 

  
Figure 65: (a) 0.2% yield stress dependence on Ir % content compared with Ir-Nb-Ni-Al, (b) Creep data for 

alloy e . 
 

The compression tests of five samples were carried out at 1200°C. All the samples showed good 

compressive ductility. The 0.2% yield strengths increased along with the increment of Ir (at.%) 

content, and were higher than those of Ir–Nb–Ni–Al alloys at the same 

Ir (at.%) content. The main reason for the strength increment of Ir–Nb–Pt–Al alloys was believed 

to be the stronger matrix phase and more stable L12 precipitates. The alloy e with the most 

promising microstructure showed the highest strength that was over 1000 MPa. The creep test 
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was carried out for alloy e at 1400°C and under 100 MPa. It presented excellent creep resistance 

with small end strain of 0.5% and low secondary strain rate of 10-7/s. It was thought to be due to 

the fine coherent fcc/L12 two-phase structure created by the small lattice misfit between fcc and 

L12 phases. Another promising quaternary alloy system is based on the Ir-Rh system since it 

combines both the ductility of Rh and the strength of Ir38. However, the biggest challenge that Ir 

and it alloys face is brittleness. It is known that polycrystalline iridium and its alloys exhibit 

intergranular or mixed intergranular and transgranular cleavage with limited ductility over a wide 

range of temperatures39, , ,40 41 42. These simple tests show the good thermal and mechanical 

properties of Ir-base superalloys and the possibility of taking part in future jet engine 

applications with advanced alloying, in spite of their comparatively heavier weight. Their 

brittleness is currently being researched and improved through alloying43,44. 

Rh-Based Alloys 
 

Another alloy system from the Platinum group metals that has also demonstrated 

promising results as ultra-high temperature material for jet engine use is the Rh-based system45. 

Rh-based alloys have average densities around 12 g/cc but with a slightly less melting point 

(1960°C). Rh-based alloys also have better oxidation resistance than Ir-based alloys. Like Ir, Rh 

has the fcc structure and can equilibrated with the L12 structure in Rh-Am, Rh-Ce, Rh-Hf, Rh-

Nb, Rh-Ta, Rh-Th, Rh-Ti, Rh-Zr, Rh-V and Rh-U systems. Rh-Nb and Rh-Ti were compared to 

Ir-Nb and It-Ti systems; Rh-based alloys outperformed those of Ir in oxidation, creep testing. 

However because of Rhodium’s melting point which is less than Ir, their strengths at elevated 

temperatures were not as high as Ir.  It was found that the lattice misfit was less with Rh-based 

alloys. Figure 66 shows the comparison between the two alloys systems along with Ni-based 

alloys and other comparable material at high temperature. It is clear that Ir alloys are stronger 

 79



than Rh at elevated temperatures. What is remarkable about this data is that Rh and mainly Ir 

showed significantly higher strength than the heavily alloyed CMSX 10 alloy, even higher that 

W-HfC which is believed to be the strongest material at around 1500°C. What is also noteworthy 

from the figure below is the anomalous dependency of strength on temperature of some alloys 

like CMSX 10 and Ir-Zr. The strength of those alloys increased with increasing temperature to a 

certain point and then dropped again. 

 
Figure 66: Effect of temperature 0.2% flow stress during compression testing of as cast Ir- and Rh0based 

alloys with 15% secondary elements together with Ni-based and W-based alloys46

 

Figure 67 shows that even though Rh-based alloys demonstrate lower strengths at high 

temperatures, the specific strength of Rh-based alloys is actually more superior in most cases 

than Ir- and Ni-based alloys. 
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Figure 67: Temperature dependence of compressive specific strength of Rh, Ir and Ni alloys 

 
 

Furthermore, when comparing the temperature dependence of compressive ductility, Figure 68, 

Rhodium based alloys also showed superior performance.  

 
Figure 68: Compressive ductility of Rh, Ir and Ni alloys 

 
 

Another beneficial characteristic of Rh is its low thermal expansion coefficient and high thermal 

conductivity. When comparing pure Ni with MarM200 and Rh, Rhodium has the lowest thermal 
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expansion coefficient and highest thermal conductivity capability of all. Table 13 shows this 

clearly. 

Table 13: Thermal expansion and conductivity of Rh, Ni and MarM200 

 
 

Choosing an alloy with high thermal conductivity in jet engine and turbine blade 

applications is crucial since high thermal conductivity means better cooling, hence better 

efficiency. Furthermore, Rh alloys demonstrated a 10 MPa/(g/cc) specific strength at 1500°C 

which is a great performance at this elevated temperature. In general, Rh-based alloys have very 

promising characteristics of becoming the next generation ultra-high temperature alloys since 

they exhibit a good collection of properties of good oxidation and creep resistance as well as 

high strengths at high temperatures. Yet in general, their binary alloys investigated usually 

showed brittle behavior and usually exhibited intergranular fracture. Therefore, similar to Ir-base 

alloys, solving this problem comes through the alloying route to not only improve ductility but 

creep and rupture life as well. 

 

 

Pt-Based Alloys 

 Platinum-based alloys have already been successfully applied in the aerospace industry47, 

48. The exceptional chemical stability, oxidation resistance, high melting points, good ductility, 
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thermal shock resistance and thermal conductivity that these alloys demonstrate counterbalances 

their high price. Figure 69 shows were Platinum stands compared to other refractory materials 

and composites currently considered for the aerospace industry. Platinum oxidation-resistant 

superiority is evident when compared to NBSA, Ir, Pd and others. 

 
Figure 69: Oxidation resistance data for the main refractory and composite elements in today’s aerospace 

industry46 

 

Pure Platinum has low mechanical strengths and is usually alloyed with about 20% of Ir or Rh 

since any amount above 20% will make the alloy very difficult to process and tend to embrittle 

the alloy when exposed to intermediate temperatures. Pure Platinum and common solid-solution 

platinum-rhodium alloys are absolutely oxidation-resistant even at temperatures above 1000°C. 

Oxide dispersion- strengthened (ODS) platinum based alloys are used for the most demanding 

applications at temperatures of up to 95% of the melting temperature of the platinum matrix. A 

platinum-based solid solution was selected for the matrix phase. An ordered fcc precipitate was 

preferred for the main precipitate because it should provide the same good properties as the 
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NBSA. A survey was conducted of the Pt binary systems based on these criteria: high phase 

stability, high melting point, oxidation resistance, hot corrosion resistance, high thermal 

conductivity, low thermal expansion, and low density. The selected candidate systems were 

those with Al, Nb, Ta, and Ti. With the Pt-Al system as the best candidate, the target alloys were 

even more similar to the NBSA. For the Pt3Al precipitates, Aluminum offered great oxidation 

resistance since it forms stable Al2O3 scales that protect the metal from internal oxidation. 

Although the flow stress of Pt3Al decreases with increasing temperature, it still is greater at high 

temperature than that of Ni3Al (γ’) and Ir3Nb. However, in the Pt-Al system, the cubic L12 Pt3Al 

phase that exists at high temperatures49  transforms to D0’
c (U3Si structure) at lower 

temperatures. Since such good properties exist with the γ+ γ’ structure in the NBSA, the system 

was used despite of this disadvantage, but a ternary element that would stabilize the higher-

temperature, preferred structure of the Pt3Al precipitate was needed. Figure 70 shows the stress-

rupture curves of selected Pt-Al-X alloys. For comparison, the10 h stress-rupture strengths of 

pure platinum and the ODS platinum-based alloy Pt DPH are also shown. PM2000 has the 

highest strength of the alloys tested, but a slight slope of the stress-rupture curve indicates again 

high stress sensitivity and brittle creep behavior. In practice, this means that PM2000 structures 

are likely to fail in the presence of stress concentrations or short overloads during usage. 86Pt-

10Al-4Cr possesses the highest strength and the shallowest slope of the stress-rupture curve of 

the investigated platinum-based alloys. Furthermore, the measurements on 86Pt-10Al-4Cr 

showed the least amount of scatter around the stress-rupture curve. 86Pt-10Al-4Ru has slightly 

lower stress-rupture strength than 86Pt-10Al-4Cr at the investigated stress levels. 
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Figure 70: Stress-rupture curves of 86Pt-10Al-4Cr, 86Pt-10Al-4Ru and PM2000 at 1300°C compared with 10 

h stress-rupture strength of dispersion hardened Pt and pure Pt at 1300°C 
 
 

 
Pt-Al-X, (X=Ti, Cr, Ru, Ta, Ir) showed good lattice misfit and stability at elevated temperatures as well as 

hardness.  
 
 
 

Table 14 shows the lattice misfit percentages between the matrix and precipitates of selected 

ternary alloys. Almost all the listed Pt-Al-X alloys showed good and stable lattice misfit 

percentages since the difference between the room temperature and the 850°C readings were 

mostly minimal. Table 15 shows the Vickers hardness of selected alloys from annealed at 

1350°C for 66h50. The results were very promising since all the alloys listed had a hardness value 

greater that 400 and furthermore, all the alloys listed showed very good oxidation resistance and 

cracking.  
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Table 14: Lattice misfit percentages between the matrix and precipitates of selected ternary alloys 

 
 
 

Table 15: Hardness values of selected as-cast and annealed ternary Pt-Al-X alloys 

 
 
 

 

Figure 71 shows an optical micrograph showing the two-phase microstructure of the nominal 

Pt62:Al19:Ni19 alloy after heat treatment at 1350°C for 66h. The 2D maze structure that is 

believed to be a strong contributor to high temperature strength is shown. 
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Figure 71: Optical micrograph image of the 2D maze structure of the Pt3Al precipitates in Pt62:Al19:Ni19 

 

Vorberg et al51 also researched Pt-based alloys, specifically the Pt-Al-Ni and Pt-Al-Cr-Ni 

systems and found that even though the Pt-Al-Ni system showed promising results, adding Cr to 

the alloy and after homogenization, a microstructure very similar to NBSA was found (Figure 

72). This is a promising alloy since by adding Cr, the alloys become much more corrosion 

resistant and that is of primary concern when it comes to the hot sections of the turbine. From 

Figure 70 below, the evenly distributed cuboidal-shaped precipitates are shown with about 22% 

volume fraction (Figure 72 (a)). Adding Cr to about 6% increases the precipitate volume fraction 

to 50% and the precipitate volume fraction to about 50% (Figure 72 (b)). The Pt76Al12Cr6Ni6 

precipitates appear to be more spherical. 
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Figure 72: From Vorberg et al, secondary electron SEM micrographs of Pt-Al-Cr-Ni alloys after 

homogenization heat treatment: (a) Pt82Al12Ni6 after homogenization for 12 h at 1500°C with followed by  air 
cooling and (b) Pt76Al12Cr6Ni6 after homogenization for 6 h at 1500C and 6 h at 1510°C with subsequent air 

cooling 
 

 In this relatively short survey on refractory superalloys, it was shown that because of 

NBSA relatively low melting point (1455°C) and the continual increase in jet engine operating 

temperatures, the need for next generation superalloys that go beyond the operating temperatures 

of NBSA is becoming more and more of a necessity. Most of the current research is being 

focused on the Platinum Group Metals and their alloys. These alloys have demonstrated 

capabilities of operating well beyond the 1500°C mark as well, in some alloys, exceeding the 

strength, creep and oxidation resistance of NBSA. The main drawback when it comes to PGM is 

their high price; however, as industrial history has proven, the more applications in jet engines 

using PGM the more the prices will decrease. This is already starting to happen since platinum-

based alloys have already found their way into some of the aerospace and glass industry 

applications. Table 16 is sample of prices taken from Cerac Incorporated of some elements used 

as based or alloying additions for superalloys. The prices listed were for the most purity available 

of the listed elements. It is noteworthy to mention that although iridium, rhodium and platinum 

are significantly more expensive than all the other elements, platinum’s annual production is 

about ten times more than that or Ir or Rh, this kind of production volume will play a significant 

 88



role in bringing the price of Pt down and make it a more attractive element for next generation 

superalloys. The annual production Pt, Ir and Rh is 5x106 oz, 1.6x105 oz, and 3x105 oz 

respectively. 

 

Table 16: Prices and purities of the main elements used in superalloys, source: Cerac Incorporated 

Element 
Purity 

(%) 
Price per gram 

($/g) 
Al 99.999 2.240 
Cr 99.998 2.680 
Co 99.990 4.800 
Hf 99.900 2.840 
Ir 99.900 52.000 

Mg 99.990 0.184 
Mo 99.999 1.460 
Ni 99.995 1.040 
Nb 99.990 1.420 
Pd 99.950 85.000 
Pt 99.950 70.000 
Re 99.990 25.000 
Rh 99.800 314.000 
Ta 99.995 2.520 
Ti 99.995 3.960 
W 99.999 3.360 
V 99.700 2.000 
Y 99.900 5.000 
Zr 99.800 2.660 

 

  Another disadvantage of PGM is their relatively high density which makes then difficult 

to use in engine rotating parts but this is being addressed through alloying. For the application 

that this research suggests, high densities are not a big issue since after foaming, the density of 

the metal, even if it were made out of a heavy alloy, would be orders of magnitude less than that 

of NBSA. As mentioned before in this paper, PGM-based intermetallics are not the only 

candidates of refractory superalloys. Mo-, Nb-52 and Si-53 based alloys have been research as 
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well and have demonstrated good potential. More emphasis on PGM-based alloys was made in 

this paper because of their higher melting temperatures and more promising results.  

III-Feasibility  
 
 Up to this point, open-cell metal foams have been discussed and information on their 

thermal and mechanical properties has been presented. In section II, the need for ultra-high 

termperature foam for use in the turbine section of jet engines was discussed and the advantages 

brought forth. For this concept to work, it must overcome three major challenges:  1) Ability to 

process metallic foam of the chosen material for a specific jet engine, 2) Prove that placing a ring 

of metallic foam in front of turbine engine will enhance the temperature profile leaving the 

combustors, 3) The ring of foam won’t cause too much pressure drop as to “choke” the jet engine 

and reduce efficiency. The following sections will discuss the foaming technology suggested for 

this application as well as study the affects of pressure drop, velocity and heat transfer on the 

foam. Pressure drop through foams was discussed earlier in this paper but only at speeds below 

the compressibility of air, which is roughly around 0.3 Mach or 0.3 times the speed of sounds. 

The reason this is significant is because pressure drop changes behavior when it becomes 

compressed and this need to be studied and formulized to be able to depict the subsonic as well 

supersonic flows inside the jet engine. For the heat transfer part, infrared imaging was performed 

on 5 and 10 PPI samples of Al foam of different thicknesses and different angles in order to 

study the heat propagation in metal foams.  
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-Foaming an Ultra-High Temperature Metal Foam 
  

The routes for foaming open cell metallic foams were discussed earlier in this paper and, 

at this point, there are two main ways of making open cell foams: the DUOCEL (ERG) way 

which basically starts off with an open-cell polymer foam and uses directional solidification of 

Al melt that leaves behind a metal equivalent of the original polymer foam. The other method is 

the INCO process which also uses an open-cell polymer foam and chemical vapor deposition 

(CVD) to deposit the metals on the polymer foam by evaporation or electrodeposition. The 

polymer foam is then burnt out and a sintering process follows to fill out the hollow ligaments 

left out by the deposition step. The INCO process is used to make Nickel foams. Moreover, 

theoretically any material or alloy can be made into porous foam if taken into account the proper 

process and the characteristics of the elements to be foamed. This in mind, Queheillalt et al54 

suggested a new approach of foaming Ni-based superalloy (Ni-21Cr-9Mo-4Nb) very similar to 

Inconel 625. In this research, the Ni-based superalloy was synthesized on carbon foam templates 

by transient liquid phase bonding. The result was an open-cell superalloy foam with mechanical 

behavior and properties very similar to foams of lower temperatures. This means that this foam 

has both the advantage of good mechanical strength, heat transfer plus it can withstand high 

temperatures. This particular foaming process is encouraging since the alloy foamed has an fcc 

matrix and an L12 precipitate structure, this means the process used to foam the above-mentioned 

alloy can be used to foam any other alloy with similar microstructure, with some modifications 

of course. The process starts by using reticulated polyurethane foam is used as template and then 

converted to carbon foam template. The reason for that is when foaming high temperature 

process by using sintering routes, high temperature heat treatments are required to diffusively 

transport material at interparticle necks and this process is not easily done. For time reduction of 
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densification of the metal powder, a transient liquid phase precursor is added to the powder. The 

advantage of using this process is that polyurethane is inexpensive and widely available in a 

number of pore densities. To the carbon foam template, the polyurethane foam was immersed in 

an unpolymerized solution of furfuryl and oxalic acid (20:1 volume ratio) for 3 hours. The oxalic 

acid acts as a catalyst for the furfuryl alcohol. The mixture penetrates into the polyurethane foam 

ligaments to form a gel-like structure. During this step, the infused foam swells approximately 

50% in size. The excess furfuryl alcohol is then removed by compressed the infused foam 

between two absorbent sheets. This is an important drying step since it removes excess solution 

from the ligament surfaces, which causes ligament cracking during subsequent high-temperature 

thermal treatments. The foam is then heated to 250°C for 6 hours, during this process the infused 

foam contracts and goes back, roughly, to its original size (original polyurethane foam). The 

rigid foam structure is then carbonized by heating at a rate of 2°C/min to 1100°C under a 

vacuum and held for 30 min followed by slow cooling. Carbonization forces out the functional 

groups like H2O, CH2, CO2, CO, and H2 at their respective temperatures resulting in an open 

cell, stochastic carbonized foam where the carbon is of the vitreous or glassy carbon form. 

During expulsion of the volatile functional groups, the foams shrink and subsequent 

measurement of cell size is done according to the ASTM D3576-98 process. After that, the 

carbon foams are dipped in binder solution and lightly shaken to remove the excess binder. The 

binder coated foams are then suspended in a fluidized airbed containing a mixture of base alloy 

and braze powder. An Inconel alloy 625 nickel-based superalloy of nominal composition: Ni–

21.3Cr–8.8Mo–3.9Nb–0.13Al– 0.19Ti, wt.% was chosen as the base alloy. A NICROBRAZ 

alloy 51 powder with a nominal composition of Ni–25.0Cr–10.0P–0.03C, wt.% is used as the 

transient liquid phase sintering agent. The powder coated carbon foams are then dried and placed 
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in a vacuum furnace and heated at a rate of 10 °C/min up to 550°C, holding for 1 h to volatilize 

the binder, then continued heating to 1050°C, held for 2 h followed by furnace cooling at 25 

°C/min. the resultant metal foam consists of an open cell, stochastic carbon core uniformly 

coated by the variable density nickel alloy. Figure 73 (a) shows the result of this foaming process 

with an Inconel 625 foam with roughly 5 PPI pore density. This foam was tested and the results 

are depicted figure 72 (b).The foam had similar mechanical behavior to that of Al foam but with 

higher yield strengths. 

 

(a) (b) 
Figure 73: (a) Inconel 625 foam, (b) tested stress-strain data  

 

This process proves that any high temperature superalloy can be made into metallic foam with 

varying relative and pore density. 

-Heat Transfer 

 Experimental Method 
 
 To validate the idea that the metallic foam ring placed after the combustors will result in 

good mixing and heat transfer to create a more uniform temperature profile, an experimental 

procedure was carried out to mimic flow inside a jet engine. However, due to limited equipment 

and capabilities, this exact replication was not possible, instead the aim was to create a medium 
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for the foam where cold and hot gasses can mix, without any premixing prior to the foam stage. 

This was done by assembling two parallel rectangular tubes with an aluminum foam piece placed 

on top. Placed on the bottom of one tube is a porous plug burner that was used to mimic 

combustion or hot gasses, through the other tube cold air was blown. To mimic cold air at high 

altitudes, the air line coming from the compressor was connected to 25 ft of a 1/4th inch diameter 

copper tube which was kept in a container filled with ice, from that container, the cold air was 

then blown to the tube through a nozzle. Figure 75 shows the foam piece on the top from two 

different angles. The tubes were 12” long, 4”x4”, with an opening of 3”x3”, 0.5” wall thickness, 

and made out of steel. A 0.5” gap was left between the tubes to ensure that was no premixing of 

temperatures prior to contact with the foam. The two tubes were bolted to a plate that was 

supported by four threaded rod legs. The legs were adjustable for optimal heat transfer from the 

burner. The foam pieces used were purchased from ERG Aerospace, there 5 and 10 PPI samples 

of relative densities of 6-8%, the dimensions were 8.5”x4”x4”, Figure 74. 

  
Figure 74: different views of ERG foam blocks used for imaging 

 

Each foam piece (5 and 10 PPI) was cut into four specimens of 1” thickness. The reason for that 

was to study the effect of foam thickness on heat transfer. First, a 1” piece of foam was placed on 

top of the two tubes and infrared images were gathered, then another 1” foam pieces was placed 

on top of that and images were taken and so on. It took an average of 2 minutes for each data set 
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to be completed and that was not unusual when taking into consideration the thermal 

conductivity of the Al foam. Foam pieces were added only after the prior piece reached heat 

saturation and heat propagation and heat bands became stable or stationary.  The flow rates for 

the porous plug burner were: Propane: 6 standard liters per minute (slpm), Air: 26.2 slpm. For 

the cold compressed air flowing in the adjacent tube, the flow rates were set to 110 slpm. These 

numbers were measured using a digital flow meter. The burner was run rich to keep the 

temperature of the flame below the melting temperature (660°C) of the T6-6101 Aluminum that 

the foam is made out of.  

 

 

 

0.5” Gap Foam 
Piece 

Figure 75: Different CAD views of the setup design used for infrared imaging 
 

Figure 76 shows the actual setup with plug burner, fuel lines, and a compressed air line that 

flows through copper coils placed in a container full of dry ice to reduce the temperature of the 

air flowing through the cool side. 
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(c) (b) (a) 

Figure 76: Pictures of the actual setup showing (a) top view, (b) setup without foam. And (c) setup 
with foam 

 
 

The camera used was a Flir-Agema Thermovision® 320C camera from Flir® Systems with the 

following specifications: 

• Solid State, 320 x 240 uncooled, microbolometer detector, 7.5 to 13 mm 
• -40 to 120 °C standard calibration, optional to 2000 °C, + - 2% accuracy 
• 0.08 °C Sensitivity (<.08 °C Typical .1 °C Max) 
• IP 65 rated, metal enclosed camera 
• 24° lens standard, 12°, 45°, 80°, 7° and microscopes available 
• Includes Windows based remote control set up software, ThermaCAM Explorer 99 

 

The specific camera used was capable of reading temperatures only up to 275°C, anything above 

that was shown in white color. Figure 77 shows the camera used. 

 

 
Figure 77: Flir® Systems camera used for IR imaging 
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The reason this particular design was chosen was because of two main reasons: 1) Within our 

limited budget, we did not have the means nor the equipment to simulate jet engine flow at high 

speeds, temperatures and pressures, 2) There is no current production of an ultra-high 

temperature metal foam and therefore; even if the equipment were available to simulate jet 

engine flow rates, temperatures and pressures, the foam would not be available for testing. 

Moreover, it is vital to understand that by using the very low flow rates available to us through 

this testing method and equipment, most of the heat transfer was done through natural and not 

forced convention. This decreases the efficiency and time for heat transfer and does not allow for 

proper mixing of the cold and hot gasses that a high flow rate scheme would provide. However, 

as displayed in the infrared imaging sets below, even with this simplified setup, successful 

mixing occurred and an improved temperature profile was the outcome.  

Results 

Two sets of imaging were taken for the 5 and 10 PPI samples. The first set was imaging 

the foam from the side to record how the heat propagates the foam at different thicknesses and 

pore densities; the other set was top imaging to study the heat bands leaving the foam. 

Combining the two sets, a conclusive study was made on the thermal behavior of our foam 

samples. The results are listed in the infrared image sets below. Four sets of data are presented. 

They compare side and top of images of 5 and 10 PPI samples individually and they also 

compare 5 and 10 PPI images against each other from the top and side. The side images are 

displayed in Figure 78 while the top images are displayed in Figure 79.To measure the 

improvement resulting from placing the foam above the tubes, the following equation was 

established and is very similar to the pattern factor used in jet engines to meet temperature 
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uniformity requirements leaving the combustors55; the factor established was named Mixing 

Improvement Factor (M.I.C): 

100.. X
T

TT
CIM

nofoam

foamnofaom

∆

∆−∆
=                                      (26) 

Where 

minmax TTTnofoam −=∆   and  foamnofaomfoam TTT minmax, −=∆         (27) , (28) 

The M.I.C values corresponding to the foam thicknesses are shown in Figure 79. 
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Figure 78: Side infrared images of the 5 and 10 PPI foam samples ranging from the case of no foam up to 

4” foam sample, in 1” increments 
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Figure 79: MIC values derived from top infrared images of the 5 and 10 PPI foam samples ranging from 

1” foam up to 4” foam sample, in 1” increments 
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The infrared images become clear when comparing the 5 and 10 PPI samples, 

whether it is from the side or from the top. In both cases, there was more heat propagation in 

the 10 PPI sample. It is clear from the images of Figures 78 and 79 that in any foam thickness 

case, the foam helped the temperature profile leaving the two tubes. The temperature gradient 

in the case of no foam is very big and as foam samples are added it gets gradually smaller in 

both the 5 and 10 PPI cases. Heat propagation increased with the addition of every foam 

sample. This is not a surprise since as the foam increases in thickness, more heat gets trapped 

beneath it forcing heat and consequently temperatures to distribute along the whole foam 

area. Another thing to note from Figures 78 and 79 is the difference in temperature 

distribution in the 5 PPI versus the 10 PPI sample. The 10 PPI simples are denser in Al and 

their pores are smaller than the 5 PPI ones; therefore, it is expected for heat bands to travel 

further and quicker through the denser Al samples. Moreover, the 10 PPI samples make the 

heat propagate more through the aluminum since it is difficult for the cold air from the 

adjacent tube (cool air) to penetrate all the pores as easily as it would when compared to the 5 

PPI samples. M.I.C. values listed in Figure 79 show the effect of thickness and PPI number 

on the performance of heat transfer in the foam. Naturally, 10 PPI samples had higher M.I.C 

values than the 5 PPI at any thickness. To better understand how this entire experiment works 

along with the results, further analysis was made with the data to compare cases of 

incremental foam thickness increase with the case of no foam present for the 5 and 10 PPI 

cases. The way this was done was by closely studying the temperature profiles from one end 

of the foam to the other. Temperature versus distance increments was then plotted for all 

cases and a comparison was made. The plots in figures 80 and 81 show the results. The plots 
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 102

indicate that as the foam samples get thicker the temperature profiles get smoother; in other 

words, increasing the foam thickness makes the plot lines flatter indicating a more uniform 

exit temperature profile.



Figure 80: 1” and 2” foam comparison of 5 and 10 PPI samples 
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Figure 81: 3” and 4” foam comparison of 5 and 10 PPI samples
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-High Speed Pressure Drop Testing  
 

Experimental Method 
   

The foam specimen was placed in a pipe coupling with a plastic fastener following to 

prevent the foam to eject the pip due to the high back pressures. The pipe coupling, with the 

foam inside, was then screwed into the setup coming from the tank. Right before the 

coupling, two NPT holes were drilled for pressure and velocity readings. The pressure was 

measured using a digital pressure gauge while the velocity was measured using a pitot tube 

(DS series) from Dwyer Instruments. The pitot tube was then connected to a Capsuhelic® 

differential pressure gauge from Dwyer instruments as well. This differential pressure gauge 

was specifically calibrated to measure high pressures and flow rates. The valve connected to 

the compressed-air tank was gradually opened and velocity measurements were taken at 

different back pressure increments. The specimens used in this test were 5 and 10 PPI (pores 

per inch) ERG DUOCEL® of 6-8% relative density aluminum foam. The foam samples were 

cut into disks of 1” thickness and placed inside the pipe coupling. As mentioned in a prior 

section in this paper, pressure drop data at the compressible regime of air has never been 

conducted. Figure 82 is a CAD model of the setup used to do pressure drop testing. The 

design was connected to tank that held compressed air at 120 PSI. The air was fed through a 

turn valve and the pressure was read through a digital pressure gauge and velocity was 

measured with a Pitot tube connected to a flow sensor designed for compressible flow rates. 

The supports shown are for safety reasons to ensure that in case the foam ejects the pipe, it 

will go in a direction away from the operator. 
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Figure 82: CAD model of the experiment used for compressible pressure drop testing 
  
 

Results 

Before the compressible-flow pressure drop data is presented, the effect of 

temperature on pressure drop is noted. Figure 83 is a simulation of equations 3, 10 and 11 

plotted at room temperature and at 1000°C, there is a 75% pressure drop reduction resulting 

from temperature rise and that is because the change of the properties of air at high 

temperature, the density significantly decrease, the thermal diffusivity as well viscosity of air 

change as well. 

Pressure gauge and Pitot 
tube taps 

Coupling with 
foam placed 
inside 

Valve 

Supports 

Compressed air at 120 PSI 
coming from tank 
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m/s 

Kpa/in 

(a) T=room temp. 

m/s 

Kpa/in

(b) T=1000°C. 

 
Figure 83: Pressure drop simulation at (a) room temperature and (b) 1000°C for equations 3, 10 and 11 

 

Figure 84 shows the data gathered for the 5 and 10 PPI samples. Inlet speeds go 

beyond Mach 1 and pressure drop was documented at a maximum of 131 KPa (around 18 

PSI). Figure 83 also shows the projected pressure drop at high temperatures (1300K) and 

accounting for the decrease in the density; this yield a pressure drop improvement of around 

75%. This predicted pressure drop improvement yield values on the order of 5 PSI at 320 m/s 

which are minimal values. 5 and 10 PPI pressure drop values are similar and that is because 

of the accuracy of pressure gauge used. However, with the effects of temperature and the 

pore density of the foam, pressure drop results yielded numbers that are very promising for 

both foam porosities; these numbers are a result of testing on 5 and 10 PPI foams and yet 

gave good results. Metal foams can be made more porous and can certainly be tailored for 

minimal pressure drop values, less than the ones presented for Al foam samples presented in 

this research. 
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Pressure Drop vs. Velocity
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Figure 84: Compressible flow pressure drop testing of the 5 and 10 PPI foam along with the projected 

improvement of 75% when accounting for decrease in density of air at high temperatures 
 

 

IV- Conclusion 
 
 A full investigation was performed on the feasibility of placing ultra-high temperature 

metallic foam in front of the combustor area of a jet engine to create a more uniform 

temperature profile to increase engine efficiency and lifetime. Results obtained from research 

done on foaming Inconel 625 provides a method as well a promising means of producing 

high temperature metal foams with increased strength, oxidation and corrosion resistance. 

Pressure drop and infrared imaging tests performed on Al foams of 5 and 10 PPI Aluminum 

samples provided very promising data and gave this design potential of being a successful for 

real-life jet engine operation. It was deduced from infrared imaging that the Al foam is 

capable of mixing the hot and cool gasses to produce a more uniform temperature profile 

when compared to the case of no foam present. Pressure drop testing provided data on 

pressure drop in Al foams in the compressibility region of air. Up to this point, similar data 

was not available. Pressure drop testing revealed that with careful design of pore size, 
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ligament thickness and foam thickness, taking into consideration heat transfer capabilities of 

the foam, a feasible design of an ultra-high temperature open cell foam ring can be achieved 

with minimal pressure drop and increased heat transfer capabilities. 
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