ABSTRACT

COOKSON, EDWARD JAMES. Development of the Metal Foam Electrical Resistance
Heater. (Under the Direction of Dr. Albert Shih.)

This thesis presents a novel concept using aradial heating element made from porous
Fe-Cr-Al metal foam in an air heater. Electrical resistance heating has been used extensively
to convert the electrical energy into thermal energy. An anaytic heat transfer model is first
developed to estimate dimensions of the heating element. Four prototype Fe-Cr-Al meta
foam electrical heaters with different levels of porosity and density are built. A more
detalled computational fluid dynamics modeling of prototype heaters to include the
temperature loss to the surroundings is developed. Experiments were conducted to evaluate
effects of airflow rates and electrical current and measure the change of air inlet and outlet
temperatures. The temperature rise in the airflow is directly proportional to electric current,
and inversely proportiona to the weight density of the foam. The emperature appears
directly proportional to airflow rate in low density foams, while it is inversely proportiona in
foams of higher relative density. Experimental temperature measurements show reasonable
agreement with modeling predictions. Finally, possible improvements to the initial concept

are discussed.
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1. Introduction

Electrical resistance heating is a widely used technology to convert the electrical
energy to thermal energy. The resistance to electrical current in a heating element generates
heat. This heat is transferred to air flowing through the heating element. This study
investigates the use of open cell porous metal foam as the electrically resistant heating

element.

1.1. Literature Review

An effective material for a heating element must be eectrically conductive with high
resistance. It aso needs to be chemically stable to both oxidation and corrosion at high
temperatures and have a high melting point. Commonly used electrical resistance heating
materials include the ironbased aloys (Fe-Cr-Al), nicke-based alloys (NiCr), carbon
compounds, cermets (MoSp), silicon carbide (SIC), tungsten, molybdenum, and platinum
[Hegbom, 1997; Erickson, 1995]. In this study, Fe-Cr-Al aloy, aso known as Fecralloy or
Kanthal, is used as the material for a metal foam heating element.

Four advantages of the porous metal foam electric resistance heater are: 1. light
weight, 2. low cost, 3. adaptable to a cylindrical pipe, and 4 more uniform heating of the
whole volume of air flowing through the foam. Potential applications of this heating method
include household and office space heaters, particulate filtration for diesel engine exhaust
after-treatment [Yoro et al., 1998], and the cleaning of airborne biological and chemical
agents. When a fine mesh porous metal foam is used, this device can be employed for both

filtration and heating. Such a filter can be self-cleaned by a process called regeneration,



which is accomplished by passing a high electrical current flow through the metal foam

heating element to increase the temperature and burn up captured foreign particles.

1.2. Overview of Current Research

In this study, a novel concept using aradial configuration of electrical current flow is
proposed. The eectrica current flows through a metal foam disk, which serves as the
heating element, between an outside tube and an inner center rod. The configuration,
material, and manufacture of the porous metal foam heater are first presented. The analytica
method to design key dimensions of the metal foam heater is discussed. Results of more
detailed modeling based on computational fluid dynamics (CFD) using the FLUENT
software package are presented. Finally, the experimental setup and testing results of the

metal foam heating device are described and compared with modeling results.



2. Configuration and Material of the M etal Foam Heater

The following sections describe the design configuration, the metal foam materia

used, and the manufacture of a metal foam heater.

2.1. Design Overview

As shown in Fig. 2.1, the heating element is a thin metal foam disk inside a tube.
Through the center of the metal foam disk is a cylindrica rod, which is electricaly
conductive and connected to the positive terminal of the DC electrical power supply. The

negative (ground) termina of the power supply is connected to the outside tube.
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Figure2.1. Configuration of the metal foam electrical air heater.



Grounding the outside tube reduces the risk of electric shock if the heater is
accidentally bumped while in operation. The center rod is slightly recessed into the mouth of
the outer tube for the same reason. Both the tube and rod are made of copper, a highly
conductive metal, so there will be little heat generation occurring in either the tube or rod.
The electric current flows from the center rod to the tube through the metal foam, which is
made of high resistivity Fe-Cr-Al heating element alloy. The electrical resistance generates
heat, which is carried away by the air flowing through the metal foam. Temperatures of the
air before and after passing the heating element are measured using K-type thermocouples, as
shown in Fig. 2.1(a). One thermocouple measures the inlet air temperature, T, at a distance
s from the edge of the metal foam. Two thermocouples measure the outlet air temperatures
To1 and Ty, at distance s,1 and 52 from the other edge of the metal foam, respectively. All
three thermocouples are placed close to the centerline of the tube. Outside the tube is a
fiberglass thermal insulation of thicknesst. The fiberglass insulation is wrapped with a layer
of aluminum tape to reduce skin irritation and reduce damage to the insulation from handling
the prototypes. The width of the metal foam disk is denoted asw. The inner diameter of the
tube and outer diameter of the rod is designated as D and d, respectively. All size
dimensions remain constant from experiment to experiment. The parameters to be designed
are the relative weight density and the pore size of the metal foam used as the heating

element.

2.2. Foam Material
The metd foam is made of Fe-Cr-Al aloy that can withstand operating temperatures

in excess of 1200°C. The open cell foam structure, as shown in scanning electron



microscope micrographs in Fig. 2.2, consists of ligaments creating a network of inter-
connected, dodecahedral-shaped cells [Lu et a., 1998]. The cells are randomly oriented and
mostly uniform in size and shape.

Each ligament of the foam is hollow with a triangular-shaped hole, a result of the
manufacturing technique used. The meta foams were produced using open-cell
polyurethane foams as templates [Ashby et al., 2000; Banhart, 2001]. The Fe-Cr-Al alloy
powder slurry with Kelzan (xanthum gum) binder was coated to the polyurethane foam and
fired in a vacuum furnace. The polyurethane foam was burned out during the firing, leaving

the triangular-shaped hollow hole inside each of the ligaments.

Figure 2.2. SEM micrographs of Fe-Cr-Al foamsused in prototype heaters.
(@) 100 ppi, 5 wt%, (b) 100 ppi, 15 wt%, (c) 80 ppi, 5 wt%, (d) 80 ppi 15 wt%,
(e) 60ppi 5wt%, and (f) 60ppi 15 wt%

Six Fe-Cr-Al metal foam heating elements with three pore sizes and two weight

densities are examined in this study. PFore sizes of 60, 80, and 100 ppi (pores per inch),



which, as shown in Fig. 2.2, correspond to about 0.6 to 0.9 mm, 0.5 to 0.7 mm, and 0.4 to 0.6
mm cell size, respectively. Two levels of density are 5 and 15 wt% relative to the density of
asolid Fe-Cr-Al dloy.

Bulk Fe-Cr-Al aloy has an electrical resistivity of about 1.4 mMA/m [Kanthal, 2001].
In comparison, copper and 316 stainless steel have eectrical resistivities of 0.017 and 0.74
mAm, respectively. Since the metal foam is made of sintered powder, as well as highly
porous, its electrical resistivity is much higher and will vary with density. Electrical
resistivity was measured for each of the Fe-Cr-Al foam used for prototype heaters. The

measured electrical resistivity islisted in Table 2.1.

Table2.1. Electrical resistivity of six Fe-Cr-Al metal foams (mWm).

Porosity 5% Density 15% Density
60 ppi 90.6 34.2
80 ppi 108 394
100 ppi 99.6 255

The electrical resistivity of each metal Fe-Cr-Al foam was determined using a foam
cut from the same sample as the corresponding heating element. Direct electric current was
passed through arectangular length of foam. The voltage and current were recorded, and the
resistance calculated using Ohm’slaw. The physical dimensions of the test specimen, length,
width, and thickness, were measured. From these parameters, the resistivity was determined

using Eq (2.2)

2.2)



where
A isthe cross sectional area of the sample
L is the distance between the voltage probes, equivalent to the length

R is the electric resistance of sample between voltage probes.

The test apparatus for determining resistivity is shown below in Figure 2.3. Using a
four point test as shown eliminates the effect of the contact resistance between the current
supply leads and the foam being tested on the calculated electric resistance. The current is
read directly from the power supply, and the voltage is measured from the intermediate |eads

with a voltmeter.

Voltage Difference
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<
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Figure 2.3. Electrical resistivity measurement setup.

The electrical resistivity of Fe-Cr-Al metal foam is much higher than the bulk Fe-Cr-
Al dloy, about 20 times higher for the 15 wt% foam and 70 times higher for the 5 wt% foam.

The high eectrica resistance foam with 5 wt% can generate more heat per unit volume of



heat element than the 15 wt% metal foam. This will be demonstrated later in experimental
temperature measurements of different metal foam heaters. There is no obvious correlation

between cell size or porosity and electrical resistivity.

2.3. Brazing and Assembly of the Metal Foam Heating Element

The Fe-Cr-Al foam is brazed to the copper tube and rod. The braze paste consists of,
by weight, 5 parts BNi6 braze powder, 1 part nickel metal powder, and 1 part Kelzan
binder. The BN+6 braze, composed of Ni with 11% P and 0.1% C, is chosen because it
flows freely around the joint, binds well to Fe-Cr-Al alloy, and is suitable for use at elevated
temperatures. During assembly, Ni wool is used to tighten the fit between the metal foam
and the inner rod and outer tube. Dummy foam elements are inserted into the ends of the
prototypes without braze paste to support the rod during the handling and firing. The green

prototypes are fired in a vacuum furnace using the cycle shown in Table 2.2.

Table2.2. Brazing cycle used to join the metal foam to the copper tube and rod.

Segment | Ramp Rate (°C/min) | Set Point (°C) | Soak Time (min)
1 8 121 10
2 6 943 5
3 1.5 971 30
4 Max 871 5
5 - Room Temp 25

Figure 2.4 shows a circular metal foam disk cut by a core drill and the brazed metal foam

heater.



@ (b)

Figure 2.4. Components of the metal foam heater

(a) disk metal foam heating element and (b) brazed metal foam heating device with the
Ni wool on theinner surface of the outer tube.



3. Dimensional Design of the Metal Foam Electrical Heater

The analytical method is developed to design the key dimensions of the metal foam

heating element and to estimate the temperature rise in the airflow.

3.1. The Concentric Ring Model

The metal foam disk is assumed to consist of a series of ring segments, as shown in
Fig. 3.1. Each ring segment has the inside and outside radius of r; and r,, respectively, and dr

=I'0—I’i.

Outer tube
| ]
dr
| r
G Rod

Figure3.1. A ring segment of metal foam used in analytical and FLUENT modeling.
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3.2. Electric Resistance of a Heating Element
In the metal foam disk, the electrical resistance in the radia direction of aring cross-
section with distance r from the center is designated asR.  For an infinitesimal circumfrential

e ement

R=r — (31)

where
r = electrical resistivity of the metal foam

A = 2prw isthe circumfrentia area of the ring cross section

Integrating for aring of finite thickness from r; to r,, the inner and outer radii of thering

respectively, the electrical resistance of thering Ring is derived as follows:

o dr r r
Riing = OFf ———=-—In(-2 (32
"9 . 2w 2ow

Since the ring segment is usually very thin, the area A of ring can be approximated by

p (ro+ri)w and the Rying can be expressed as:

o dr - r
Riing = 0 = 0o 1)

r (3.3
D Pl )W pw(io +1)
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The total electrical resistance of the disk, Ry, 1S Simply the sum of the resistances of each

ring.

Rdisk = é Rring (34)

From the derived formulae it is noted that, for rings with constant width, the ring with
larger radius has a smeller electrical resistance due to the increase in cross-sectiona area
alowing for the flow of eectrical current. It is expected that more resistance heating and

higher air temperature will therefore be generated in the inner ring segments.

3.3. Heat Generated in the Element

The total heat generated in the ring by electric resistance heating, Qring, IS calculated

Qring = i2 Rring (3.5

Part of the heat generated is lost through the insulation to the ambient environment.

For cylindrical =D oonduction, this heat loss, Qs IS given by [Incropera and DeWitt,

2002]:
__2p(T,- Ty )k
Qloss - .. (36)
érins + tins) 0
ng / 5

12



where Ty is the temperature of the tube, Ty is the ambient temperature, k is the thermal
conductivity of the insulation, | is the length of the cylinder, rins is the inner radius of the
insulation, and tins is the thickness of the insulation. The tube has a thin wall relative to the
inside diameter and is made of highly thermal conductive material. In the crosssection
perpendicular to the tube center axis, temperatures at inside and outside diameters of the tube
are assumed to be the same.

The bulk temperature increase, DT, in the airflow across the metal foam heating

element can be estimated by:

- Qgen - Qloss
mC

DT (3.7)

P

where m isthe mass flow rate and C,, is the specific heat of the air.

3.4. Application of the Analytical M odel
An example is given here of a Fe-Cr-Al foam disk of w = 13 mm, inner diameter d =
6.35 mm to fit the inner rod and outside diameter D = 50.8 mm to fit inside a tube. The

measured electrical resistivity of 5 wt%, 100 ppi foam is 99.6 MVm. Aslisted in Table 3.1,

the disk is divided into seven ring segments, each ring has radial thickness of 6.35 mm.
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Table 3.1. Propertiesof the seven ring segments used to model a 100 ppi and 5 wt%
heating element.

Ring ri lo Electrical resistance Electrical resistance Heat generation
(mm) (mm) (mMW) [from Eq. (2)] (nW) [from Eq. (3)] rate (KW/n?)*

1 3.18 6.35 845 813 1650
2 6.35 9.53 495 488 590
3 9.53 12.70 351 349 300
4 12.70 15.88 272 271 180
5 15.88 19.05 222 222 120
6 19.05 22.23 188 188 83

7 22.23 25.40 163 163 66

*: Based oni =50 A and electrical resistance from Eq. (3).
Element thickness, w, is 13mm

Using Eg. (3.2), the innermost ring with r; = 3.18 mm and r, = 6.35 mm has an
electrical resistance of 845 mW. For the same ring, using Eqg. (3.3), aresistance of 813 MV is
calculated. In comparison, the outermost ring with r; = 22.23 mm and r, = 25.40 mm, the
electrical resistant calculated using both Egs. (3.2) and (3.3) is the same, 163 M. This value
is significantly lower than that of the innermost ring. For the entire heating disk, summing
the electrical resistance of seven ring segments yields atotal electrical resistance of 2.54 mwW
using Eq. (3.2) and 2.49 mW using Eq. (3.3). For an electrical current i = 50 A, about 6.23 W

of heat is generated in the disk Fe-Cr-Al metal foam element.

3.4.1. Analytic Results Assuming Zero Heat L oss

Using materia properties of inlet air at atmospheric pressure, a temperature of 27°C,
and an air flow rate of 4 L/min, results in an  of 7.74x10 kg/s, and Cp of 1007 JkgK
[Incropera and DeWitt, 2002]. Assuming the previously determined heat generation of 6.23
W, and an adiabatic boundary condition on the outer tube surface, i.e., Qoss = O, temperature

rise of the ar, DT, is 79.9°C based on Eq. (3.7). The outlet temperature therefore, is

14



predicted to be 107°C. This temperature rise represents an idea case in which all
electrically generated heat is carried away by the air without any loss, i.e., the outer tube is

adiabatic and no heat transfer to the inner rod.

3.4.2. Analytic Results Accounting for Heat L oss

In real tests, some of the heat generated by the metal foam heater will be transferred
through the outer tube, the insulation, and the inner rod to the surroundings. This section
details the difficulty in accurately predicting this loss with an analytical approach.

According to the manufacturer, the thermal conductivity of the fiberglass insulation,
k, is about 0.043 W/mK. Assuming the inside radius of the nsulation, rins, = 25.4 mm, a
thickness, tins, = 19 mm (used in the experiment), and T, = 107°C, Ty = 27°C, and | = 380
mm (the entire length of the heater pipe used in the experiment), the Qoss = 15.5 W. Thisis
higher than the 6.23 W generated by the heating element, thus it is not possible. By reducing
| to 39 mm (three times the width of the metal foam) and keeping al the other variables the
same, the Qoss 1S 1.6 W. Under such Qioss and using Eq. (7), the bulk temperature increase in
the airflow across the metal foam heating disk is 59.5 °C, which is higher than the
experimentally measured temperarure.

This example shows that using the analytical model to accurately predict the heat 1oss
and temperature rise is difficult. More detailed computational thermal-fluid modeling and
metal foam heater experiments need to be conducted to gain a better understanding of the
performance of metal foam electrical heaters. These two approaches are discussed in the

following sections.
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4. Numerical Modeling of Metal Foam Electrical Heater

The following sections present the numerical methods used to model the metal foam

heater. The results of this modeling are also discussed.

4.1. Development of the Numerical M odel

The FLUENT computational fluid dynamics (CFD) software v.6.0 is used for more
detailed modeling of the metal foam heater. The example analyzed in the previous section
using the 50.8 mm outside diameter, 6.35 mm inside diameter, 13 mm thick, and 100 ppi, 5
wit% Fe-Cr-Al foam heating element under 50 A electrical current and 4 L/min air flow rate
is modeled for mutual comparison. Using the GAMBIT preprocessor, a model consisting of
seven concentric rings listed previously in Table 3 is created to represent the metal foam.
Circular cross-sections of the inlet and outlet with 50.8 mm a outside diameter are also
created to define a cylindrical shape control volume with the heating element inside. The
50.8 mm diameter outer surface (tube inside wall) is specified as a wall, meaning that air
cannot flow through it. The distance from the inlet and outlet cross-sectional surface to the
metal foam is 100 mm. This length is long enough to allow steady-state flow and
temperature distributions to develop. The total length of the cylindrical control volume
including inlet, foam, and outlet is 213 mm. It is noted that the inner rod is not included in
the model of the inlet and outlet regions.

Figure 4.1 shows the mesh used in the analysis. The heating element is broken into
seven concentric cylindrical rings, each with a uniform heat generation rate, as listed in Table
3. Meshing is done by first paving the inlet cross-section surface of the heating element, and

then expanding to a volume mesh using a Cooper mesh scheme [Blacker, 1996]. Inlet and

16



outlet zones are then meshed using the same manner, with the heating elements surface
serving as the source for mesh generation. After meshing, properties of each surface and
volume of the model are assigned. Porosity is assigned to the foam sectionsin the FLUENT

solver.

Outlet

Figure4.1. FLUENT mesh of the metal foam heater.

The outlet air is assumed to be uniform atmospheric pressure since the heater outlet is
open to ambient room conditions. The inlet cross-section is specified with a uniform
velocity, Vin, which can be varied to correspond with the mean velocity of different flow rates
by assuming uniform flow.

Three parameters, viscous resistance (Ris), inertial resistance (Rner), and porosity,
are required in FLUENT to specify for the porous region of the metal foam heater. The
viscous and inertial resistances for the metal foam with air as the working fluid have been

tested at Porvair [Floyd, 2001].

R, = 745400 Wzoe 00364p°°° N

17



R., =7.44r *®p° (4.2)

where r , is the percentage of weight density and p is the porosity of the foam in
pores per inch (ppi). For FLUENT, the porosity input is 1. For example, the 5 wt%

dense metal foam has the porosity input of 0.95.

4.2. Numerical Modeling Results
4.2.1. Resultsof Numerical Modeling with Adiabatic Wall Condition

The outer wall of the heater was initially modeled as adiabatic insulation (zero heat
flux). Results of temperature profiles for the 100 ppi, 5 wt% Fe-Cr-Al metal foam under 50
A electrical current heating, and 4 L/min air flow rate are shown in Fig. 4.2. Intheinlet, the
temperature is uniform a 27°C. In the meta foam, for inner ring segments, high
temperatures in the 114 to 124°C range can be seen insde the metal foam disk. On the
outside rings of the foam disk, the temperature drops to about 75 to 85°C. In the outlet
section, the air temperature ranges from 85°C near the outside tube to 95°C near the center
axis. This number matches well with the 107.0°C of the uniform outlet temperature

estimated in the analytical model.
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Figure4.2. FLUENT analyzed steady-state temper ature profile of 100 ppi, 5 wt%
density Fe-Cr-Al metal foam heating element at 50 A, 4 L/min and adiabatic outer tube
wall.

Figure 4.3 shows two cross-sections of the temperature contours at a distance of 12.5
mm and 25.4 mm from the edge of the metal foam heater. For the cross-section close to the
metal foam, as shown in Fig. 4.3(a), high temperature gradient with 118°C in the center to
75°C near the outside tube can be seen. The fluid mixed and heat was transferred during the
next 12.5 mm of travel. Asshown in Fig. 4.3(b), more uniform temperature distribution with

112°C in the center and 69°C near the outer tube can be observed.
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Figure4.3. FLUENT analyzed steady-state temperature profile at (a) 12.5mm and (b)
25.4mm from the edge of the 100 ppi, 5 wt% density Fe-Cr-Al metal foam heating
element at 50 A, 4 L/min, and adiabatic outer tube wall.

4.2.2. Resultsof Numerical Modéding with Radiation from Wall Condition

The insulation on the actual prototype is not effective enough for the outer wall to be
considered adiabatic. In order to make the model better match the experimental data, the
boundary condition on the outer wall must be changed. By changing the boundary condition
in the FLUENT modeling to radiation to 300 K surroundings, the temperature values
predicted by the model are more consistent with experimental results. Figure 4.4 shows the
inlet, outlet, and foam surface temperature profiles in the model with the radiation boundary
condition. Again, the model considers 100 ppi 5 wi% Fe-Cr-Al metal foam as the heating
element, with 50 A current an 4 L/min airflow as the test conditions. The inlet temperature

remains uniform at 27 °C. In the metal foam, the temperature in the inner rings is between

20



117 °C and 108 °C, and the temperature in the outer rings is between 81 °C and 72 °C.
These values are about the same as the adiabatic model. At the outlet of the model, however,
the air temperature ranges from about 90 °C near the center to 27 °C near thewall. FLUENT

computes the mass-weighted average temperature at the outlet to be about 40 °C.
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Figure4.4. FLUENT analyzed steady-state temperature profile of 100ppi 5 wt%
density Fe-Cr-Al metal foam heating element at 50A, 4L/min, with radiation boundary
condition.

Figure 4.5 shows the temperature contours of two cross sections at distances of 12.5
mm and 25.4 mm from the edge of the metal foam heater. For the cross-section close to the
metal foam, as shown in Fig. 4.5(a), high temperature gradient with 112°C in the center to
55°C near the outside tube can be seen. The fluid mixed and heat was lost to the
surroundings while traveling from 12.5mm to 25.4mm. As shown in Fig. 4.5(b), the lower

temperatures, with 100°C in the center and 44°C near the outer tube can be observed.
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Figure4.5.

€Y (b)

FLUENT analyzed steady-state temperature profile at (a) 12.5mm and (b)

25.4mm from the edge of the 100 ppi, 5 wt% density Fe-Cr-Al metal foam heating

element at 50 A, 4 L/min, and radiation from outer tube wall.
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5. Experimental Testing of Prototype M etal Foam Heaters

The design of experiments for metal foam heaters, results from temperature
measurement of the metal foam heater experiments, and discussion of the modeled and

measured temperatures are presented.

5.1. Experimental Design

The experimental metal foam heaters, as shown in Fig. 2.3, use a standard copper
tube of 50.8 mm inside diameter with a 1.5 mm wall thickness and a copper rod of 6.35 mm
outside diameter. The width of the metal foam, w, is 13 mm. These dimensions match those
used in analytical and numerical modeling. The total tube length is 380mm, with the meta
foam located in the center. Outside the tube, a layer of 19 mm thick fiberglass thermal
insulation was used.

As discussed in Sec. 2.2, six heating elements are made of Fe-Cr-Al metal foam with
60, 80, and 100 ppi porosity and 5 and 15% weight density. These meta foam heating
elements are brazed to the copper tube and rod to make six heating devices for experiment.

The test stand used for the experiments is shown in Figure 5.1. The DC power supply
in the lower-left of the figure was used to generate the desired electric current through the
heating element. A mass flow controller, Brooks Instrument 5850E, was used to control the
volume of air flow rate through the metal foam heating element. A differential pressure gage
was connected between the inlet and atmospheric conditions in an effort to compare pressure
drop through the heater at the different flow rates and foam parameters. Even with a very
sensitive 0-2 inH,O gage, no measurable pressure drop occurred. This is probably because

the flow rates studied in these experiments were quite low and the heating element was thin
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in the axia direction. The pressure gage was removed from later tests. The heater is

mounted to the test stand panel using large U bolts.

Figureb5.1. Test stand for metal foam heater experiments.

A closer view of the heater and instrumentation is shown in Figure 5.2. The pair of
inlet thermocouples is pictured on the left, and the outlet pair on the right. The power supply
leads can be seen attached to the right side of the heater. The black “hot” lead is smply
crimped into the end of the hollow center rod. The white “ground” lead is attached to the
outer tube with a sheet metal screw and a ring terminal connector. Inlet air from the mass

flow controller is attached via the stainless steel coupling on the left side of the figure.
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Figure5.2. Close-up view of prototype heater during 20 minute testing.

The mass flow controller consists of two parts, a display unit and a control valve.
The control valve is connected to the compressed air supply in the building by a pressure
regulator, to reduce the effects of pressure variations in the line. Figure 5.3 shows the flow

controller in detail.
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Dispay Unit
Figure 5.3. Brooks Instrument 5850E mass flow controller used during testing.

Two sets of experiment were conducted. One is the 5 hour long-duration test using
the 5 wt%, 100 ppi metal foam heater to study the characteristics of the metal foam heater for
an extended period of time and the time required to reach the steady-state condition. Another
is a set of tests conducted on the six metal foam heaters. For each prototype, four levels of
air flow rate, 0.5, 1.0, 2.0, and 4.0 L/min, and three levels of electrical current, 30, 40, and 50
A were tested. Prototype 1 was damaged while setting up the test area, so no results are
available for the 60 ppi 5 wt% foam. In total, 60 experiments were conducted.

The ambient, averaged inlet, and averaged outlet temperatures were recorded during
the long-duration test. This averaging is done in real-time by the data-acquisition equipment.
During the short duration tests, a single inlet thermocouple is used. For some of the short
experiments, the temperature on outside diameter of the tube is also recorded to determine

the amount of heat lost to the surroundings (Qoss)-
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5.2. Experimental Results
5.2.1. Steady-State Temperaturesof a Foam Heater

Figure 5.4 shows the inlet, ambient, and averaged outlet air temperatures recorded for

the 5 hour test.
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Figure5.4. Experimental temperature data for 5 hour test of 5wt%, 100 ppi Fe-Cr-Al
foam with 50 A electrical current and 4 L/min airflow rate.

The ambient temperature starts at about 32 °C and gradually drops to 29 °C after 5
hours. All the tests were conducted in a shop floor without temperature control, which is the
reason for this temperature fluctuation. The inlet temperature, T;, gradually increased from

the ambient 32 °C to about 47 °C after 3 hours (10800 sec) of testing. Following the trend of
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ambient temperature, T; dightly dropped from hour 3 to 5. The gradual increase in T; is due
to the heat conducted from the outer tube and inner rod to the front end of the heating device
and pre-heat the inlet air. The average outlet temperature, To, aso gradually increased to
about 64 °C after 3 hours. The difference of outlet and inlet temperature, DT, is aso plotted
in Fig. 8. This temperature difference reached steady-states condition of about 16 °C after

20to 30 min.

5.2.2. Effectsof Air Flow Rate and Electric Current

As shown in Fig. 5.4, the outlet-inlet temperature difference after 20 min is close to
the steady-state condition. Results of the temperature rise OT = T, — Ty ) of the 60 test
conditions using 5 metal foam heating elements a 4 levels of air flow rate and 3 levels of
electrica current flow are shown in Figures 12 through 14. The effect of electrical current,
air flow rate and metal foam porosity (pore size), and wt% are studied. For 60ppi metal foam
results are only available for 15 wt% foam. The temperature rises after 20 min for this

prototype are shown in Figure 5.5.
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Figure5.5. Temperaturerise of 60ppi metal foam heater after 20 minute heating time.

The results for 80 ppi foam are summarized in Fig. 5.6. Here one can clearly see that

the lower density foam has a nuch larger temperature rise at a given electric current and

arflow rate.
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Figure5.6. Temperaturerise of 80ppi metal foam heaters after 20 minute heating time.

The results for 100 ppi foam are summarized in Fig. 5.7. The dfect of relative
density on temperature rise is most obvious from these results. It is noted that the 5 wt%

foam has a higher temperature rise at 40 A than the 15 wt% foam has at 50 A.
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Figure5.7. Temperatureriseof 100ppi metal foam heaters after 20 minute heating
time.

The effect of electrical current on outlet temperature is as expected; when more
electrical current is supplied to the metal foam heater, more heat is generated, and
temperature rise is higher. The effect of the air flow rate on temperature rise is not as
obvious. As the air flow rate increases, the residence time of the air through the heater is
likewise decreased, leading to lower outlet temperatures. At the same time, however, the
convective heat transfer coefficient increases, leading to more heat gain and higher
temperatures. Balance of the short residence time and high thermal convection can be seen
in Figs. 5.5 through 5.7. It appears that for the 15 wt% heaters, the residence time effect is
dominant. That is, at higher flow rates, the air has less time to pick up therma energy and
leaves the heating element at a lower temperature than it does at low flow rates. This effect

is most obvioudly illustrated by the 60 ppi foams in Fig 5.5. The opposite seems to be the
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case for the 5 wt% foams. For these foams, more heat is available to the air, and the
increased effectiveness of the convective heat transfer due to higher flow rates causes the air
to leave at a higher temperature than it does at lower flow rates. This effect of air flow rate

on temperature rise is most obvious for the 5 wt% foam at 50 A shown above in Fig. 5.7.

5.2.3. Effectsof Relative Density and Porosity

The effect of the weight density of the metal foam on the temperature rise is obvious.
As shown in Fig. 2.2 and Table 2.1, higher wt% foam has more metal and lower electrical
resistivity. During electrical heating, less heat is generated and the temperature rise is lower.
Figs. 5.5 through 5.7 indicate that 15 wt% metal foam heaters generate significantly less
temperature rise than the 5 wt% metal foam heaters under the same testing conditions. The
interplay between the weight density effects, and the airflow rate effects was not expected,
and needs more testing to quantify thoroughly.

The porosity of the metal foam changes the electrical resistivity and the temperature
rise. Thereisno clear trend relating resistivity and porosity. The 80 ppi foams, as shown in
Table 2.1 have the highest resistivity, and therefore, the highest temperature rises for
otherwise identical test conditions. All the foams were made from the same batch of metal
powder and fired at the same time. These differences could be due to variations in the
manufacturing process, but samples from different batches of powder and different firings

need to be examined to be sure.

5.3. Comparison of Experimental and Numerical Analyses

Since the FLUENT models predict the steady-state equilibrium temperatures, they

must be compared to a steady-state experimental result to have any meaning. The only
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experiment to truly reach steady-state is the 5 hour long-duration test. The maximum
measured temperature rise for this test is 33. The FLUENT model predicts a mass-weighted
average temperature rise of 40°C. At least for the conditions tested, the FLUENT model and

the experimental results agree quite well.

33



6. Concluding Remarks

In this study, a novel metal foam heater is examined. Five prototype meta foam
heaters made of 60, 80, and 100 ppi Fe-Cr-Al foam at 5 and 15 wt% were tested. There was
no 60ppi 5 wt% heater. Temperature rise of a metal foam heater for extended period of time
is studied to understand the time to reach steady-state heat transfer condition. Experiments
were conducted using the five heaters at four levels of air flow rate and three levels of
electrical current to investigate the temperature rise of the air flow through the metal foam.
The computational fluid dynamics modeling of the metal foam heater using FLUENT
showed good agreement with the experimental steady-state temperature rise in the outlet of
the 100 ppi, 5 wt% metal foam heater under 50 A eectrical current and 5 L/min air flow rate.

It is possible to increase the resistance of the heating element by reducing its
thickress. If thickness is decreased with increasing radius, a more uniform heat generation
rate will result. This part could be produced from constant thickness metal foam using a
cylindrical wire EDM process [Qu et al., 2001]. The variable thickness design is illustrated

inFig. 6.1.
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Figure6.1. Thecross-section of a variable thickness metal foam heating element.

Reducing the width of the metal foam will increase the electrical resistance and raise
the temperature of the metal foam. However, under a constant flow rate, residence time of
the air in the foam is shortened. This could possibly reduce the heat transferred to the air.

It also may be possible to increase the power output by the heater by passing the
electrical current through severa heating elements in series. Since one individual heater
consumes approximately 6W of electrical power, when running at 50A, the 1000W DC
power supply used during testing could power a heater with about 160 elements. One
possible multi-element configuration is shown in Figure 6.2. In this configuration, each

element receives preheated air from stage before it.
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Figure 6.2. Multi-stage heater with elements connected in series.
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Appendix A. Tabulated Temperature Datafor Short Duration Tests

Table A.1. Maximum Measured Temperatuersin 60 ppi, 15 wt% heater near Steady

State.

60 ppi, 15% Density — Temps Listed (Inlet/Outlet/Ambient) in °C

Current \ Flow 0.5L/min 1.0L/min 2.0L/min 4.0L/min

30A 26.3/30.4/255 25.3/29.3/26.0 26.1/29.0/25.2 25.1/285/245
40A 254/331/26.0 26.6/32.9/25.6 26.0/325/25.0 25.1/31.6/238
50A 28.6/386/275 32.3/36.2/26.8 31.2/354/26.1 28.2/34.2/24.8

Table A.2. Maximum Measured Temperaturesin 80 ppi 5wt% heater near Steady

State.

80 ppi, 5% Density — Temps Listed (Inlet/Outlet/Ambient) in °C

Current \ Flow 0.5 L/min 1.0L/min 2.0L/min 4.0L/min

30A 29.0/36.4/28.6 28.9/36.9/28.0 30.0/38.1/29.0 30.3/39.0/28.7
40A 30.0/425/30.3 30.3/43.2/30.0 30.8/44.5/30.0 30.6/45.2/29.9
50A 29.3/47.0/28.6 41.0/49.0/29.9 40.8/49.6/29.7 37.3/531/294

Table A.3. Maximum Measured Temperaturesin 80ppi 15 wt% heater near Steady

State.

80 ppi, 15% Density — Temps Listed (Inlet/Outlet/Ambient) in °C

Current \ Flow 0.5L/min 1.0L/min 2.0L/min 4.0L/min

30A 276/31.6/27.9 25.6/30.4/254 246/29.7/25.3 245/293/23.9
40A 30.9/38.8/29.3 29.9/385/285 29.4/38.0/28.6 29.3/37.7/127.0
50A 32.2/437/30.0 45.8/42.7/30.5 42.7/433/29.7 42.0/40.3/28.0

Table A.4. Maximum Measured Temperatures in 100 ppi 5 wt% heater near Steady

State.

100 ppi, 5% Density — Temps Listed (Inlet/Outlet/Ambient) in °C

Current \ Flow 0.5L/min 1.0L/min 2.0L/min 4.0L/min

30A 239/31.2/236 321/392/32.2 33.2/40.6/32.6 224/31.1/214
40A 26.4/39.7/26.8 29.7/41.9/29.9 28.9/41.3/28.0 26.6/40.2/26.1
50A 28.6/47.7/129.5 42.8/52.0/31.0 39.6/52.9/30.5 40.2/54.1/30.3
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Table A.5. Maximum Measured Temperaturesin 100 ppi 15 wt% heater near Steady

State.

100 ppi, 15% Density — Temps Listed (Inlet/Outlet/Ambient) in °C

Current \ Flow 0.5L/min 1.0L/min 2.0L/min 4.0L/min

30A 315/353/30.6 32.6/36.0/313 33.0/35.8/328 325/35.0/320
40A 31.0/37.7/315 31.7/379/313 29.8/35.3/29.7 29.0/343/27.7
50A 31.1/41.2/30.2 32.6/36.7/26.8 33.8/38.4/281 35.1/39.2/29.3
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Appendix B. More Detailed SEM Micrographs of Fe-Cr-Al Foams

Figure B.2. SEM image of 60 ppi 15wt% Fe-Cr-Al.
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Figure B.4. SEM image of 80 ppi 15wt% Fe-Cr-Al.
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Figure B.6. SEM image of 100 ppi 15 wt% Fe-Cr-Al.
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