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Abstract 

Gas turbine engines have long used fuel on its way to the combustor as a coolant for 
engine components.  Advanced aircraft and engine technologies are demanding more 
cooling capacity than conventional fuel delivery systems can offer.  To meet these new 
cooling requirements, technologies are being pursued to allow fuel to reach significantly 
higher temperatures without the traditional limitations associated with coking.  A compact 
fuel/air heat exchanger is a critical component in these new high-temperature fuel systems.  
Both tubular metal foam and hollow-truss cellular metal heat exchangers were examined 
for performance, size, and weight benefits as compared to conventional shell-tube 
technology.  The application of interest was based on advanced thermal management 
system concepts targeted for the 5 percent JSF growth engine.   The tubular metal foam 
heat exchanger behavior was characterized with scaled laboratory and full-scale rig 
experiments.  The data were used to calibrate an analytical model based on data in the 
open literature.   The results indicate that sintered metal foam can provide as much as 
twice the heat transfer as a plain bank of staggered tubes.  However, the corresponding 4X 
increase in pressure drop almost neutralizes the heat transfer benefit.  Furthermore, it was 
determined that metal foam manufacturing constraints combined with the small high 
pressure fuel tubes would result in a design which has no size/weight or performance 
benefit compared to a traditional shell-tube unit.  However a 40 percent reduction in the 
number of tubes may provide improved reliability.  Finally, a preliminary investigation of 
a hollow-tube cellular metal heat exchanger found that when elliptical non-flowing rods 
are used to augment the tube-bank they can increase the heat transfer by as much as 1.5X 
over a plain staggered tube-bank without a significant increase in pressure drop.    It is 
projected that 10 percent weight and 30 percent size reductions can be achieved with 
hollow-truss cellular metal as compared to shell-tube heat exchanger.  However, this 
estimate is based on extrapolations from test data.  Furthermore, realization of hollow-tub 
cellular metal may require a costly manufacturing process.  
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Nomenclature 
 

C inertial coefficient 

Dh hydraulic diameter 

f Fanning friction factor 

j Colburn factor 

k thermal conductivity 

keff effective thermal conductivity of foam and fluid 

kair thermal conductivity of air 

kfoam thermal conductivity of foam 

K permeability  

L length in flow direction 

µ dynamic viscosity 

NuK Nusselt number based on permeability 

P pressure 

Pr Prandlt number 

ReK Reynolds number based on permeability 

ppi pores per inch 

ρ density 

φ porosity 

V Darcy velocity 
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1.0 Introduction 
 

Future aircraft systems will demand more cooling capacity from the engine fuel system 
and are projected to operate at high Mach numbers where ram air sinks will not meet the 
cooling requirements.  Furthermore, rejecting heat to the fuel provides benefits to the 
engine thermodynamic cycle including reduced fuel consumption and a potential 
reduction in emissions.   

The high cooling requirements of advanced engine thermal management systems will 
require the use of a fuel that can be heated well above the conventional maximum 
allowable temperatures.  One concept is cooled cooling air (CCA), which uses fuel to cool 
high-pressure compressor (HPC) bleed air for subsequent use as turbine cooling air. This 
technology is being considered for both commercial and military applications.  Long range 
strike (LRS) studies performed by Pratt and Whitney, UTRC and AFRL have projected 
that the fuel-cooled thermal management system could reduce the high-pressure turbine 
rotor cooling temperature by 350 F, increase takeoff thrust by 7.5%, reduce cruise TSFC 
by 4.5%, and provide a significant reduction in aircraft takeoff gross weight.  

Nearer term concepts include growth variants of the F-135 engine utilized by the JSF.  
In this case, fuel could be used to cool environmental control system (ECS) bleed air that 
would eliminate the current fan-duct heat exchangers.   A recent study performed at 
UTRC suggests that a conventional shell-tube design for the application would weigh 
approximately 100 lbm.  This will clearly present a weight and packaging challenge to 
achieve the full system level benefit.  

Both metal foam and hollow-truss cellular metal were examined as a means to augment 
the heat transfer of a conventional shell-tube design.  A shell-tube design is the 
conventional technology baseline for these applications due to the high temperature and 
pressure requirements associated with the fuel system.  The metal foam is attractive 
because it is light (typically 10-20% the density of solid metal) but still has a large surface 
area and acts to prevent the formation of boundary layers as a gas flows through it (Hunt 
and Tien, 1988; Calmidi and Mahajan, 1999).   Sabatino et al. (2004) reported on the 
manufacturability of a shell and tube heat exchanger augmented with sintered metal foam.  
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The current work examines the optimal configuration and maximum potential benefits.  
An example metal foam heat exchanger is shown in Figure 1.1. 

 

 

Figure 1.1 Example of a tubular metal foam heat exchanger 
 

The hollow-truss cellular metal design is similar to that shown in Figure 1.2.  It is 
sim ly a matrix of hollow rods, but in the present work, rods in one direction are used to 
provide a means for the fuel to flow, while the orthogonal rods provide strength and heat 
transfer augmentation. Cellular metal is potentially more attractive than metal foam 
because the geometry is more directly controlled in the manufacturing process, as 
compared to the random nature of the metal foam.  Additionally, Wadley et al. (2003) 
found that the truss cellular metal can be as much as 10X stronger than metal foam.  The 
present work seeks to understand if there is a fundamental benefit of a cellular metal 
configuration as compared with a conventional shell-tube design. 

 

p
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Figure 1.2 Example of a cellular metal truss. (Queheillat, 2003) 
 

2.0 Experimental Methods 
Experiments were performed at both United Technologies Research Center (UTRC) 

and HS Marston.  Small-scale experiments were duplicated to assess reproducabil
both facilities, while larger sc

ity at 
ale tube-bank experiments were performed at HS Marston in 

  heat exchanger test facility that is also used to qualified production heat exchangers.  

.1 Single Tube Row Experiments 

 
cal test sample, which consists of 6 tubes 

etal foam.  The samples were manufactured using two fully sintered metal 
foam parts, machined to receive the tubes, and sandwiching the tubes between the metal 
foa

 

a

2

A small-scale heat exchanger facility at UTRC was employed for the initial metal foam
testing.  Figure 2.1 shows the details of a typi
encased in m

m.  The entire assembly was then brazed to permanently bond the foam and tubes.  To 
eliminate thermal stresses, the tubes and foam were fabricated of the same material.  As
shown in Figure 2.2, steam was passed through the tubes to create a constant tube 
temperature with variable air mass flow through the metal foam.  This allows the change 
in the air side temperature to be directly related to the performance enhancement 
characteristics of the foam.   
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Figure 2.1 Typical test sample employed in UTRC test facility.  All dimensions 

in inches 

A continuous steam source (maximum 9 lbm/hour) supplied approximately 300 F 

lbm/s.  Figure 2.3 shows a cross section view of the air side flow path 
hich employed a porous metal flow distributor and 2-D contraction to obtain a uniform 

t 

 
 

steam to the tubes and a 400 psi air system provided dried air to the metal foam side at 
rates up to 0.1 
w
inlet velocity profile.  The mass flow was measured with a venturi flow meter and the inle
and outlet air-side temperatures were measured at three different locations along the tubes 
and averaged.  The temperature and pressure of the steam side at both the inlet and outlet 
were recorded to assure that a two phase flow was present throughout the heat exchanger 
and thus providing a constant tube temperature.   
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Figure 2.2 Experimental arrangement for two dimensional sample testing at 
UTRC. 
 

Flow

insulation

metal foam
sample

porous 
plate
diffuser

2"8"

 
 
Figure 2.3 Cross-section of air side flow distribution for UTRC single tube row 
experiments 
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HS

ir 

temperature 
were averaged from the 4 inlet and outlet taps shown in Figure 2.4.  To measure the 
sample heat transfer performance, hot oil was passed through the tubes between 0.4 and 

.2 lbm/s (0.18 and 0.54 kg/s ) with a nominal temperature of 212F (100C). 

 Marston repeated some of the single-tube experiments at their facility.  Figure 2.4 
shows the test section which held the samples.  Air flow up to 0.1 lbm/s (0.045 kg/s) was 
delivered to the sample via draw down arrangement which provided ambient pressure a
at 68FC (20C) nominal temperature to the sample air side inlet.  The mass flow was 
measured downstream with a sharp-edged orifice.  The inlet pressure and 

1

 

 
Figure 2.4 HS Marston test section for measuring pressure drop and 
performance of single tube row metal foam samples. 
 

2.2 Tube-Bank Experiments 

Full-scale tube-bank experiments were also performed at HS Marston in an open-loop 
wind tunnel that employed a hot water loop for heat exchanger performance assessment.  

ple is shown in Figure 2.5.  All samples employed tubes with an outside 
iameter of 0.094 in. and a 0.007 in. wall thickness.  These are conventional tube 

ontain the 
greater than 1500 psi) generated by the fuel delivery system.   

A typical test sam
d
dimensions in current-technology fuel heat exchangers because the tubes must c
igh pressures (h
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Hot Water
Air

 

Figure 2.5 Typical tube-bank sample with flow direction indicated 
 

The inlet and outlet air-side duct was 170 x 70 mm (6.7 x 2.7 in).   The heat exchan
core in each test sample was 170 x 70 x 50 mm (6.7 x 2.7 x 2.0 in).  The nominal air and
water supply temperature was 20C (68F) and  90C (194F) respectively.  
p

ger 
 

Temperature, 
ressure and flowrate were monitored on the inlet and outlet of both the air and water 

sides.  A tube-bank sample installed in the facility is shown in Figure 2.6 

 

 
Figure 2.5 Tube-bank experiment setup 
 

To provide a baseline reference for both the metal foam and cellular metal results, tube-
ba gements were fabricated.  The 
details of the reference units are shown in Figure 2.6.  For both configurations, the 

nk sample units for both an inline and staggered arran
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mi imum flow passage distance is 1 tube diameter.  Note that the staggered arrangem
has more tubes than the inline arrangement.  The difference in absolute heat transferred 
because of this will be accounted for when the results are presented in nondimensional 
form. 

           
 
Figure 2.6 Side view of reference inline (aligned) and st
arrangments. 
 

al Model 

Sabatino et al. (2004) suggested that the heat transfer of a metal foam could be 
pre

nt 

ork, 
 by 

.  Figure 3.1 show the Nusselt 
number vs. the Reynolds number based on permeability for Haack's data.  The figure 
ind  
predict the heat transfer behavior over the entire range of metal foams.  

n ent 

 
69.6 mm
2.74 in

50.4 mm
1.98 in

69.6 mm
2.74 in

aggered tube 

3.0 Tubular Metal Foam Results 

3.1 Analytic

dicted directly from a power law relationship between the Nusselt number and 
Reynolds number using the porosity, K, as the characteristic length scale.  The curre
work seeks to refine and validate this model.   

A model for sintered metal foam heat transfer behavior is based on data for several 
different FeCrAlY metal foams presented by Haack et al. (2001).  In the current w
empirical correlations for the permeability, K, and the inertial coefficient, C, presented
Floyd (2001) were used to nondimensionalize the data

icates that a power law fit of the data is a meaningful correlation that can be used to

flow 2D

     D3  2D

2D
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Fig usselt 

he fit shown in Figure 3.1 has the following form: 

   (3.1) 

ure 3.1  Haack et al. (2001) data showing the relationship between N
number and Reynolds number for various foams 

 

T

673.0Re0754.0 KKNu =

where: 

 
µ

ρ KV
K =Re   (3.2) 

and the permeability is from Floyd (2001): 

 ( ) ( )[ ] 163.006.2 )(0364.0exp1737665
−

φ−= ppiK  (3.3) 

where φ is the percent porosity of the foam and ppi is the number of pores per inch in 
the foam. 
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Given the relationship of the Nusselt number with Reynolds number, the Colburn 
factor, j, can be directly calculated for the metal foam by the following: 

 327.03/1
3/2

RePr
0754.0Pr

RePr
KK

K
foam

Nuj ==  (3.4)

It is proposed that this relationship will be applicable to metal foam with tubes if the 
characteristic velocity used to calculate the Reynolds num

 

ber is based on the maximum 
Da

his 

gh metal foam: 

 

rcy velocity, which is the bulk velocity  around the tube as a result of the area 
contraction. 

It is important to note that the heat transfer data used to develop these relationships 
were based on FeCrAlY samples.  The experiments performed in the present study 
employed stainless steel and inconel foams, where inconel is the likely material of choice 
for the actual engine applications.  Because all of these materials are relatively low 
conductivity metals, the impact of the different thermal conductivities is neglected.  T
is expected to provide reasonable conceptual predictive capability.  However, if 
significantly different material, such as aluminum, is considered, the influence of the 
thermal conductivity could no longer be neglected.    

It is well known Darcy's Law approximates the pressure drop throu

2VC
K
V

L
P

ρ+
µ

=
∆

 (3.5) 

The inertial coefficient ,C, in Equation 3.5, is given by Floyd (2001): 

 ( ) 63.006.2176.1 PPIC φ−=  (3.6) 

It should be noted that the inertial coefficient is sensitive to the foam density (1- φ) and 
when used as a coefficient for the squared velocity term in equation 3.5, makes the 
pressure drop very sensitive to the density. Therefore, establishing the density accurately 
and maintaining tight process controls would be important for any production application. 

The Fanning friction factor is defined to be: 

 22 VL
PD

f h

ρ
∆

=  (3.7) 
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Note that Equation 3.7 is exactly ¼ of the Darcy friction factor, which is also 
commonly used (Incropera and DeWitt, 1990).   Combining Equations 3.5 and 3.7, the 
Fanning friction factor for metal foam then becomes: 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

ρ
µ

= C
KVD

f
h

foam 4
2

 (3.8)

For the results of the current study the hydraulic diameter, D

 

 
 cross sectional areas and determined that the use of the average 

velocity was a reasonable approximation.  Therefore, it is proposed that the average Darcy 
velocity in the foam with tubes present will best characterize the pressure drop. 

 

3.2 Single-Row Experimental Results 
 

Stainless steel and inconel metal foam and tube samples were tested in the facilities 
described in Section 2.1.  The data for the samples tested are included in Appendix 7.1.  
The experiments were designed to better understand how the heat exchanger performance 
would be affected by changes in foam properties, the foam/tube bonding process as well 
as the material.  Previously, Sabatino et al. (2004) employed metal foam that was sintered 
around tubes.  However, based on the manufacturer's recommendation, the current work 
examined foam that was brazed to tubes.  To understand the sensitivity of the metal foam's 
performance to the bonding technique, samples were tested with and without braze.  Most 

ted to understand the influence of the metal's thermal 
 transfer performance. 

 Preliminary tests provided inconsistent results and prompted a close examination of 
the samples.  Figure 3.2 shows scaled photographs of the samples tested.  It can be seen 
that the two 10 ppi 5% density samples have a significantly different appearance.  While 
less obvious, it is also notable that the 20ppi 10% samples are also not identical in 
appearance.  These variations in the foam properties are an undesired result of small 
production runs for these laboratory tests.  Although this problem would not be present in 
a full production run and was overcome with the tube-bank test samples discussed in 

h, is defined as the OD of 
the tube (0.094 in) for simplicity.  Floyd (2001) performed experiments on sintered metal 
foam with changing

samples were constructed of 316 stainless steel for cost and simplicity, however an 
inconel sample was also tes
conductivity on the overall heat
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Section 3.4, it was important to determine as accurately as possible the true foam 
properties so the data could be properly nondimensionalized.  Therefore, as is the 
conventional practice, the pressure drop characteristic was used to estimate the 
permeability and inertial coefficients, which were then used to nondimensionalize the heat 
transfer behavior and compare to the model presented in Section 3.1. 

20ppi 10%
316SS
No Braze

10ppi 5%
Inconel

20ppi 10%
316SS

10ppi 5%
316SS

½ inch  

how the pressure drop for the 20 ppi 10% (nominal) 316 stainless 
steel samples.  One sample was brazed while the other was simply pressed together to 
maintain contact between the foam and tubes.  Note that the data are plotted vs. the 

e 
ecause there was uncertainty about the actual foam pore size and 

ensity, Equations 3.5 and 3.5 were used to match the pressure drop and identify the foam 
pro

Figure 3.2  Scaled photographs of the metal foam samples employed in the 
single tube row experiments.  All samples brazed except were noted. 
 

Figures 3.3 and 3.4 s

Reynolds number based on the average velocity through the tube-bank as discussed in th
previous section. B
d

perties implicitly.  The foam properties used to generate the Darcy law fit were 18 ppi 
7.5%.  As expected, there is little difference in the pressure drop between the brazed and 
no-braze samples. 
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Figure 3.3  Pressure drop for 20 ppi 10% (nominal) SS brazed single row 
sample tested at UTRC 
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sample tested at UTRC 
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The pressure drop characteristic for the Inconel sample is shown in Figure 3.5.  The 
best fit of the data suggests a foam with 15 ppi, which is consistent with a visual 
inspection of Figure 3.2.  Reliable pressure drop data was not recorded at UTRC for the 10 
ppi 5% stainless steal sample.  However, several metal foam samples were tested in the 
Marston single tube row test facility described in Section 2.1, including the 10 ppi 5% 
stainless steel sample. 
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Figure 3.5  Pressure drop for 10 ppi 5% (nominal) Inconel single row sample 
tested at UTRC  
 

Figures 3.6 and 3.7 show the pressure drop data for the 20 ppi and 10 ppi stainless steel 
single tube row samples from HS Marston.  It should be noted that although the Reynolds 
number is in a similar range as the data presented in Figures 3.3 and 3.4, the absolute 
velocities associated with the data in Figure 3.6 is an order of magnitude larger because 
the Marston experiments employed atmospheric pressure air.  This difference in the 
velocity magnitude is illustrated by the change in the shape of the curve and the magnitude 
of the pressure drop.  However, the higher velocity experiments allow for a more accurate 
measure of the pressure drop.   
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Figure 3.6  Pressure drop for 20ppi 10% (Nominal) SS – brazed and no-braze 
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Figure 3.7  Pressure drop for 10 ppi 5% (Nominal) SS single row sample tested 
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 characteristic that is almost exactly as predicted by 
Equation 3.5 using the average velocity.  All of the pressure drop data suggest that the 

ressure drop incurred in the foam dominates the flow behavior and that the average 
ity is a reasonable way to modify the plain foam relationships to predict 

foam/tube behavior. 

Figures 3.8 through 3.12 show the heat transfer data recorded at UTRC for the four 
single row samples.  Equation 3.1 was used to predict the performance where the 
characteristic velocity is based on the maximum Darcy velocity between the tubes.  The 
characteristic pore size and density for each sample was assumed from the pressure data 
described above. 

 

 
Figure 3.6 corroborates the data recorded at UTRC shown in Figures 3.3 and 3.4.  

Figure 3.7 shows a pressure drop

p
Darcy veloc
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Figure 3.8 Heat transfer for 20ppi 10% (Nominal) SS brazed single row sample 
sted at UTRC.  Foam properties established by presure drop data. te
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Figure 3.9 Heat transfer for 20ppi 10% (Nominal) SS no-braze single row sample 
tested at UTRC.  Foam properties established by presure drop data. 
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Figure 3.10 Heat transfer for 10ppi 5% (Nominal) SS single row sample tested at 
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RC.  Foam properties established by presure drop data. 
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Figure 3.11 Heat transfer for 10ppi 5% (Nominal) Inconel single row sample 
tested at UTRC.  Foam properties established by presure drop data 
 

All of the samples show heat transfer rates greater than that predicted by the foam-only 
relationship.  The magnitude of the increase varies.  However, each plot suggests that the 
increase is a constant shift rather than a multiplying factor.  Figure 3.12 combines the data 
onto a single logarithmic plot.  The NuK shift is between 0.2 and 1.5 above the foam-only 
prediction.  This shift indicates that the tubes provide a mechanism to increase the heat 
transfer in the foam other than the simple increase in velocity due to blockage.  This is 
expected as flow that impinges on the tubes will transfer heat in a way that is not captured 
by the foam-only model.  The constant shift in the Nusselt number suggests that there 
would be heat transfer at a Reynolds number equal to zero.  Such a condition is explained 
physically by natural convection around the tubes when there is no forced convection.   

The 20ppi 10% (nominal) stainless steel brazed sample was also tested for heat transfer 
performance at HS Marston.  The results are plotted in Figure 3.13.  HS Marston's facility 

K for a given ReK is 
ata are consistent 

with that shown in Figure 3.12. 

used hot oil in the tubes at various flow rates.   The variation in the Nu
 result of the variable oil flow.  However, despite this variation, the da
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.3 Comparison to CFD model 
 

ir and 

 

3

Calimidi et al. (1999) proposed an effective-thermal-conductivity model to describe the 
heat transfer behavior of metal foam.  The model considers the metal foam as a porous 
media and therefore the effective thermal conductivity is a weighted average of the a
metal foam conductivity: 

 )1( φ−+φ= airfoameff kkk   (3.9) 

 
.16 

d to 

rmance.  

Using the commercially available Fluent porous media modeling package, the pressure
drop and heat transfer for single-row samples were predicted.  Figures 3.14 through 3
show the results as compared to the analytical predictions.  The pressure drop was 
significantly under-predicted and the heat transfer was over-predicted when compare
both the analytical models and the data presented in Section 3.2.  Although it is fully 
expected that the CFD model could be adjusted to better match the analytical predictions, 
the approach of the current study is to make direct use of the analytical predictions to 
estimate the metal foam/tube perfo
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Figure 3.14 CFD predicted pressure drop for 20 ppi 10% SS single row sample  
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Figure 3.15 CFD predicted pressure drop for 10 ppi 5% SS single row sample  

0

1

0 50 100 150 200 250 3

ReK(max)

2

3

4

5

6

00

N
uK

20ppi 10% SS

10ppi 5% SS

foam pred tion

 

Figure 3.16 CFD predicted heat transfer for single row samples  
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-
ton as described in Section 2.2.  These 

experiments provided an opportunity to better calibrate and validate the pressure drop and 
heat transfer model presented in Section 3.1.  Data were recorded for aligned and 

ecorded for 
ples in the form of the Colburn factor as a function of the 

3.4 Tube-Bank Experimental Results 
 

The single tube row experiments presented in section 3.2 cannot be used to predict the 
behavior of foam around a staggered tube-bank.  Therefore, fully three-dimensional tube
bank experiments were performed at HS Mars

staggered tube-banks with and without metal foam (tube geometry shown in Figure 2.6).   

Figures 3.17 and 3.18 show the heat transfer and pressure drop behavior r
the reference tube-bank sam
Reynolds number.  Note that the characteristic velocity and length scales are the inlet face 
velocity and the tube OD, respectively.  The Reynolds number was based on these 
quantities to allow all of the tube-bank experiments to be easily compared.  It can be seen 
that both the heat transfer and pressure drop are elevated compared to well known 
analytical predictions from Incropera and DeWitt (1990).   
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Figure 3.17 Heat transfer for reference tube-bank samples      
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Figure 3.18 Friction factor for reference tube-bank samples  
 

Stiffener plates (0.080 in. thick), required to keep the tube-banks from warping during the 
razing process (Figure 3.19), may provide one explanation for the elevated pressure drop 
n

b
a d heat transfer.  The plates, acting as a fin, increase the skin friction and introduce some 
entrance losses.  

 

Stiffeners
 

 
 
Figure 3.19  Reference tube-bank unit illustrating the stiffener plates required for 
manufacture.              
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n unexpected relationship in that the aligned tube-bank has a higher friction factor than 

significant a g 
ith downstream tubes.   It is hypothesized that this acoustic resonance may be 

contr  incr dr

ates a  required presen  the m oam ples and the 
a  also not present wit e metal foam, the analyt aseline  
se e fo metal foa

Figure 3.20 shows the heat transfer behavior of the aligned and staggered tube-banks 
with 25 ppi 5% 316 stainless steel foam brazed to the tubes.  The largest pore size and 
lowest density foam was selected as dictated by manufacturing limits.  The experimental 
data show that the staggered tubes have a significant impact on the heat transfer by 
increasing the Colburn factor 2.5X above a plain bank of tubes.       

Despite the overall shift in heat transfer, the relative behavior of the aligned and 
staggered tubes is expected.  However, the friction factor shown in Figure 3.18 suggests
a
the staggered tube-bank.  During testing it was noted that the inline tube-bank generated 

coustic vibration, a result of vortex shedding from upstream tubes interactin
w

ibuting to the ease pressure op.   

As the stiffener pl re not  or t in etal f  sam
coustic resonance is h th ical b  was
lected as the referenc r the m units. 
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Figure 3.20  20ppi 5% SS metal foam tube-bank unit data with aligned and 
staggered tubes. 
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are from Equation 3.4 with a constant shift added to 
mpact of the tubes.  A NuK shift of 0.2 was employed 

s.  Figure 3.20 
ind

 
 

. 

ehavior.  Therefore the foam-only prediction is able to match the physical 
behavior of the foam/tube sample.  As the foam dominates the pressure drop behavior, 
both the aligned and staggered tube samples have the sample pressure drop characteristic.  
Therefore, a staggered tube is clearly superior as it has enhanced heat transfer behavior 

The analytical model predictions 
the Nusselt number to represent the i
for the aligned tubes, while a shift of 2.0 was used for the staggered tube

icates that the analytical model is able to capture the magnitude and trend of the 
experimental data very well.  The 0.2 shift is well within the expected range as measured
with the single tube row data (Figure 3.12).  Not surprisingly, the staggered tubes yielded
a shift above the foam-only behavior larger than any of the single-row experiments

Figure 3.21 shows the pressure drop behavior of the metal foam tube-bank samples as 
measured and predicted by Equation 3.5 used with the average Darcy velocity.  The 
similar trends strongly suggest that the characteristic length scale of the foam dominates 
the flow b

with no increase in pressure drop. 
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Figure 3.21 Reference tube-bank unit illustrating the stiffener plates required for 
manufacture.              
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 drop 

3.5 Design Optimization 
 

The analytical models calibrated to the tube-bank data in Section 3.4 were used to 
compare optimal metal foam designs to a conventional technology baseline for an 

ir 
eat exchanger with the requirements listed in Table 3.1. 

Table 3.1  Full size heat exchanger application performance requirements 
 

Fuel Side 

Although the agreement between the magnitude of the data and prediction is 
reasonable, there is still a 20% difference.  As discussed in Section 3.1, the pressure
is extremely sensitive to the density of the foam.  Therefore, no attempt was made to 
modify Equation 3.5 to better match experimental data. 

 

advanced technology application.  The application is representative of a cooled-cooling a
h

Flow rate: 13 lbm/min 
Inlet pressure: 2000 psia 
Inlet temperature: 230 F 
Max. pressure drop: 100 psid 
  

Air Side 
Flow rate: 17 lbm/min 
Inlet pressure: 550 psia 
Inlet temperature: 1250 F 
Max. pressure drop: 25 psid 
  
Outlet temperature: 550 F 

 

Figure 3.22 shows the flow configurations considered for the optimization study.  The 
ba d  

flow.  
tion, the 

ize 

se, the 
llel and counter to the fuel in the tubes and the foam dominates both the 

pressure drop and heat transfer behavior.  To model this arrangement, the heat transfer is 

seline is a shell-tube heat exchanger with disc and donut baffles in which air is force
cross-flow through the tubes as it moves in a direction generally counter to the fuel 
This is typical of conventional fuel/oil heat exchangers.  As is also current conven
baseline employs dimpled tubes to increase the heat transfer on the fuel side and minim
the size and weight. 

Figure 3.22 also shows the metal foam configurations considered.  The simplest 
implementation is a pure counter-flow heat exchanger shown in 3.22 (b).  In this ca
airflow is para
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assumed to be described by the foam only correlation in Equation 3.1 using the maximum 
velocity created by the tube blockage.  The pressure drop is modeled with Equation 3.4 
using the maximum Darcy velocity. 

a)

b)

c)

d)

 
 

Figure 3.22   Heat exchanger flow configurations considered in the optimization of 
) 

etal foam.  c) Cross u-tube metal foam.  d) Cross flow 
(single/multiple passes). 
 

 

 

the metal foam design.  a) Reference baffled cross-counterflow shell-tube.  b
Counterflow m

 Figure 3.22 (c) shows a cross-flow u-tube arrangement.  This arrangement is typically
used to allow the tubes to thermally expand without constraints to reduce stresses.   Figure 
3.22 (d) shows a purely cross-flow arrangement.  Although this makes it simple to make
multiple passes, the large flat separator plates required can have a significant impact on 
weight.  Therefore, for this analysis, a single pass cross-flow arrangement was considered.  
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n in-house heat exchanger sizing program which optimizes the size and 
weight of a heat exchanger while meeting the performance requirements.  This program 
wa

 the 

gth to capture the tubes.  
Because tube OD for this optimization study was selected to be the commonly used 0.094 
in, the foam pore size essentially dictated by the tube spacing.  This is because the largest 
pore size possible is most desirable to minimize the pressure drop, while maximizing heat 
transfer.  Figure 3.23 shows how a cross-flow inconel metal foam heat exchanger weight 
changes with pore size for a  5% dense foam.  The tube spacing for each case is twice the 
pore size.   

All of the cross-flow arrangements assume a staggered bank of tubes and employ the 
2.0 shift in NuK as determined experimentally in Section 3.4.  The optimization was 
executed with a

s used to predict the reference shell-tube heat exchanger size and weight as well as that 
for the metal foam units.  All units were design to meet the performance shown in Table 
3.1. 

The relationship between tube spacing and pore size was investigated to understand
optimal combination.  The metal foam manufacturer recommends that at least two foam 
pores be present between the tubes to provide sufficient stren
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 fact, 

ess and less relevant.  Figure 3.23 indicates that the same parametric study 
executed for 0.125 in. tubes produces very similar results.  

e two pass shell-tube 
design.  The cross flow design has a similar weight and overall volume to the baseline, but 
has reduced the number of tubes by 40%.  The results reflect that although the metal foam 
significantly augments the heat transfer, the pressure drop penalty balances the benefit. 

 
Table 3.2  Optimal metal foam heat exchanger configurations vs. baseline shell-

tube.  All configurations have equivalent heat transfer performance. 
 

Configuration Tube spacing Length Width Height Core Vol. Num. Mass 

 
The figure indicates that the large tube spacing demanded by the larger pore foams (10 

to 15 ppi) generates very large heat exchangers.  As the pore size is reduced, the tube 
spacing can move closer and the heat exchanger gets smaller.  However, the reduction in 
size is predominantly due to the increase in local velocity around the tubes as the space 
between the tubes gets smaller.  This effect is experienced by a plain tube-bank.  In
the figure suggests that as the heat exchanger gets smaller and the tubes get closer, the 
foam becomes l

Based on Figure 3.23, a 40 ppi 5% dense foam was used to evaluate the different flow 
configurations shown in Figure 3.22.   Table 3.2 summarizes the heat exchanger designs 
for the baseline and different metal foam designs.  Each heat exchanger meets the 
performance specified in Table 3.1.  The comparison indicates that the both the counter 
and u-tube configuration are larger and heavier than the baselin

 (%Tube OD) (in) (in) (in) (in3) of Tubes (lbm) 
Two Pass Shell Tube 30% 6.5 3 3 60 550 7 
Counter Flow Foam 50% 10 3 3 90 550 12 
Cross U-Tube Foam 50% 8 5 3 120 650 14 

Cross Flow Foam 50% 7 11 1 77 350 8 
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bes 
t 

e bank baseline unit.  The 
pitch of rods in the dense design is exactly twice that of the open design.  As with the 
baseline, all tubes have a 0.094 in. OD and both tubes and rods have a wall thickness of 
0.007 in. 

 

4.0 Cellular Metal Results 

4.1 Cellular Metal Tube-Bank Experimental and CFD Results 

Two cellular metal tube-bank samples were fabricated and tested.  Figures 4.1 and 4.2 
show the periodic arrangement of the hollow-truss samples.  The figures show the tu
which contain liquid in dark gray and hollow rods that strengthen the matrix, but do no
convey liquid, in light gray.  In both figures, the tubes are aligned and the rods are 
staggered.  The tube arrangement is identical to the aligned tub

 
 

Figure 4.1   Top and side view of open cellular metal configuration.   
 

 

Figure 4.2   Top and side view of dense cellular metal configuration.   
 

CFD was employed to calculate the performance of the test units and extend the design
space to configurations that could not be experimentally tested in the current study.  CFD 
is well suited for the analysis of cellular metal as it directly models the principal b

 

ehavior 
f the fluid which generates the heat transfer; flow around the tubes.  In contrast, the metal o
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ation that does not directly model the 
ndamental fluid/foam behavior and therefore does not necessarily predict the heat 

tra th CFD 

lculate 

foam CFD analysis employed a bulk approxim
fu

nsfer even when applied over a fine mesh.  The additional designs considered wi
are shown in Figures 4.3 through 4.5 below.  The computational domain for the 3-D CFD 
analysis was the defined as the smallest periodic element.  Periodic inlet and outlet 
conditions were assumed and the grid was generated with sufficient resolution to ca
the boundary layer behavior without wall functions. The performance of the single 
periodic element was directly scaled to predict the performance of the entire tube-bank 
sample so the experimental data could be directly compared to the CFD results.  The 
complete CFD results set is included in Appendix 7.4. 

 

 

 
  

 
Figure 4.3   Top and side view of dense aligned cellular metal configuration. 

 

 
 

igure 4.4   Top and side view of open staggered cellular metal configuration.   

 

F
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Figure 4.5   Top and side view of open elliptical cellular metal configuration.   

Experimental data and CFD predictions for the open and dense configurations are 
shown in Figure 4.6.  For reference, the CFD predicted performance of the aligned 
baseline configuration is also included in the Figure.  It can be seen that the CFD 

 performance of the aligned tube-bank 
ference as compared to the analytical relationship, but this is very similar to the aligned 

tub

reasonably predicts the experimentally measured performance of the tube-bank test 
samples.  Note that the CFD over predicts the
re

e-bank experimental performance shown in Figure 3.17.  Therefore it is concluded that 
the CFD heat transfer predictions are reasonable and can be used to make relative 
comparisons. 
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Figure 4.6  Comparison of cellular metal experimental and CFD predicted heat 
transfer performance. 
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Figure 4.7 shows the pressure drop test results and CFD predictions for the open and 
like the heat transfer performance, there are 

significant discrepancies between the measured and predicted pressure drop.  First 
examining the experimental data, the dense configuration shows an expected trend that is 
sm

k 

dense cellular metal tube-bank samples.  Un

ooth with Reynolds number.  However the open configuration shows significant 
variation with Reynolds number.  It is believed that this variation is a result of the large 
acoustic flow induced vibration generated by the air passing through the cellular metal 
matrix.  This is the same phenomenon observed during the testing of the aligned tube-ban
reference sample.   
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etal and reference tube-bank 
sam  

tal 
 

Figure 4.7  Comparison of cellular metal experimental and CFD predicted 
friction factor. 

 

Figure 4.8 shows a direct comparison of the cellular m
ple friction factor data.  The data suggest that the dense cellular metal friction factor is

approximately 25% greater than that for the staggered tube-bank.  Because the cellular 
metal samples would have similar flow behavior to the plain tube-bank, unlike the me
foam, it is proposed that it is reasonable to compare the experimental cellular metal results
to the experimental baseline.  Because of the large variation in the open cellular sample 
data and the presence of such large acoustic vibrations, no specific conclusion is drawn 
from the data. 
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r the 

dictions are approximately 25% greater that the staggered analytical 
model.  It is therefore concluded that the scaled CFD pressure drop results can be used to 
make comparisons between different cellular metal designs. 

 

To examine the CFD results more closely, Figure 4.9 plots the CFD predictions fo
cellular metal samples with the analytical predictions.  In Figure 4.9, however, the CFD 
results have been uniformly scaled so that the CFD prediction of the plain aligned tube-
bank most closely matches the analytical model.  The figure shows that scaled CFD 
cellular metal pre
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Figure 4.8 Comparison of cellular metal measured friction factor to the 
reference staggered tube sample.    
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Figure 4.9  

 

shows the com rformance.  The dense inline rod arrangment 
, 

the
effective.  The variations of the open cellular design appear to have small impact on the 

E re 4.11 shows that the dense inline rod 
arrangment produces an increase in pressure drop.  This configuration produces less heat 
transfer and higher pressure drop and is clearly undesirable.  However, the open elliptical 
design showed similar heat transfer to the open cellular configuration with round rods, but 
Figure 4.11 shows that it has a friction factor similar to a plain staggered tube bank.  This 
is the most promising result of all the configurations modeled. 

CFD predictions for cellular metal tube-bank samples that have 
been uniformly scaled such that the the aligned tube-bank predictions closely 
match the analytical model.  

Using the calibration described above, the alternate cellular metal geometries shown in 
Figures 4.2 through 4.5 were compared to the performance of the units tested.  Figure 4.10 

parison of the heat transfer pe
has an obvious loss of performance.  This is not surprising, as when the rods are aligned

 wakes of the upstream rods make the heat transfer of the downstream rod less 

heat transfer.   

xamining the scaled pressure drop in Figu
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Figure 4.10  red s o transfer performance for different cellular 
metal configurations 
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Figure 4.11  d C edi of pressure drop behavior in cellular metal 
as c red lyti de lain anks. 
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To understand the mechanicsm ws iptical rod configuration to improve 
the performance so significantly, the local surface heat transfer coefficient for the round 
and e al r figu  as
4.13.  pl iden cal ey ca ireclty compared.  It can be seen that 
the heat transf ficie cre  the g edge of the elliptical rods as 
comp o t d ro is  the er wakes of the rods immediately 
upstr ue ow-l ipt pe.  onally, the surface velocity near the 
rods er ake on o a s r region. 

 

that allo the ell

lliptic od con rations  calculated with CFD is shown in Figures 4.12 and 
  Both ots use tical s es so th n be d

er coef nt is in ased at leadin
ared t he roun ds.  Th is due to  small
eam d to the l oss ell ical sha Additi
is high as the w s are c tained t malle

 

Flow 

 
Figure 4.12  alc  heat tranfser coefficient (W/m2/K) for the open 
cellular metal configura

CFD c ulated
tion. 
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Flow 

 
Figure 4.13  CFD calculated heat transfer coefficient (W/m2/K) for the open 

 ratio). 

 on these resul rfo  model for the hollow-truss cellular metal with 
el rods opos hic eat tr r is the same as that for a staggered 
bank es w e sam e s , but 50% increase in Colburn factor, j.  It 
is thi el th l be  th ing section in which an optimal design will be 
comp o a tion elin rati led-cooling air application. 

 

4.2 C ar Des pt on 
 

W  m velo  th us s , the open cellular metal with 
elliptical rods pa a t al sh e heat exchanger for the application 
descr n S .5. llip nfig  was selected because it offered the 
best ma e lest re dr rease.  Additionally, the open 
configuration adds less weight than the dense configurations.  The optimization was 
carri  wi ame heat exchanger sizing program employed in the optimization of 
the m am  in n 3 with etal foam, dimpled tubes are used to 
prov muc  tran n th  sid ssible. 

cellular metal with elliptical rods (4:1 aspect
 

Based ts, a pe
ed  w

rmance
h t  hliptical  is pr  in he ansfe

 of tub ith th e tub pacing  has a 
s mod at wil used in e follow
ared t conven al bas e in a p cal coo

ellul Metal ign O imizati

ith the odel de ped in e previo ection
 was com red to radition ell-tub

ibed i ection 3  The e tical co uration
perfor nce with th  smal  pressu op inc

ed out th the s
etal fo  design Sectio .5.  As  the m

ide as h heat sfer o e liquid e as po
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In an effort to identify the optimal configuration, the cellular metal tube spacing was 
orded.  The results of the parametric study 

re listed in Table 4.1.  Note that for the open configuration, the weight of the rods is 20% 
of the plain bank of tubes.  The table shows th hen the rods and tubes are the same size 
(100% tube spacing) there is no size or weight benefit.  Despite the improved heat transfer 
over red tubes with the same acin  cellular metal improvement is 
nega en c red t  tu h a spacing smaller than 100% of a tube OD, as 
is often the case in conve l sh  uni

 
Table 4.1  ellu eta ura ith elliptical rods compared to 

tion ell- at e nger for Table 3.1 conditions.  All 
rati av alen t transfer performance. 

 
C rat Tube spacin gth th Height Core Vol. Num. Mass 

varied and the impact on the size and weight rec
a

at w

stagge  tube sp g, the
ted wh ompa o plain bes wit

ntiona ell-tube ts 

Open c lar m l config iton w
conven al sh tube he xcha
configu ons h e equiv t hea

onfigu ion g Len Wid
 (% D) n) ) (in) (in3) of Tubes (lbm) TubeO  (i (in

2 Pass Shell  .5  3 60 550 7 Tube 30% 6 3
2 ell 2  7.5 30 300 5.5  Pass C ular 30% 2
2 ell .5  7 44 400 6.5  Pass C ular 40% 2 2.5
2 ell 3  7 63 450 7.5  Pass C ular 50% 3
2 ell  5  6.5 163 750 12  Pass C ular 100% 5

 
 

Table 4.1 also shows the size and weight fo tical cellular metal configurations 
ith a tube spacing smaller than 100% of the tube OD.  Figure 4.14 illustrates that one 

uration is to dimple the rods to allow them 
 receive the tubes.  This increases the complexity of manufacture, but may actually have 

a heat transfer benefit a nta  betw  the tubes and rods will be increased. No 
such benefit was included in the cur t result n alternative manufacturing technique 
woul  use ler d r el l rods.  However, it is assumed that dimpled rods 
woul  per nce imil he m roposed and while smaller and 
smaller diameter rods would have a decreasing ct on the flow field and most likely 
less benefit. 

 
 

r ellip
w
way to manufacture such a cellular metal config
to

s the co ct area een
ren s.  A

d be to smal iamete liptica
d have forma most s ar to t odel p

 impa
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Figure 4.14  nd iew en c r metal configuration with elliptical 
rods.  Tube spacing is 30% of tube OD. 
 

Table 4.1 in s tha lar s pro  to have a benefit with tube spacings 
f 30-40%.  Both configurations suggest a volume and weight benefit and a reduction in 
e number of tubes, which may be a reliability benefit.  It is important to note that the 

onsidered in this analysis, but Wadley et 
l ) determined that hollow truss construction was superior to both metal foam and 

honeycomb construction under bending and compressive loads. 

 

 

 

 

 Top a side v  of op ellula

dicate t cellu  metal i jected
o
th
structural integrity of the heat exchanger is not c
a . (2003
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5.0 Summary and Conclusions 

Tubular metal foam an ow-t ellul ined for 
perfo e, s  we ne tive to convetional shell-tube technology.  To 
estim rfor , an ica  for a tubular metal foam heat exchanger was 
calib o experiments.  The heat transfer m s based on a power-law relationship 
between the Nusselt number and the Reynolds number in which the permeability of the 
foam d a arac c l ale.  the foam is used to augment the heat 
trans a tu k, th -only Nusselt er power-law relationship is shifted 
by a constant (the constant being established experimentally for aligned and staggered 
tubes).  The data show th n m am is used with a staggered bank of tubes the 
heat transfer is 40 percen r th n fo used with an aligned bank.  This is 
due to the incr ontr n o w im ng on the tubes.  The data also 
indic at al fo mi e pressure drop through the foam and tubes.  
The analytical heat transf  pre rop  was used to predict the performance 
of cross-flow, counter-flo  u- etal eat exchangers for a fuel/air heat 
exchanger in a cooled-coo ir ( ppli . 

The CCA application constrains the tube diameter due to the high fuel pressures 
resent in the fuel system.  Additionally, the minimum tube spacing is dictated by the pore 

wo pores would have few ligaments 
e  them for suppo ith these constraints, it was not possible to find a foam/tube 

spacing comb n th d p a we or size benefit when compared to a 
conventional technology shell-tube heat exchanger with equivalent performance.  A cross- 
flow configuration was identified which may reduce the number of tubes as compared to 
the b e, re  in a tia ility 

H tru lar m as vest  as an improved heat exchanger core 
mate r th  CCA applica ased on CFD and experimental results, the best 
proje erf e is ed nflo lliptical rods placed in a sparse 
stagg rra ubes which flow liquid.  The elliptical rods 
provide the lowest additional pressure drop wh ll creating turbulence and creating 
more surface area for stagnation he fer. rojected that such a configuration can 
prod re than a 10% reduction in weight and 30% reduction in volume.  However, 

 

 

d holl russ c ar metal heat exchangers were exam
rmanc ize and ight be fits rela
ate pe mance  analyt l model
rated t odel i

 is use s the ch teristi ength sc   When
fer of be-ban e foam  numb

at whe etal fo
t highe an whe am is 

eased c ibutio f the flo pingi
ates th the met am do nates th

er and ssure d model
w, and tube m foam h
ling a CCA) a cation

p
size of the metal foam, as tubes placed closer than t
b tween rt.  W

at woulinatio rovide ight 

aselin sulting  poten l reliab benefit. 

ollow- ss cellu etal w  also in igated
rial fo e same tion.  B
cted p ormanc obtain with no wing e
ered a ngement in an aligned bank of t

ile sti
at trans  It is p

uce mo
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these its  the e d  or o se modified so the tubes can be 
spaced closer than one di .  T ibili he manufacturing process required to 
fabricate a cel etal  w led cal hollow-rods was not investigated, 
but i e si ntly  complex than  the process for a conventional shell-tube 
heat ger

 benef  require rods b impled therwi
ameter he feas ty of t

lular m matrix ith dimp ellipti
t will b gnifica  more
exchan . 
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dix

.1 Single Tube-Row Metal Foam Experimental Data (UTRC) 

able 7.1 Metal Foam UTRC Test 9 Data 
Mass Inlet Outlet 

12.2

7.0 Appen  
 

7
 
T

Flow ReK Temp Temp ∆P 
lbm/s - F F psi 

0.005 5 72.80 72.54 0.034
0.005 12.1 72 .19 0

12.05 72.89 0.037
23.5 7 .9
46.3 7 .9
68.7 70 .63 0
91.9

115.33 69.21 0.597
139.3 68 .99 0

.6 6
186.34 67 .51 0
210.1 67 .59 1

0.100 234 67 .32 1
0.110 257 6 .7
0.099 231. 67.57 103.86 1.211

.6 6
0.079 183 6
0.070 161.2 7

.4 7 .8
7 .1

0.039 89.84 74.63 0.496
0.030 67.2 7 .7

19 43.3 80 .06 0
.6 8 .1
.0 8 .7

 
 
 

tal F m U 1 a

s 
K 

Inl
Tem

et
p ∆

- F ps
22.6 90 .35 0

1 .92 118 .037
0.005
0.010

129.67
1312 2.02 5 0.086

0.020 7 1.12 122 1 0.210
0.030 3 .91 119 .337
0.040 0 70.18 116.26 0.469
0.050
0.060

112.67
1086 .13 .723

0.070 162 2 7.91 106.64 0.845
0.080 .93 104 .967
0.090 0 .38 103 .096

.11 .33 102 .216

.17
41

7.18 101 2 1.332

0.089 207 9 8.27 106.46 1.100
.98 9.18 112.12 0.986

3 0.23 116.19 0.873
0.059 136
0.049 113

6 1.49 120 7 0.753
.16 3.50 128 0 0.629

132.56
1423 6.62 0 0.355

0.0 5 .02 157 .200
0.010 21 0 5.69 177 9 0.061
0.010 22 9 7.52 134 2 0.055

Table 7.2 Me oa TRC Test 0 Dat  
 

Mas
Flow Re
lbm/s 

et 
p 

Outl
Tem

 
 P 

F i 
0.010 4 .33 181 .076
0.011 23.03 89.99 185.71 0.077
0.020 44.28 84.91 168.12 0.214
0.040 89.41 80.46 149.94 0.488

0.050 113.47 78.38 138.95 0.608
0.040 90.02 79.81 147.70 0.488
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136.7 7 4
58.8 77 77

184.2 76 86
206.6 7 42
229.1 74 32
232.68 73.92
230.9 7 2
205.9 73 54

8 7 41
3 67

183.3 73 31
0.100 229 73 25
0.109 251 7 8

7 6
73.63 1.160

0.079 181 7 47
135.0 7 53

77 74
0.039 88 79 4

61.8 81 6
0 44.6 83.88 163.31 0.164

Table 7.3 Metal m UT 1 a
 

Mass 
eK 

Inle
Tem

t 
 ∆

- F psi 
9 255.6 69 3

0.060 8 7.67 130. 3 0.735
0.070 1 2 .05 125. 0.862
0.080 5 .57 115. 1.015
0.090 8 5.31 117. 1.143
0.099 3 .37 115. 1.284
0.101
0.100

114.69
109.

1.332
1.3193 3.94 8

0.089 7 .52 111. 1.193
0.079 180. 1 4.05 120. 1.068
0.080 182.46 7 .78 123. 1.070
0.080 9 .85 125. 1.069

.20 .32 120. 1.310

.94 3.01 117. 9
6

1.432
1.2990.099 228.4

0.089 204.9
5
5

3.20 119.
122.49
126..35 4.30 1.015

0.059 8 6.22 133. 0.732
0.049 111.74 .55 139. 0.586

.63 .54 146. 8 0.439
0.028 0 .86 154. 6 0.266
0.02 8

 
 
 

 Foa RC Test 1  Dat  

t 
p 

Outle
Temp P Flow R

lbm/s 
0.10

F 
99.7 .25 9 1.239

0.110 257.4 67 42
232.4 66 75
209.3 66 76

0.079 185.03 66.66 109.74 1.022
0.069 161.07 67.67 113.18 0.919

0.049 113.83 69.96 122.54 0.678
90 7 .1
66 7 .2 0
43 .
21

etal  U T 12 ta 

eK m
t 

p ∆
- F p

0.010 2 7 .2 0

0 .83 101. 1.276
0.099 9 .28 102. 1.198
0.090 2 .20 105. 1.116

0.059 136.74 68.38 117.04 0.802

0.040 .38 2.18 130 1 0.538
0.030 .88 4.86 141 0 .384
0.019 .54 78.21 157 38 0.219
0.010 .42 84.41 182.76 0.058

 
 
 
Table 7.4 M  Foam TRC est  Da
 

Mass 
Flow R

Inlet 
Te p 

Outle
Tem P 

lbm/s  F si 
2.94 1.67 125 5 .078

Page 45 



R05-5.300.0022  
   

0.020 4 .
6 .

0.040 91.78 67.59
0.050 11 6 .

138 6 .
6 .5 0

0.080 183.78 68.32 0.871
0.090 20 6 .7 0

231 6 .8 1
0 254 68 114.01 1.

68. .3 1
6 .7 1

0.079 18 6 .8 0
0.069 15 7 .9 0
0.060 13 7 .6 0
0.049 11 7 .4 0

89 .
0 66 7 .

.020 43 7 .5 0
20 8 .0 0

able 7.5 Metal Foam UTRC Test 13 Data 

Flow ReK Temp Temp P 
- F F psi 

.02 74 122.78 .0

4.66 69.24 140 54 0.176
0.030 68.66 8.01 134 16 0.295

129.30
125

0.411
0.5284.96 7.73 91

0.060 .22 7.69 122 79 0.643
0.070 161.12 8.06 120 0 .756

118.65
1167.90 8.36 3 .991

0.100 .20 8.49 115 9 .109
0.11 .85 .35 225
0.099 229.64 67 116 1 .127
0.089 205.94 9.23 118 8 .031

2.86 9.87 121 2 .927
9.37 0.65 125 0 .820
6
2

.04

.47
1.55
2.70

130
136

3
6

.709

.583
0.039 .05 74.07 144 02 0.452
0.03 .28 5.90 153 30 0.326
0 .63 8.02 163 4 .193
0.009 .64 2.13 180 0 .058

 
 
T
 

Mass Inlet Outlet 
∆

lbm/s  
0.010 23 .85 0 93
0.010 22.63 73.39 148.54 0.094

.9 .0

.5 .2
71.21 145.15

40 .44 71 .4
50 4.4 .6

0.060 6.5 .7
5 .

71.35
.6 .0

0.100 229.91 71.38 121.38 1.208
0.110 253.30 70.10 118.10 1.319

69.88 125. 61
9.7 2 3
0.1 3 6

3 5
2 .2 4 8
5
7 .0 6 1

0.010 21.12 84.43 188.81 0.064

0.010 22 3 72.96 156.99 0 97
0.020 44 7 72.01 151.84 0 17
0.030
0.0
0.0

68.58
91

0.358
0.11 139.70 93

11
13

8 7
6 7

1.25
1.41

135.34
131.80

0
0

20
37

0.070 160. 4 71.21 128.60 0 860
0.080
0.090

183.44
206

126.01
123.48

0.978
19 71.46 94

0.099 228.69 69.73 119.72 1.195
0.089 205.63 69.61 122.13 1.078
0.079 182.22 24 0.9
0.069
0.060

159.04
136.15

6
7

2 1
9 1

8.45
2.67

0.84
0.72

0.049 112.55 71.03 1 8.14 0.60
0.039
0.030

89.2
66.5

72
74.62

2 1
154.36

4.79 0.47
0.346

0.020 43.4 78 2 1 7.05 0.20
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e a R a

Mass 
Flow ReK 

Inlet 
Temp 

Outlet 
Temp ∆P 

lbm/s - F F psi 

 
Table 7.6 M tal Fo m UT C Test 14 D ta 
 

0.010 21.38 95.08 152.50 0.103
0.010 21.08 86.55 177.92 0.100

43.61 67.75 0.230
67 3 5.6 0
90.72 0.495

114 .
136 .
160 .8 0
182 0.972

0.090 206 .
229 .

0.110 254.53 66.93 116.52 1.330
229 .

0.089 206.09 .
0.079 182.71 0.965

159
060 135.79 70.44 134.35 0.718

112 .1 0
040 89.35 73.61 147.17 0.453

0.029 66.01 76.02 156.24 0.298
0.020 44.35 79.36 168.16 0.195

86.07 191.65 0.055

4 Data 

Flow ReK Temp Temp ∆P 
l F F 

0.000 0.00 66.78 66.84 0.013

0.020 78.90 1
0.030 .92 74.6 15 0 .370
0.040
0.050

72.08
70.61

146.49
139.14 34 0.622

0.060 .83 69.36 133 49 0.738
0.070
0.080

.76

.90
68.64
68.16

128
125.23

7 .859

.98 67.65 121 67 1.094
0.099 .85 67.08 118 92 1.208

0.099 .72 67.31 118 68 1.210
67.89
68.61

121
125.30

76 1.088

0.070
0.

.48 69.64 129.51 0.838

0.050
0.

.67 71.73 140 4 .595

0.010 21.36
 
 
Table 7.7 Metal Foam UTRC Test 2
 

Mass Inlet Outlet 

bm/s - psi 

0.001 1.94 66.80 66.87 0.014
0.030 73.26 63.32 63.64 0.222

0.003 8.18 63.88 66.27 0.017
0.010 .98 64.19 .57 0.0
0.020 .74 63.63 .22 0.1
0.030 .18 63.52 .31 0.2
0.040 .31 63.65 .91 0.3
0.050 .38 63.98 3.42 0.4
0.060 .39 64.20 .45 0.5
0.070 .30 64.46 .41 0.6
0.080 .43 64.75 .63 0.7
0.090 .82 64.87 .31 0.8

0.060 145.46 61.86 62.08 0.450

22 166 67
45 147 57
69

2
136

8
51

9 12 48
116 12 50
139 119 46
163 116 47
186 114 47
209 112 48
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0.100 .64 65.38 .60 0.9
0.111 257.57 65.86 109.47 1.057

2.35 0.976

0.070 .61 67.54 .86 0.7
0.060 .55 68.11 .38 0.6
0.050 .84 68.76 .60 0.5
0.040 .70 69.62 .38 0.4
0.030 .95 70.91 .56 0.2
0.020 .95 72.92 9.77 0.1
0.010 .73 78.05 .49 0.0

 
 

able 7.8 Metal Foam UTRC Test 25 Data 

l F F 
73.77

233 110 55

0.100 231.81 66.19 11
0.090 207.90
0.080 184.50

66.60 115.00
67.05 118.02

0.896
0.809

160 121 15
137 126 21
113 132 15

90 140
1

05
67 15 90
43 16 57
21 208 29

 
T
 

Mass 
Flow ReK 

Inlet 
Temp 

Outlet 
Temp ∆P 

bm/s - 
0.006 14.19

psi 
0.01273.65

0.030 71.79 74.57 74.48 0.249
0.030 72.22 74.14 0.252

4 51
0.002 4.85 74.88 76.75 0.014
0.010 7 74.01 160.30 0.074
0.020 4 73.87 144.43 0.176
0.030 .70 74.18 135.43 0.280
0.041 .66 74.52 129.41 0.390
0.050 7 74.92 125.06 0.491
0.060 2 75.28 121.39 0.599
0.070 9 75.62 118.92 0.701

94 0.806
86 0.911

01
11

0.100 6 76.73 112.72 1.035
0.090 9 76.76 115.25 0.946
0.080 5 76.98 118.03 0.853
0.070 .74 77.31 121.23 0.758
0.060 6 77.59 124.93 0.658
0.050 4 77.97 129.18 0.548
0.040 4 78.69 136.51 0.433
0.030 6 79.77 146.25 0.309
0.020 44.25 81.28 162.05 0.183
0.010 21.76 84.45 192.74 0.048
0.006 13.50 91.37 170.07 -0.007

74.02
0.060 143.03 7 .06 74.18 0. 2

22.1
45.5
68
92

114.5
138.3
161.0

0.080 184.22 76.01 116.
0.090 207.67 76.29 113.
0.100 230.60 7
0.109 251.61 7

6.51 112.26 1.
.74 111.15 1.

5
36

229.9
206.5
183.0
159
136.5
113.1

89.8
66.5
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M
Flow ReK 

Inlet 
Temp 

Outlet 
Temp ∆P 

lbm/s - F F psi 
0.015

Table 7.9 Metal Foam UTRC Test 26A Data 
 

ass 

0.008 20.35 79.25 80.72
0.008 80.79
0 8 .0
0.020 2 77.20 174.92 0.116
0.030 8 76.79 160.27 0.202
0.040 6 76.65 152.20 0.290
0.050 89 76.56 145.94 0.376
0.060 3 76.72 141.24 0.462
0.070 4 77.02 137.83 0.546
0.080 189.99 77.28 134.73 0.630
0.090 213.73 77.67 132.30 0.712
0.100 237.56 78.17 130.18 0.799

78.87 128.37
0.100 236.34 79.19 131.85 0.812

0.743
0.080 188.08 79.65 138.21 0.669
0 .5
0.060 80.21 147.55 0.509
0.050 1 80.44 153.07 0.426
0.040 7 80.98 160.95 0.329
0.030 9 81.62 170.39 0.232
0.020 3 82.88 187.49 0.124
0.010 3 89.53 225.50 0.010

t 27A Data 

Flow ReK Temp Temp ∆P 
/s -  F psi 

0.006 15.04 3.92 77.43 0.018

20.29
.010 3.64 7

82.59 0.015
.92 178.97 02 32

45.8
69.8
94.0

117.
142.1
166.5

0.110 261.57 0.881

0.090 212.25 79.46 134.66

.070 163.89 79.87 142.79 0 91
139.79
116.8

92.2
.069

44.6
22.4

 
 
 

able 7.10 Metal Foam UTRC TesT
 

Mass Inlet Outlet 

lbm F
7

0.010 24.13
.8

73.51 184.28 9
8 72.72 66.15

71.66 3.54
.93 71.58 5.78
.90 71.99 1.74

71.54 6.91
0 71.03 3.25
6 71.20 0.16
0 71.67 8.59

72.36 7.03
0.110 263.78 3.01 122.98 0.939

9.32 74.05 24.18
4.63 73.54 6.76

0.04
0.020 46

69.35
1 0.132

0.030 15 0.223
0.041 97 14 0.335
0.050 117 14 0.409
0.060 143.27 13 0.502
0.070 166.8 13 0.586
0.081 192.1 13 0.677
0.090 215.5 12 0.764
0.100 239.64 12 0.854

7
0.100 23 1 0.873
0.090 21 12 0.798
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0.60 73.78 0.31
6.53 74.49 4.63

9 75.13 9.91
3 76.46 5.78
0 76.17 3.26

77.40 5.37
0.020 45.50 79.75 181.89 0.141

e 7.11 Metal Foam TRC est 29 Dat

Inlet 
Temp 

tlet 
mp ∆

F  
.16 72.99 3.20

0.080 19 13 0.721
0.070 16 13 0.641
0.060 141.3 13 0.553
0.050 117.0 14 0.461
0.040 93.6 15 0.364
0.028 64.57 16 0.233

0.009 20.94 87.12 219.90 0.021
 
 
Tabl
 

 U  T a 

Mass 
 

Ou
Flow ReK

- 
Te P 

lbm/s F
7

psi 
0.060 305 0.364
0.000 0.00 74.51

72.24 9.08
71.89 6.01

4 72.81 1.20
2 72.25 25.57

73.69 2.82
3.77

4.78 7.18
4.07 73.54 5.95
4.75 74.32 2.77
3.83 75.48 11.62 9

5 61.50 3.35
7 71.15 9.49
3 76.44 3.49

75.80 5.89
0.090 441.72 75.40 117.40 0.673
0.080 391.68 74.88 119.51 0.605

Table 7.12 Metal Foam UTRC Test 30A Data 

Mass Inlet 
Temp 

utlet 
p ∆

- F psi 
30.25 72.42 9 0

79.52 0.017
0.010 47.64

64
14 0.061

0.020 98. 13 0.128
0.030 147.4 13 0.195
0.040 196.8 1 0.269
0.051 247.27
0.060 293.46

12
120.81

0.347
0.4177

72.800.070 34 11 0.490
0.080 39 11 0.560
0.090 44 11 0.634
0.100 49 1 0.70
0.043 212.1 11 0.319
0.068 335.9 11 0.490
0.110 542.2 11 0.796
0.100 490.22 11 0.734

0.041 204.07 64.05 124.31 0.318
 
 

 
O

Flow ReK Tem P 
lbm/s F 
0.006 77.9 .015 
0.010 45.91 71.43 .53 0.045 

 70.47 .12 0.126 
69.70 138.34 0.203 

 70.79 132.52 0.284 
71.38 127.59 0.363 
71.25 123.46 0.447 
71.61 120.98 0.535 

0.081 394.72 72.50 120.97 0.604 

163
0.020 96.00 147
0.030 145.69 
0.040 195.48
0.050 243.24 
0.060 292.81 
0.072 350.93 
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09 72.84 118.52 0.681 
26 72.51 114.79 0.763 

 72.89 113.83 0.847 
73.25 116.45 0.776 

0.090 440.82 72.83 117.94 0.709 
0.080 390.88 72.53 120.06 0.639 

 242.00 72.66 130.94 0.411 
 193.05 72.96 137.87 0.328 

30 144.69 73.66 146.81 0.238 
20 96.02 74 6 8.98 0.141 

1 75 3 .35 0.143 
0 78.97 .28 0.045 

-Row Metal Foam Expe tal Data  Marsto

 20ppi 10% inless st ith 0.4pp  flow 

b 100 6 100 06 100 06 100 006 100

0.090 442.
0.100 492.
0.111 546.42
0.100 490.30 

0.070 340.44 72.51 124.05 0.563 
0.060 292.48 72.37 126.55 0.489 
0.050
0.040
0.0
0.0 .9

.1
15

0.020 95.8
44.8

155
0.010 186

 

7.2 Single Tube rimen  (HS n) 
 

dTable 7.13 Braze  sta eel w s air
 
Barometer m 6 100 6 10 6 10 6 1 6
1.3" Orifice   Dp mb 11.7 11.7 11. 1.7 11. 11. 1.8 117 1 8 11.8 8 1 .9
Orifice static mb 121.8 121.5 122.3 122.3 123.1 123.1 123 123 123.1
Orifice Temp. °C 31.15 31.375 34.07 4.2 35 75 35.57 5.6 36.05 3 .1 35.0 5 3 75
Air Flowrate lb/s 0.06 0.06 0.0 06 0.0 06 0. .06 0.6 0. 6 0. 06 0 06
Oilflow Rdg pps 355 354 53 70 87 8.6 1061 531 8 708 9 87 1
Oil Flowrate litre/s 0.20 0.19 0.2 .29 0.3 0.4 .48 0.59 0 9 0.39 8 0 8
Temp @ Flowmeter °C 100.7 100.7 101.1 101.1 101.2 101.2 101.3 101.3 101.4
Specific Gravity  0.9255 0.9255 0.9255 0.9255 0.9255 0.9255 0.9255 0.9255 0.9255
Oil Flowrate kg/s 0.18 0.18 0.27 0.27 0.36 0.36 0.45 0.45 0.54

 lb/s 0.40 0 0.60 0.60 0.79 0.99 0.98 1.19.40 0.79
 lb/min 23.88 23.81 35.72 47.62 59.13 59.10 71.3735.72 47.62

Oil Inlet Temp        1 °C 100.7 100.7 101.1 101.2 101.3 101.3 101.4101.1 101.2
2 °C 100.7 100.7 101. 1.1 101. 1.2 101. 1.3 101.1 10 2 10 3 10 4

Mean °C 100.7 100.7 101.1 1.1 101. 1.2 101. 1.3 101.10 2 10 3 10 4
Oil Outlet Temp     1 °C 99.8 99.8 100 .4 100. .7 100 0.9 101.4 100 7 100 .9 10 .1

2 °C 99.8 99.8 100. 0.4 100. 0.7 100. 0.9 1014 10 7 10 9 10 .1
Mean °C 99.8 99.8 100. 0.4 100. 0.7 100. 0.9 1014 10 7 10 9 10 .1
Oil   DT   °C 0.9 0.9 0. 0.7 0. 0.5 0. 0.4 07 5 4 .3
Air Inlet Temp         °C 20.1 20.3 20. 0.7 20. 21 21 21 216 2 9 .1
Air Outlet Temp   1 °C 31.9 32.1 33. 34 34. 35. 5.3 358 9 34.8 3 3 .9

2 °C 30.6 30.8 33. 3.4 34. 34. 4.8 353 3 3 34.3 8 3 .2
3 °C 31 31.2 34 .7 35 .7 36 6.2 36.6 34 .7 35 .2 3 .8
4 °C 31.1 31.4 34 .7 35 .5 .1 3.6 34 .5 35 36 36 6.4

Mean Air Outlet °C 31.15 31.375 34.07 4.2 35. 75 35.57 5.6 36.075 3 1 5.03 5 3 5
Air   DT   °C 11.05 11.075 13.475 13.5 14.2 5 14.575 14.6 14.97514.07
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°C 80.6 80.4 80.5 80. 80. 0.3 80.E.T.D. 80.4 3 80.2 3 8 3
Thermal Ratio Oil 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 
Thermal Ratio Air 0.14 0.14 0.17 0.17 0.18 0.18  0.19 0.18 0.18

 
 
 
 
 
Table 7.14 Brazed 20ppi 10% stainless steel with 0.6pps air flow 

Barometer mb 011.0 1011 1011.0 1011.0 1011.0 10 1.0 1011.0 10 1.0 101
 

1 1 11.0 101 1.0
1.3" Orifice   Dp mb 5.10 5.10 5.10 5.10 5.20 5.20 5.205.10 5.10 5.20
Orifice static mb 58.40 58.40 58.80 58.60 58.90  58.9058.80 58.60 58.90 58.90
Orifice Temp. °C 33.60 33.08 36.03 37.50 38.03 38.9536.23 38.20 38.18 38.93
Air Flowrate lb/s 0.04 0.04 0.04 0.04 0.04 0.04 0.040.04 0.04 0.04
Oilflow Rdg pps 353.4 529.00 706.70 878.30  1063.0

0
10 352.9

0
529.30 707.00 878.60 063.0

0
Oil Flowrate litre/s 0.19 0.19 0.29 0.39 0.48 0.48 0.580.29 0.39 0.58
Temp @ Flowmeter °C 99.70 99.70 100.00 0 100.20 100.40  100.35100.0 100.20 100.40 100.35
Specific Gravity  0.93 0.93 0.93 0.93 0.93 0.93 0.930.93 0.93 0.93
Oil Flowrate kg/s 0.18 0.18 0.27 0.36 0.45 0.45 0.540.27 0.36 0.54

 lb/s 0. 0.59 0.79 0.98 0.98 1.1940 0.40 0.59 0.79 1.19
 lb/mi
n 

23.77 23.74 35.58 47.54 59.08  71.5035.60 47.56 59.10 71.50

Oil Inlet Temp        1 °C 99.70 99.70 100.00 100.00 100.20 100.20 100.40 100.40 100.40 100.40
2 °C 99.70 99.70 100.00 0 100.20 100.40  100.30 1100.0 100.20 100.40 00.30

Mean °C 99.70 99.70 100.00 100.20 100.40 5100.00 100.20 100.40 100.3 100.35
Oil Outlet Temp     1 °C 99.00 99.00 99.40 99.80 100.10 100.1  100.1099.40 99.80 0 100.10

2 °C 99.00 99.00 99.40 99.80 100.10  100.209 .409 9 .809 100.10 100 20.
Mean °C 99.00 99.00 99.40 99.40 99.80 99.80 100.10 100.10 100.15 100.15
Oil   DT   °C 0.70 0.70 0.60 0.60 0.40 0.40 0.30 0.30 0.20 0.20
Air Inlet Temp         °C 20.00 19.50 20.10 20.40 20.90 20.90 21.00 21.00 21.60 21.60
Air Outlet Temp   1 °C 34.10 33.40 35.40 35.60 36.80 39.90 37.40 37.50 38.30 38.30

2 °C 33.00 32.40 35.00 35.30 36.60 36.60 37.20 37.40 38.10 38.10
3 °C 33.10 32.80 36.40 36.60 38.00 37.90 38.50 38.60 39.50 39.40
4 °C 34. 37.40 38.60 38.40 39.00 39.20 39.90 39.9020 33.70 37.30

Mea tlet 33.60 33.08 36.03 36.23 37.50 38.20 38.03 38.18 38.95 38.93n Air Ou °C 
Air  °C 3.60 13.5 93 15.83 16.60 17.30 17.03 17.18 17.35 17.33 DT   1 8 15.
E.T.D. °C 9.70 80.2 90 79.60 79.30 79.30 79.40 79.40 78.75 78.757 0 79.
Thermal Ratio Oil 0.01 0.0 01 0.01 0.01 0.01 0.00 0.00 0.00 0.001 0.
Ther  Air 0.17 0.1 20 0.20 0.21 0.22 0.21 0.22 0.22 0.22mal Ratio 7 0.

 
 
 
Table 7.15 Brazed 20ppi 10% stainless steel with 0.8pps air flow 
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1009Barometer mb 1009 1009 1009 1009 1009 1009 1009 1009 1009 
1.3" Orifice   Dp 23.7 23.6 23.7 23.7 23.8 23.8 23.8 23.8 23.8 23.8 mb 
Orifice static mb 225 227 226 226.3 227.2 226.5 226.7 225.4 226.3 227.1
Orifice Temp. 28 30.4 30.5 31.55 31.65 32.4 32.45 32.9 32.85°C .05 28.05
Ai te 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08r aFlowr lb/s 
Oilfl pps .2 531.2 707.2 707.2 878 878 1063 1063ow Rdg 353.3 354 531
Oil Flowrate litre/s 0.19 0.19 0.29 0.29 0.39 0.39 0.48 0.48 0.58 0.58

Temp @ Flowmeter °C 100.3 100.3 100 99.95 100.5 100.5 100.35 100.3 100.3 100.35
Sp vity  0.93 0.93 0.93 0.93 0.93 0.93 0.93 0.93 0.93 0.93ecific Gra
Oi te  0 0.27 0.27 0.36 0.36 0.45 0.45 0.54 0.54l Flowra kg/s .18 0.18

 lb/s 0.40 0.40 0.60 0.60 0.79 0.79 0.98 0.98 1.19 1.19
 lb/min 23.76 23.8 3 35.73 47.57 47.57 59.06 59.06 71.50 71.501 35.7

Oil p        1 °C 00.3 100 0 100 100.5 100.5 100.4 100.3 100.3 100.4Inlet Tem 1 .3 10
2 °C 00.3 100 0 99.9 100.5 100.5 100.3 100.3 100.3 100.31 .3 10

Mean °C 100.3 100.3 100 99.95 100.5 100.5 100.35 100.3 100.3 100.35
Oil Outlet Temp     1 °C 99.3 99.3 99.2 99.1 99.9 99.8 99.8 99.8 100 100

2 °C 99.3 99.3 99.2 99.2 99.8 99.8 99.8 99.8 100 100
Me 9 99.2 99.15 99.85 99.8 99.8 99.8 100 100an °C 9.3 99.3
Oi °C 1 1 0.8 0.8 0.65 0.7 0.55 0.5 0.3 0.35l   DT   
Air Inlet Temp    18.9 18.8 18.9 18.9 19 19.3 19.4 19.5 19.5     °C 18.8
Ai mp   1 °C 28.6 28 0 30.1 31.1 31.2 32 32 32.5 32.4r Outlet Te .6 3

2 °C 27.5 27 .5 29.6 30.8 30.9 31.6 31.7 32.1 32.1.5 29
3 °C 27.5 27.6 30.7 31.9 32 32.9 32.9 33.4 33.430.6
4 °C 28.6 28.5 31.5 31.6 32.4 32.5 33.1 33.2 33.6 33.5

Mean Air Outlet 28.05 28.05 30.4 30.5 31.55 31.65 32.4 32.45 32.9 32.85°C 
Air   DT   °C 9.15 9.25 11.6 11.6 12.65 12.65 13.1 13.05 13.4 13.35
E. 8 81.2 81.05 81.6 81.5 81.05 80.9 80.8 80.85T.D. °C 1.4 81.5
Thermal Ratio 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00Oil 
Th Air 0.11 0.1 4 0.14 0.16 0.16 0.16 0.16 0.17 0.17ermal Ratio 1 0.1

 
 

able 7.16 Brazed 20ppi 10% stainless steel with 1.0 pps air flow 

1000

T
 
Barometer mb 1000 1000 1000 1000 1000 1000 1000 1000 1000
1.3" Orifice   Dp mb 49.5 49.7 49.6 49.7 49.8 49.9 49.4 49.7 50.1 50.3
Orifice static 401 02.1 404.2 4403.6 404.3 399.7 402.5 401.6 403.3mb .4 402.1 4
Orifice Temp. 26.025 25.8 28.725 28.725 29.925 29.975 30.95 30.875 31.45 31.5°C 
Air  0.10 0 0.10 0.10 0.10 0.01 0.10 0.10 0.10 Flowrate lb/s 0.10 0.1
Oilfl pps 52.8 354.7 .7 533.1 705.4 706.1 878.8 879.3 1062 1063ow Rdg 3 531
Oil  litre/s 0.19 0.19 0.29 0.29 0.39 0.39 0.48 0.48 0.58 0.58Flowrate
Tem

lowmeter 
°C 99.7 99 .1 100.1 100.1 100.1 100.3 100.25 100.1 100.1p @ 

F
.7 100

Specific Gravity  0.93 0.93 0.93 0.93 0.93 0.93 0.93 0.93 0.93 0.93
Oil Flowrate kg/s 0.18 0.18 0.27 0.27 0.36 0.36 0.45 0.45 0.54 0.54

 lb/s 0.40 0.40 0.60 0.60 0.79 0.79 0.99 0.99 1.19 1.19
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35.77 35.86 47.45 47.50 59.11 59.15 71.44 71.50 lb/min 23.73 23.86
Oil 
1 

Inlet Temp        °C 99.7 99.7 100.1 100.1 100.1 100.1 100.3 100.3 100.1 100.1

2 °C 99.7 99.7 100.1 100.1 100.1 100.1 100.3 100.2 100.1 100.1
Mean °C 99.7 99.7 100.1 100.1 100.1 100.1 100.3 100.25 100.1 100.1
Oil Outlet Temp     
1 

°C 98.6 98.7 99.3 99.2 99.4 99.4 99.7 99.7 99.7 99.6

2 °C 98.6 98.7 99.3 99.2 99.4 99.4 99.7 99.7 99.7 99.7
Mean °C 98.6 98.7 99.3 99.2 99.4 99.4 99.7 99.7 99.7 99.65
Oil   DT   °C 1.1 1 0.8 0.9 0.7 0.7 0.6 0.55 0.4 0.45
Air Inlet Temp         °C 18 18 18.4 18.3 18.5 18.6 19 19.1 19.3 19.4
Air Outlet Temp   1 °C 26.7 25.6 28.4 28.4 29.6 29.6 30.7 30.6 31.1 31.2

2 °C 25.5 25.5 27.9 27.9 29.3 29.4 30.3 30.3 30.7 30.8
3 °C 25.4 25.5 28.8 28.8 30.1 30.1 31.1 31 31.8 31.7
4 °C 26.5 26.6 29.8 29.8 30.7 30.8 31.7 31.6 32.2 32.3

Mean Air Outlet °C 26.03 25.80 28.73 28.73 29.93 29.98 30.95 30.88 31.45 31.50
Air   DT   °C 8.03 7.80 10.33 10.43 11.43 11.38 11.95 11.78 12.15 12.10
E.T.D. °C 81.7 81.7 81.7 81.8 81.6 81.5 81.3 81.15 80.8 80.7
Thermal Ratio Oil 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01
Thermal Ratio Air 0.10 0.10 0.13 0.13 0.14 0.14 0.15 0.15 0.15 0.15

 
 
 
Table 7.17 Brazed 20ppi 10% stainless steel pressure drop 
 
Reading No.  1 2 3 4 5 6 7 8 9 
Barometer mb 978 978 978 996 996 996 996 996 996 

Orifice   Dp mb 164.00 126.00 84.00 56.00 37.3 24.8 16.5 11.1 7.4 

Orifice static mb 663.0 626.0 542.0 425.0 320.0 230.0 163.0 114.0 79.0 

Orifice 
Temp. 

°C 17.2 17.2 17.2 19.7 19.9 20.0 20.2 20.1 21.3 

  K 290.2 290.2 290.2 292.7 292.9 293.0 293.2 293.1 294.3 

Air Flowrate lb/s 0.115 0.113 0.109 0.105 0.0941 0.0823 0.0703 0.0596 0.0496 

Airside   Dp mb 660.0 624.0 540.0 428.0 321.5 231.5 164.0 115.0 79.0 

 
 
Table 7.18 No-Braze 20ppi 10% stainless steelpressure drop 
 
Reading No.  1 2 3 4 5 6 7 8 9 
Barometer mb 973 973 973 973 973 973 973 973 973 

Orifice   Dp mb 160.40 126.00 84.00 56.00 37.3 24.8 16.5 11.1 7.4 

Orifice static mb 596.1 550.3 456.3 348.2 255.5 182.3 126.6 89.6 61.9 

Orifice Temp. °C 21.4 20.9 21.0 21.1 21.1 20.9 21.0 20.9 20.9 
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  K 294.4 293.9 294.0 294.1 294.1 293.9 294.0 293.9 293.9 

Air Flowrate lb/s 0.128 0.126 0.119 0.109 0.0969 0.0835 0.0708 0.0595 0.0495

Airside   Dp mb 595.5 549.6 456.8 348.5 254.8 181.7 126.3 88.9 62.2 

 
 
Table 7.19 10ppi 5% stainless steel pressure drop 
 
Reading No.  1 2 3 4 5 6 7 8 9 
Barometer mb 973 973 973 973 973 973 973 973 973 

Orifice   Dp mb 173.00 126.00 84.00 56.00 37.3 24.8 16.5 11.1 7.4 

Orifice static mb 546.6 483.5 376.5 282.3 203.5 141.6 100.7 71.5 46.9 

Orifice Temp. °C 20.8 21.0 20.9 20.3 20.2 20.7 21.0 21.4 21.2 

  K 293.8 294.0 293.9 293.3 293.2 293.7 294.0 294.4 294.2

Air Flowrate lb/s 0.143 0.137 0.129 0.115 0.1006 0.0857 0.0719 0.0601 0.0499

Airside   Dp mb 550.4 480.6 378.5 282.0 202.9 140.9 100.9 70.5 47.3 

sm  0.675 0.708 0.757 0.806 0.844 0.873 0.891 0.905 0.916

Unit + Ducts  
smDp 

mb 371.26 340.16 286.66 227.18 171.29 122.97 89.92 63.78 43.35

Unit + Ducts  
smDp 

psi 5.38 4.93 4.16 3.29 2.48 1.78 1.30 0.92 0.63 

 

7.3 Tube-Bank Data 

.3.1 Pressure Drop Performance 

ta  
 

 Barometer Reading 1013 mb Air Temp = 20°C 
   
 Dense Cellular Unit, D6727-200B  
   

No. Orifice Delta P (mb) Inlet Pressure (mb) Flow (lb/s) Raw Unit Delta P (mb) 
     

1 1.29 16.9 0.32 17.3 
2 2.31 28.6 0.43 29.4 
3 3.52 42.5 0.53 43.4 
4 4.64 56.5 0.60 58.5 
5 5.9 71 0.67 72 
6 8.7 99 0.80 100 
7 11.4 125 0.91 128 
8 14.7 157 1.01 160 
9 19.1 197 1.12 201 

10 22.7 232 1.19 235 

7
 
Table 7.20  Dense and open cellular metal pressure drop da
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11 29.5 290 1.31 297 
   
 Open Cellular Unit, D6727-250B  
   

No. Orifice Delta P (mb) Inlet Pressure (mb) Flow (lb/s) Raw Unit Delta P (mb) 
   

1 1.25 12.1 0.32 12.2 
2 2.28 22.3 0.43 22.5 
3 3.54 32.0 0.53 32.7 
4 4.69 44.0 0.61 44.5 
5 6.1 60 0.69 62 
6 9.0 89 0.82 91 
7 12.0 120 0.93 123 
8 15.4 152 1.04 155 
9 20.0 192 1.15 197 

 
 
 
Table 7.21  Plain aligned and staggered tube bank pressure drop data  
 

 Barometer Reading 1001 mb Air Temp = 20°C 
  
 Plain In-Line Unit, D6727-100B 
  

No. Orifice Delta P (mb) Inlet Pressure (mb) Flow (lb/s) Raw Unit Delta P (mb)
     

1 1.39 7.9 0.33 8.0 
2 2.95 31.5 0.48 32.5 
3 5.0 55.0 0.62 57 
4 7.0 74 0.73 76 
5 11.3 130 0.89 133 
6 16.8 182 1.05 186 
7 24.1 258 1.20 264 

  
 Plain Staggered Unit, D6727-150B 
  

No. Orifice Delta P (mb) Inlet Pressure (mb) Flow (lb/s) Raw Unit Delta P (mb)
  

1 1.18 13.0 0.31 13.2 
2 2.87 29.0 0.48 29.6 
3 5.00 53.0 0.62 55.0 
4 7.2 71 0.74 74 
5 11.4 111 0.91 114 
6 16.5 155 1.06 160 
7 24.0 216 1.23 223 
8 28.6 252 1.31 254 
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Table 7.22  Aligned and staggered metal foam pressure drop data 
 

 Barometer Reading 992 mb Air Temp = 18°C 
   
   
 In Line Metal Foam Unit, D6727-300B  
   

No. Orifice Delta P (mb) Inlet Pressure (mb) Flow (lb/s) Raw Unit Delta P (mb) 
     

1 0.40 16 0.18 16 
2 1.39 55 0.33 54 
3 4.02 144 0.53 145 
4 8.0 270 0.69 272 
5 13.0 393 0.80 397 
6 16.9 473 0.84 477 

     
   
   
 Barometer Reading 1007 mb Air Temp = 18°C 
   
 Staggered Metal Foam Unit, D6727-350B  
   

No. Orifice Delta P (mb) Inlet Pressure (mb) Flow (lb/s) Raw Unit Delta P (mb) 
   

1 0.43 17 0.18 16.0 
2 1.03 39 0.28 39.5 
3 3.05 112 0.47 113 
4 6.0 210 0.63 212 
5 10.0 325 0.75 327 
6 17.3 483 0.85 487 

 

7.3.2 Heat Transfer Performance 
 
Table 7.23  Dense cellular metal heat transfer perforamance data 
 

  
No: 1 2 3 4 5 

      
Orifice DeltaP (mb) 120 67 33.3 16.1 5.3 
Inlet DeltaP (mb) 268 149 75 37 12.7 
Flow (lb/s) 1.176 0.847 0.583 0.401 0.230 
Air Temp In 1 (C) 30.7 31.4 32.4 32.4 32.4 
Air Temp In 2 (C) 30.3 31.2 32.4 32.3 32.3 
Av. Air Temp In (C) 30.5 31.3 32.4 32.4 32.4 
Air Temp Out 1(C) 45.8 49.9 54.2 57.7 63.1 
Air Temp Out 2 (C) 46.3 50.2 54.8 58.4 63.7 
Air Temp Out 3 (C) 46.6 50.5 54.8 58.4 63.8 
Av. Air Temp Out (C) 46.2 50.2 54.6 58.2 63.5 

      
Waterflow (ppl) 919 887 860 851 845 
Waterflow (lb/s) 0.636 0.614 0.595 0.589 0.585 



R05-5.300.0022  
   

Page 58 

W Temp In 1 (C) 88.5 88.8 89.1 88.7 89.0 
W Temp In 2 (C) 89.1 89.5 89.7 89.3 89.7 
Av. W Temp In (C) 88.8 89.2 89.4 89.0 89.4 
W Temp Out 1 (C) 81.5 82.9 84.2 84.8 86.3 
W Temp Out 2 (C) 81.8 83.1 84.5 85.0 86.6 
Av. W Temp Out (C) 81.7 83.0 84.4 84.9 86.5 
 
 
Table 7.24  Open cellular metal heat transfer perforamance data 
 

  
No: 1 2 3 4 5 

      
Orifice DeltaP (mb) 110 60 30.7 15.1 5.2 
Inlet DeltaP (mb) 237 123 57 30 10 
Flow (lb/s) 1.121 0.799 0.560 0.390 0.228 
Air Temp In 1 (C) 26.1 26.3 26.9 27.3 27.7 
Air Temp In 2 (C) 25.9 26.3 27 27.6 27.8 
Av. Air Temp In (C) 26.0 26.3 27.0 27.5 27.8 
Air Temp Out 1(C) 43.1 45.6 48 52.5 55.9 
Air Temp Out 2 (C) 42.9 45.2 47.8 52.2 55.5 
Air Temp Out 3 (C) 42 44.8 47.6 51.8 55.2 
Av. Air Temp Out (C) 42.7 45.2 47.8 52.2 55.5 

      
Waterflow (ppl) 1054 1032 1009 1006 990 
Waterflow (lb/s) 0.729 0.714 0.698 0.696 0.685 
W Temp In 1 (C) 89.2 89.3 89.7 89.8 89.8 
W Temp In 2 (C) 90 90 90.1 90.3 90.3 
Av. W Temp In (C) 89.6 89.7 89.9 90.1 90.1 
W Temp Out 1 (C) 83.5 84.6 85.9 86.7 87.8 
W Temp Out 2 (C) 83.2 84.3 85.5 86.4 87.5 
Av. W Temp Out (C) 83.4 84.5 85.7 86.6 87.7 
 
 
Table 7.25  Aligned metal foam heat transfer perforamance data 
 
Baro = 1002 mb   

  
No: 1 2 3 4 5 

      
Or Delta P (mb) 111 67.0 31.5 15.7 5.0 
Or St (mb) 722 413 184 91 30.3 
Flow (lb/s) 1.367 0.969 0.614 0.419 0.232 
Air Temp In 1 (C) 19.9 22.8 24.4 24.8 25.4 
Air Temp In 2 (C) 20 22.8 24.4 24.9 25.4 
Av. Air Temp In (C) 20.0 22.8 24.4 24.9 25.4 
Air Temp Out 1(C) 38.6 43.1 46.6 49.7 55.5 
Air Temp Out 2 (C) 39.9 44.8 48.5 51.8 58.1 
Air Temp Out 3 (C) 40.1 44.9 48.5 51.8 58.1 
Av. Air Temp Out (C) 39.5 44.3 47.9 51.1 57.2 
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Waterflow (ppl) 2321 2322 2317 2321 2316 
Waterflow (lb/s) 2.713 2.714 2.708 2.713 2.707 
Av. W Temp In (C) 90.6 91.0 88.9 89.0 90.3 
Av. W Temp Out (C) 88.2 89.1 87.5 87.9 89.5 
 
 
 
Table 7.26  Staggered metal foam heat transfer perforamance data 
 
Baro = 1003 mb  

  
No: 1 2 3 4 5 

      
Or Delta P (mb) 110 65.7 32.0 15.8 5.1 
Or St (mb) 721 403 188 92 31.5 
Flow (lb/s) 1.347 0.947 0.614 0.416 0.232 
Air Temp In 1 (C) 25.6 26.1 26.1 26.9 27.0 
Air Temp In 2 (C) 25.6 26.1 26.2 27.0 27.1 
Av. Air Temp In (C) 25.6 26.1 26.2 27.0 27.1 
Air Temp Out 1(C) 46.2 48.7 52.1 55.8 61.5 
Air Temp Out 2 (C) 48.2 51.3 55.5 59.8 66.3 
Air Temp Out 3 (C) 52.0 55.3 59.9 64.9 70.4 
Av. Air Temp Out (C) 48.8 51.8 55.8 60.2 66.1 

      
Waterflow (ppl) 2323 2336 2328 2325 2328 
Waterflow (lb/s) 2.715 2.731 2.721 2.718 2.721 
Av. W Temp In (C) 89.8 88.9 89.2 89.5 89.1 
Av. W Temp Out (C) 87.3 86.8 87.7 88.3 88.3 
 
 
Table 7.27  Plain aligned tube-bank heat transfer perforamance data 
 
Baro = 999 mb  

  
No: 1 2 3 4 5 

      
Or Delta P (mb) 109 63.3 30.7 15.2 4.9 
Or St (mb) 244 135 66.8 30.2 6.8 
Flow (lb/s) 1.142 0.834 0.569 0.396 0.224 
Air Temp In 1 (C) 22.7 25.3 25.8 25.8 25.7 
Air Temp In 2 (C) 22.7 25.4 25.9 25.8 25.7 
Av. Air Temp In (C) 22.7 25.4 25.9 25.8 25.7 
Air Temp Out 1(C) 37.3 42.2 45.2 47.0 52.3 
Air Temp Out 2 (C) 39.3 44.8 49.3 50.6 52.2 
Av. Air Temp Out (C) 38.3 43.5 47.3 48.8 52.3 
Av. Air Temp Out (C) 38.3 43.5 47.3 48.8 52.3 
Ave T (K) 303.7 307.6 309.7 310.5 312.1 
Cp 1006.3 1006.5 1006.6 1006.6 1006.7 
Eff 23% 28% 33% 36% 40% 
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Waterflow (ppl) 831 831 831 831 831 
Waterflow (lb/s) 2.473 2.473 2.473 2.473 2.473 
Av. W Temp In (C) 89.6 91.3 91.5 89.8 91.6 
Av. W Temp Out (C) 87.1 89.3 89.7 88.3 90.5 
 
 
Table 7.28  Plain staggered tube-bank heat transfer perforamance data 
 
Baro = 1014 mb  

  
No: 1 2 3 4 5 

      
Or Delta P (mb) 116 62.0 30.3 14.3 5.1 
Or St (mb) 234 123.8 60.0 28.0 10.7 
Flow (lb/s) 1.175 0.830 0.569 0.387 0.231 
Air Temp In 1 (C) 22 23.5 24.5 25.5 25.7 
Air Temp In 2 (C) 22 23.6 24.5 25.5 25.7 
Av. Air Temp In (C) 22.0 23.6 24.5 25.5 25.7 
Air Temp Out 1(C) 42.4 45.3 48.9 52.9 58.6 
Air Temp Out 2 (C) 42.5 44.5 48.8 52.8 58.5 
Air Temp Out 3 (C) 42.4 45.2 48.4 52.7 58.5 
Av. Air Temp Out (C) 42.4 45.0 48.7 52.8 58.5 
Ave T (K) 305.4 307.4 309.8 312.3 315.3 
Cp 1006.4 1006.5 1006.6 1006.7 1006.9 
Eff 29% 31% 36% 42% 50% 

      
      

Waterflow (ppl) 830 830 830 830 830 
Waterflow (lb/s) 2.470 2.470 2.470 2.470 2.470 
Av. W Temp In (C) 92.8 92.1 92.3 90.9 91.5 
Av. W Temp Out (C) 90.1 89.8 90.4 89.3 90.2 

      
 

7.4 CFD Results 
 
Table 7.29 Dense cellular metal CFD prediction for a single periodic element  
 

Mass 
Flow 

dP/dx Heat Flux 

kg/s (kPa/m) (W) 
0.0005 422 2.157
0.0004 276 1.884
0.0003 162 1.588
0.0002 77 1.253
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Table 7.30 Dense aligned cellular metal CFD prediction for a single periodic 
element  

 
Mass 
Flow 

dP/dx Heat Flux 

kg/s (kPa/m) (W) 
0.0005 549 1.18

 
Table 7.31  Open cellular metal CFD prediction for a single periodic element  
 

Mass 
Flow 

dP/dx Heat Flux 

kg/s (kPa/m) (W) 
0.00105 495 4.181
0.0009 367 3.804

0.00075 259 3.407
 
Table 7.32 Open elliptical cellular metal CFD prediction for a single periodic 

element  
 

Mass 
Flow 

dP/dx Heat Flux 

kg/s (kPa/m) (W) 
0.00105 377 4.04
0.0009 279 3.676

0.00075 195 3.281
 
Table 7.33 Open staggered cellular metal CFD prediction for a single periodic 

element  
 

Mass 
Flow 

dP/dx Heat Flux 

kg/s (kPa/m) (W) 
0.00105 506 4.342
0.0009 375 3.938

0.00075 264 3.516
 
Table 7.34 Aligned tube-bank reference CFD prediction for a single periodic 

element  
 

Mass 
Flow 

dP/dx Heat Flux 

kg/s (kPa/m) (W) 
0.0005 234 1.567
0.0004 144 1.336
0.0003 70 1.037
0.0002 28 0.7609
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7.5 Full-Size Demonstration Unit 

After the completion of the single tube-row experiments, an engine demonstration unit 
was designed with the available information to investigate the metal foam heat transfer 
and pressure drop behavior more accurately.  The design was completed, but not 
fabricated as the engine demonstration schedule changed and the metal foam performance 
benefit compared to the conventional shell tube was projected to be minimal.  The tube-
bank testing was performed in place of an engine demonstration.  A complete 
manufacturing drawing package was completed with the general arrangement show in 
Figures 7.1 and 7.2. 

 

 
Figure 7.1 General arrangement of metal foam engine demonstration unit 
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Figure 7.2 Cross section of metal foam engine demonstration unit showing 3 air 
passes with both aligned and staggered tube arrangements 
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