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a b s t r a c t 

If water pipes, which are heated from the outside, are lined with an open porous inner structure, the 

heat can quickly reach the water via the large contact surface. At the same time, the flow resistance in- 

creases due to the presence of the interior. We aim for computationally designing an internal structure 

that is advantageous for both heat transfer and flow. In this paper we present our path from digital mod- 

els to metallic pipe components with specifically adjusted properties: First, we design digital models for 

line pipe elements and qualify them with the help of computer simulations. As a next step, the algo- 

rithmically generated samples are printed in 3D. The 3D-printed polylactide models serve as prototypes 

for the production of metallic pipes, which are then tested in experiments. In this work, three types of 

inner structures are evaluated: Metal foam, cuboid fins and curved fins. For better comparability, we pro- 

vide them with almost the same specific surface area and porosity. The use of open-pore metal foams is 

advantageous for greater heat transfer and fins enable smaller pressure drop. 

1. Introduction 

Cellular materials are quite interesting in modern engineer- 

ing. They are examined for lightweight constructions, for heat and 

mass transfer processes and for noise reduction. In manufacturing 

systems those kinds of material seem to have advantages like a 

huge surface and low weight. They are also machinable, shape- 

able, coverable and they can be open-pored. Open-pored metallic 

foams can be produced by the place holder method (casting), gal- 

vanically or by sintering. All those three production processes lead 

to different final products. The place holder method can only be 

used for foams with a quite high porosity [1] , but the advantage 

is, that the ligaments of the foam are solid afterwards. In the case 

of the galvanic production, only some materials (exhibiting electri- 

cal conductivity) are possible to be processed, and the ligaments 

of the foam are hollow [2] . Sintering is suitable for production of 

foams of very low porosity [3] . 
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Open-pored metal foams are predestined for application as 

heat exchangers [4–6] . They are permeable for fluids and have a 

large surface area through which they can exchange heat with the 

streaming media. Therefore, their flow properties, thermodynamic 

characteristics and geometric structural features are the subject of 

numerous experimental and simulative investigations: [7–13] . An 

overview of the values measured and modelled in recent years for 

the specific surface area depending on porosity or on PPI number 

(pores per inch) is given in [14] . 

The pursuit of the best possible application of these properties 

motivates the development of modern materials for new efficient 

energy systems [15] . New materials can be designed on the com- 

puter and then printed in 3D before they are actually produced by 

casting or other processes. Before the production in huge amounts, 

simulation studies can be carried out in order to validate the qual- 

ity of the new features and in order to determine the material 

properties. This way we proceed in this work: We imagine a cel- 

lular material that fulfills specific physical requirements like more 

efficient heat and mass transfer as usual and we find methods to 

digitally generate a cellular or more generally porous structure ful- 

filling these physical requirements. Then we transfer the digital 

model to a simulation model to validate the synthetic design. Af- 

terwards, we establish a 3D print of our digital model which is 
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Fig. 1. Three different designs of a stainless steel pipe element for heating the flowing service water. The specific surface area of these structures as well as the porosity is 

constructed to be almost identical. 

thereafter used as a template to produce a real stainless steel sam- 

ple. Real experiments are conducted to determine the properties of 

the sample. The described processing route indicates an innovative 

way to produce materials with improved and specifically tailored 

properties - from digital models to metallic samples. 

The intended application, which we present in this article, is 

the heating of tap water. The pipes through which the water flows 

are heated inductively. If the tubes sheathe a porous structure, the 

contact surface of the metal to water is higher. The research chal- 

lenge to be addressed is: Which distribution of the interior equip- 

ment increases the heat transfer coefficient particularly well with- 

out the pressure loss also increasing excessively? 

The lining of the water pipe with open-pored metal foam has 

proven to be sensible in recent years in research, e.g. [16] . In 

[17] finned tubes with inner and outer concentric sections are 

compared with metal-foam filled tube-in-tube heat exchangers. 

In this work, we investigate computer models for stainless steel 

pipes of three various designs, test their properties by means of 

computer simulations, print PLA (polylactide) samples on a 3D 

printer, produce stainless steel samples by means of casting, test 

them in experiments and finally give a comparison of the relevant 

parameters for the models involved. 

2. Digital material design 

2.1. Digital models 

The shape of a foam element integrated into a water pipe in- 

fluences the physical behavior of both the flow and the heat trans- 

port. To reduce the pressure loss of the water flow, we may gener- 

ate foam structures with high porosity and thus with a low inner 

surface area which directly affects the inner friction. If we imag- 

ine that a cellular structure is immersed in a current, then we al- 

ways have to deal with a flow along the inner wall and a flow 

around ligaments. The pressure loss resulting from this flow situ- 

ation is a combination of pressure losses of these two flow phe- 

nomena. On the other hand the exchange surface area should be 

large for a better heat transfer. So we have to consider the design 

of porous structures in such a way that the inner surface and the 

number and diameter of the foam ligaments are optimized. And 

are there probably better arrangements of inner equipment of the 

tube than the foam structure? Fig. 1 shows besides a synthetic 

meal foam also two selected fin geometries (which are denoted as 

fins or wings hereafter) which are analyzed in this work. It can 

be speculated that the flow through the finned structures is sub- 

stantially different from the flow through open-pored foam struc- 

tures. A tube with inner fins builds sub-channels, and each of it is 

flown through by a portion of the volume rate. So the flow is di- 

rected by the fins because of their guiding principle. If the fins are 

curved ( Fig. 1 (c)), swirls can be produced to enhance turbulence 

and heat transfer. How do these geometries compare with hetero- 

geneous open pored structures concerning pressure loss and heat 

transfer? 

2.2. Design criteria 

The pressure loss of a flow in a pipe depends on the flow be- 

havior (laminar or turbulent), the wall roughness f , the fluid prop- 

erties like the density ρ , the dynamic viscosity μ and the average 

fluid velocity u . However, the standard equation for pipes is well 

known and is given as 

�p = f · L 

D 

· ρ

2 

· u 

2 (1) 

whereas L is the length of the pipe, D the diameter of the pipe. For 

turbulent flow in hydraulically smooth pipes and for a Reynold’s 

Number Re = 

u ·D ·ρ
μ below 10 5 , the friction number can be calcu- 

lated by the Blasius-equation 

f = 

0 . 316 

Re 0 . 25 
· (2) 

If a laminar flow regime is considered, the friction number can 

easily be calculated by f = 64 /Re . So the pressure loss is well de- 

scribed for pipes without any foam/fin inlet. In case of embedded 

metal foams and fin structures, these correlations can not be used. 

For metal foams ( Fig. 1 (a)), the following Darcy–Forchheimer cor- 

relation has been identified to be useful 

�p = L · ( μ
K 

· u + 

c f · ρ
K 

1 / 2 
· u 

2 ) . (3) 

For a laminar flow regime, the quadratic term on the right side 

of the equation is very small so only the left term which is called 

the Darcy-term contributes to the pressure loss. The permeability 

K and the inertia coefficient c f are unknowns and need to be eval- 

uated by experiments or by numerical analysis. The velocity u is 

the Darcy velocity and the superficial velocity can be expressed by 

U = 

u 

Ψ
(4) 

whereas � represents the porosity of the porous region. Another 

correlation to calculate the pressure loss �p 
�L 

of the distance �L 

uses the dimensionless Hagen Number Hg = 

�p 
�L 

d 3 
H 

ρν2 . Here ν notes 

the kinematic viscosity of the fluid and d H the hydraulic diameter 

of the solid system (see Table 2 ). 

The correlation of the pressure loss for open-cell foams is pre- 

sented in [14, Eq. (4)] which uses the Hagen-number defined as 

Hg = 110 Re Ψ + 1 . 45 Re 2 Ψ · (5) 

Here Re Ψ = 

ud H 
Ψ ν

is the porosity Reynold’s number. To evaluate 

the simulated flow field, the following equation for the pressure 



loss is used 

�p = 

ρν2 �L 

d 3 
H 

[ 

110 

d H 
D 

Re 

Ψ
+ 1 . 45 

(
d H 
D 

Re 

Ψ

)2 
] 

. (6) 

In the case of fin and wing configurations ( Fig. 1 (b) and 

1 (c)), we can approximately calculate the pressure drop for fin 

(resp. wing) pipes by an equilibrium consideration as will be dis- 

cussed in Section 3.2.3 . 

The Nusselt number Nu is used to describe the convective heat 

transfer compared to the pure heat conduction in the system solid 

structure and flowing liquid (or gas) 

Nu = 

αL C 
λF 

· (7) 

Here λF is the thermal conductivity of the fluid, L C is a character- 

istic length of the gestured structure, i.e. the diameter of the pipe 

D passed through, and α is the heat transfer coefficient. α defines 

the proportionality factor between the specific power provided ˙ q 

and the temperature increase achieved �T = T W 

− T F , where T W 

is 

the wall temperature and T F is the fluid temperature 

˙ q = α�T . (8) 

For the determination of α we use the enthalpy balance: The 

power ˙ Q is the product of the mass flow ˙ m through the structure, 

the heat capacity c p of the fluid and the achieved temperature in- 

crease after flowing through the pipe 

˙ Q = 

˙ m c p (T O − T I ) , (9) 

where T I is the inlet temperature and T O is the outlet temperature. 

On the other hand, it results from Eq. (8) 

˙ Q = αA W 

(T W 

− T F ) , (10) 

where T W 

is the wall temperature and T F is the fluid temperature. 

This results in α by means of 

α = 

˙ m c p (T O − T I ) 

A W 

(T W 

− T F ) 
(11) 

If ˙ Q can completely be transferred into the fluid, the outlet tem- 

perature can be calculated based on the energy conservation us- 

ing Eq. (9) . In this case, no heat losses are considered. It is much 

more interesting to know about the heat transfer coefficient α of 

foam as well as of fin structures. Resolving these structures within 

a numerical model and applying the heat flux (given by the in- 

ductive heating) as boundary condition make possible to calculate 

the heat transfer coefficient from Eq. (11) . By doing so, the tem- 

perature distribution in the resolved structure can also be deter- 

mined. It is obvious that a small heat transfer coefficient leads to 

a higher temperature in the structure to compensate for the low 

heat transfer, and conversely, high heat transfer coefficients reduce 

the temperature in the structure. The numerical model described 

in the following sections is used to solve the fully coupled energy 

equations for fluid and structure as a ”numerical experiment”. The 

averaged fluid and structure temperatures and the temperature dif- 

ference between inlet and outlet are extracted from the numerical 

simulations and used to calculate α from Eq. (11 ). 

2.3. Foam characteristics 

An example of a pipe filled with an open foam structure is 

shown in Fig. 1 (a). The structure is synthetically generated apply- 

ing a specifically designed filling algorithm described in [13] . The 

fairly high thermal conductivity of metal compared to the thermal 

conductivity of fluids makes it reasonable to use particularly open 

fine-pored foams in order to distribute metal as homogeneously as 

possible inside the pipe and to constitute as large specific surface 

as possible. This means that the flowing water is not only able to 

take the heat from the pipe shell area but is additionally warmed 

at a large number of additional heat sources inside the pipe. On 

the other hand, too many ligaments imply many obstacles for the 

streaming water, which induce a large pressure loss. Larger pores 

and fewer ligaments are presumably more favourable to establish 

low pressure loss. 

An open-pored foam structure - whether made of metal or an- 

other solid material - is initially characterized by the following ge- 

ometric parameters. 

The ligaments forming the grid-like network have a certain 

thickness. This thickness is only subject to a few fluctuations 

within a homogeneous foam sample. The ligaments meet in the 

so-called knots. The voids of the foam form the pore space, which 

is composed of the individual pores. Each pore has a radius, and 

these radii vary only slightly within a homogeneous sample. The 

pore space is generally continuous. 

The volumetric proportion of the void space to the sum of the 

void space and the space of the ligaments is called the porosity of 

the foam. 

The choice of solid determines the thermal, electrical and 

largely mechanical properties of the foam samples. 

2.4. Synthetic foam generation 

The algorithm described in detail in [13] generates open-pored 

structures with the help of a modified Voronoi decomposition. The 

input parameters are the domain size, the ligament thickness, the 

pore radius and the cross-section shape of the ligaments (round or 

triangular). An average value and a variance in terms of Gaussian 

distribution can be specified for the ligament thickness and for the 

pore radius. Special tools can be used to determine the specific sur- 

face area and porosity of the generated structure. The specific sur- 

face area is measured by counting the surface cells in the surface 

grid weighted with their surface area. The result is then divided by 

the volume oft he whole system. To determine porosity, the vol- 

ume cells of the inner solid structure are measured weighted with 

their volume content and then divided by the volume of the whole 

system. The result is subtracted from the one. 

2.5. Other open porous structures 

Open-pored metal foams seem to be particularly suitable for 

heat exchange with the fluid flowing through them. However, since 

they can cause a large pressure drop and thus high operating costs, 

we consider other structures in comparison. 

A pretty conceivable structure is the finned tube, Fig. 1 (b). The 

fins also have a large surface area through which heat can be 

transferred to the flow medium. Due to their orientation along the 

flow direction, however, they only form an insignificant obstacle to 

the flow, so that the pressure loss is supposably low. 

In order to achieve a better mixing of the water in comparison 

to the finned tubes, we investigate the third structure, Fig. 1 (c). It 

is similar to the fin structure, but the single fins are slightly curved 

and their thickness is tapered in the direction of flow, imitating a 

wing shape. Its profile is from the Eiffel 10 (Wright) designed by 

Wright brothers. 

Pipes are designed and analysed with three types of perme- 

able structures: a) open-pore metal foam, b) a fin structure, c) a 

wing structure, ( Fig. 1 ). All three structures have approximately the 

same specific surface area and largely the similar porosity . 

Being made of stainless steel such pipes can be used to heat 

household water. The heat amount can be applied by heating the 

pipe sheath and diffuse inside of the porous metal structure. Due 

to the large metal-water interface, the heat can be efficiently re- 

leased into the water. The research challenge is, to identify the 



Fig. 2. (a): The surface mesh of the fins. (b): The surface mesh of fluid region. (c) The surface mesh of the foam ligaments. 

optimal structure that fulfills the combined task of efficient heat 

transport and low pressure loss. 

3. From digital to numerical model 

3.1. Numerical model generation 

A numerical simulation mesh is engendered from a digital 

model that resolves the geometry of the system sufficiently well 

without the number of volume cells being too large and thus 

too computationally intensive. In the commercial CFD solver STAR- 

CCM+, a suitable surface grid is generated. Fig. 2 (a) shows the sur- 

face network of the outer side of the tube and of the fins. Since 

the heat diffusion in the stainless steel structure is to be simulated 

predominantly radially, the number of surface cells to be seen in 

the radial direction is significant. 

Fig. 2 (b) shows the surface grid of the inner fluid filled re- 

gion of the finned tube. This region is to simulate the transport 

of mass and heat by means of flowing water. The large number of 

surface cells is necessary to enable the formation of boundary lay- 

ers. Fig. 2 (c) shows a section of the grid of the foam structure in 

the pipe. 

Once the surface grid is compiled, the matching volume grid 

is to be produced. To make the volume network visible, cuts are 

usually made through the regions. Fig. 3 shows a section along the 

tube axis that gives a sense of the amount of volume cells neces- 

sary to model the mass and heat transport in the tube physically 

correctly. In particular, a forward flow and a long last running flow 

of the fluid region are required. We have chosen a forward flow 

with the length of the pipe and a last running flow with the length 

five times longer than the test pipe. These regions may be resolved 

somewhat coarser because they do not contain complex geometry. 

Overall, the simulation area has more than 3.6 million volume 

cells (3 612 924 cells). 

3.2. Numerical experiments for flow and heat transfer analysis 

We performed several heat transport and flow simulations. 

3.2.1. Validation 

The simulations are validated by respective experiments de- 

scribed in Section 4 allowing a comparison of the temperature 

increase of water streaming through a pipe filled with open-cell 

metal foam, shown for example in Fig. 13 (c). The pipe is heated 

inductively from outside. To reduce computing time of the simula- 

tions, one seventh of this pipe in considered by setting the power 

entered per square meter and the inflow velocities as boundary 

conditions recovering the experimental setup. Simulation studies 

are performed varying the inflow velocities and heat inputs. 

The simulation parameters are summarized in Table 1 . 

The temperature difference between the outflowing and inflow- 

ing water was evaluated. The results are presented in Fig. 4 . A 

higher energy input causes a stronger temperature increase, which 

becomes smaller with increasing inflow velocity. 

Fig. 4 shows a comparison between the simulated and the ex- 

perimental temperature increase of a pipe with inner open-cell 

metal foam produced by Selective Laser Melting (SLM) illustrated 

in Fig. 13 (c). Quantitatively, a good agreement is found between 

the simulative and the experimental values for the temperature in- 

crease. However, it is noticeable that the difference between the 

simulations and the experiments increases with the increasing ap- 

plied induction power. This is a sign that above a certain value it is 

not possible to bring all the available power into the system. Simu- 

lations, on the other hand, do not take the losses into account and 

predict a higher temperature rise than is actually measured in the 

experiment. 

3.2.2. Three different designs 

In order to compare different geometries with each other, we 

have performed simulations to investigate heat transport and flow 

properties. Water flow is simulated through externally heated 

stainless steel pipes with open-pored metal foam, a fin structure or 

a wing structure. Fig. 1 displays the considered pipe elements. The 

heating is modelled as a constant boundary condition (heat flow 

˙ Q through the outer sheath). Water of temperature 8 ◦ C flows in 

at a constant speed u between 0 . 01 m 

s and 0 . 34 m 

s on one side. The 

heat induced via the outer shell flows into the inner structure and 

is released into the water via the contact surface. The water trans- 



Fig. 3. Cross section through the domain: The volume mesh. 
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Table 1 

Simulation parameters for the validation of the solver by means of the experiments. 

foam pipe, Fig. 1 (a) 

L pipe length 20.1mm 

D inner diameter 38mm 

outer diameter 40mm 

A surface area 0.0149m 

2 

� porosity in the inner space 0.861 

˙ q heat flux through the outer pipe surface 69 645 W 
m 2 

... 348 227 W 
m 2 

according to ˙ Q = 1 200W ... 6 000W 

T I inflow water temperature 8.0 ◦ C ... 18.7 ◦ C 

u inflow velocity 0 . 061 m 
s 

... 0 . 082 m 
s 

S V = 

A 
π
4 D 

2 L 
volume-specific surface area 653 . 63 m 

2 

m 3 

ports the heat: diffusely and advectively, and continuously warms 

up while passing through the porous structure. 

The selected simulation parameters are summarized in Table 2 . 

The specific surface of all structures is kept approximately the 

same, as well as the porosity. Selected constant speeds ( u ) are 

0.01, 0.02, 0.05, 0.07, 0.12, 0.21, 0.28 and 0 . 34 m 

s , correspond- 

ing to Reynolds numbers ( Re = 

uL C 
ν = 

uD 
ν with ν = 8 . 91 · 10 −7 m 

2 

s ) 

of approx. 50 0, 1 0 0 0, 2 0 0 0, 3 0 0 0, 6 0 0 0, 9 0 0 0, 12 0 0 0 and 

15 0 0 0. 

3.2.3. Pressure drop in the fin structure 

The fluid flow through pipes with fin configuration ( Fig. 1 (b)) 

can be split into two types: a flow through the inner circular 



Table 2 

Simulation parameters for simulation studies. 

foam pipe fin pipe wing pipe 

L pipe length 20.1 mm 20.1 mm 20.1 mm 

D inner diameter 38 mm 36 mm 36 mm 

outer diameter 40 mm 40 mm 38 mm 

A surface area 0.0149 m 

2 0.0147 m 

2 0.0149 m 

2 

� porosity in the inner space 0.861 0.846 0.897 

number of fins or wings 28 fins 28 wings 

˙ q heat flux through the outer pipe surface 6460 0 0 W 
m 2 

6460 0 0 W 
m 2 

6460 0 0 W 
m 2 

T I inflow water temperature 8 ◦ C 8 ◦ C 8 ◦ C 

S V = 

A 
π
4 D 

2 L 
volume-specific surface area 653 . 63 m 

2 

m 3 
718 . 50 m 

2 

m 3 
728 . 27 m 

2 

m 3 

d H = 4 Ψ
S V 

hydraulic diameter 5.27 mm 4.71 mm 4.93 mm 

Fig. 5. Segment of outer volume. 

space (without fins), and a flow through one of 28 segments, com- 

posed of two neighbor fins and an outer wall arc. We calculate 

the pressure drop for each type. In the equilibrium state, the to- 

tal volume flow will split in such a manner, that the pressure 

drop for both types will be the same because otherwise, a volume 

flow exchange between the types could lower the overall pressure 

drop. 

By design, there is an empty inner circular volume V i of diam- 

eter d i = 14 mm, and 28 fins, each of width 0.5 mm and of radial 

length 11 mm. Two neighbor fins, together with a part of the outer 

wall, form an outer flow volume V o with approximate side lengths 

1.07 mm, 11 mm, 3.54 mm and 11 mm as illustrated in Fig. 5 . 

Using the hydraulic diameter d H = 4 A o /U o = 3 . 97 mm, where A o 

is the flown-through cross-section and U o the involved circumfer- 

ence, we can calculate the pressure loss for turbulent flow for the 

outer flow volume. For laminar flow, we suppose the cross-section 

to be nearly rectangular. Then we can use a correction factor ϕ for 

the friction number f = ϕ 

64 
Re , depending on the aspect ratio of the 

rectangles sides [18] (p. 1227, Fig. 6 ). With an aspect ratio of 0.21 

we get ϕ = 1 . 19 . 

The inner volume and the outer volumes are not separated by 

walls. Nevertheless, we may assume friction, as the flow veloci- 

ties for the two volumes differ by a factor of about 14.8 resp. 2.4 

for Re = 500 resp. Re = 150 0 0 , as we will see. Moreover, the inner 

channel is delimited by the fin ends, contributing about one-third 

of the area of an assumed wall. 

The overall volume flow 

˙ V will split as 

˙ V = 

˙ V i + 28 · ˙ V o , (12) 

�p i = �p o , (13) 

where ˙ V i is the flow in the inner volume, ˙ V o is the flow in each 

of the 28 outer volumes and �p i and �p o are the corresponding 

pressure losses. The equations can be solved iteratively. 

If we denote by x i = 

˙ V i / ̇ V the fraction of the inner volume flow, 

and assume a constant temperature of T = 8 ◦ C, we get the values 

shown in Table 3 . 

The asymptotic values of x i for the considered fin pipe for very 

small resp. very large velocities u are 0.7625 resp. 0.3420. These 

values depend on the temperature T . 

3.3. Results discussion and structure qualification 

Figs. 6 and 7 show the temperature distribution in the sys- 

tem in the stationary state. The computed temperature distribu- 

tion shows that the inner structure of the foam or the fin (wing) 

structure is not heated up significantly. This means that most of 

the heat transfer to the fluid occurs already near the inner wall of 

the tube. Fig. 7 shows the computed temperature distribution in 

the plane through the fluid part. 

The heat penetration into the fluid develops better for the foam 

and the wing part than for the fin part. The thermal boundary 

layer can be increased using the foam or the wing structure. There 

are different reasons for that. First of all, we have to consider the 

Biot-number which describes the ratio between convection and 

conduction whereas λS denotes the thermal conductivity of the 

structure and α the convective heat transfer coefficient reading 

Bi = 

αL C 
λS 

· (14) 

The characteristic length L C of the geometry considered de- 

scribes the ratio between the body volume V and the heated or 



Fig. 6. Temperature distribution in the solid structure in steady-state for Reynolds number of 15,0 0 0. 

Fig. 7. Temperature distribution in the fluid in steady-state for Reynolds number of 15,0 0 0. 

Table 3 

Pressure loss for the fin pipe. 

Re ˙ V [m 

3 /s] x i Re i u i [m/s] Re o u o [m/s] �p [Pa] 

500 1 . 259 · 10 −5 0.7625 980.3 0.0624 18.78 0.00421 0.182 

1000 2 . 519 · 10 −5 0.7625 1961 0.125 37.6 0.00843 0.364 

2000 5 . 038 · 10 −5 0.6025 3099 0.197 126 0.0282 1.22 

3000 7 . 556 · 10 −5 0.5484 4231 0.269 214 0.0481 2.08 

6000 1 . 511 · 10 −4 0.4558 7032 0.447 516 0.116 5.00 

9000 2 . 267 · 10 −4 0.4036 9341 0.594 849 0.190 8.22 

12000 3 . 023 · 10 −4 0.3683 11360 0.723 1199 0.269 11.6 

15000 3 . 778 · 10 −4 0.3420 13190 0.839 1561 0.350 15.1 

cooled surface A Q of the body expressed as 

L C = 

V 

A Q 

. (15) 

In the case of our metal foam, the inner structure has a vol- 

ume of about V = 3 . 16 · 10 −6 m 

3 and the inner surface is about 

A i = 0 . 0149 m 

2 . We consider that heat transfer occurs only at A Q 

which is lower than A i (the inner heat exchanging surface of the 

foam A f + inner wall A w 

of the tube). If we assume that 10% of the 

foam surface A f participates in heat transfer the respective surface 

can be calculated by A Q = 0 . 1 · A f + A w 

. With this values in our 

simulations the Biot-number is between 0.157 and 0.686, therefore 

greater than 0.1. So convection predominates and the incoming en- 

ergy is therefore very quickly carried away by the flow. As a result, 

the conductive structures of the ligaments are not really effective, 

in accordance to the observation in the simulations. 

Additionally, the Prandtl-number ( P r = 

ν
a ) which is linking the 

velocity field with the temperature field of a fluid is for water 

about 7 at a temperature of 20Â◦ C. It represents a measure of 

the development of the thermal boundary layer (ratio between the 

flow boundary layer and the thermal boundary layer). Both physi- 

cal aspects described by Bi and Pr have to be considered to under- 

stand how heat transfer to the fluid can be improved using cellu- 

lar structures like metal foams or other structures like fins. Unfor- 

tunately there exists no empirical correlation for the temperature 

boundary development of the wing or fin structures (see [19] ). In- 

sights of the properties can only be gained numerically. 

Nevertheless, regarding the results from the numerical analy- 

sis (see Figs. 6 and 7 ) all structures in the fluid only have a lim- 

ited contribution to the overall heat transfer to the fluid. Since the 

induction heating allows only small penetration depths, the heat 

transfer occurs from the outer wall (heat flux boundary condition) 

to the inner wall of the pipe. 

In Section 3.2.3 we analyzed the pressure drop arising in the fin 

structure. The results of the iterative solution of the Eqs. (12) and 

(13) are shown in Table 3 . Thereby x i = 

˙ V i / ̇ V denotes the fraction 

of the inner volume flow. The temperature of T = 8 ◦ C is assumed 

to be constant. 

Concerning the heat transfer for foam, fin and wing pipes, we 

see from the simulations that structure temperatures appreciably 

larger than fluid temperature occur only at or near the inside of 

the heated outer wall (see Fig. 6 ). 

The pressure loss calculations above show that the flow regime 

in the non-circular outer volumes V o is laminar (see values of Re o 
in Table 3 ). Classical heat transfer correlations are not valid in this 

case [18] . Correlations from Shah and London [19] are also not 
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Fig. 8. Nusselt numbers of different pipe structures compared with empty pipe (no inner structure). Symbols show the simulation results and dashed/solid curves refer to 

the empirical curves for the empty and foam pipes (according to [18] , (p. 787, Eq. 19)). 
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Fig. 9. Pressure drops of different pipe structures compared with an empty pipe (no inner structure). Symbols show the simulation results and lines illustrates the empirical 

equations. 

applicable, as the flow is thermally and hydrodynamically devel- 

oping in V o , so at the device inlet, we locally will have large heat 

transfer coefficients. 

We evaluate the simulation results with regard to the pressure 

loss and the Nusselt number. Figs. 8 and 9 show the diagrams for 

the three structures in comparison with each other. In Fig. 9 a cor- 

relation for open cell foams presented in [14, Eq.(7)] is also plotted 

incl. its 20% error strip. Re Ψ = 

ud H 
Ψ ν

denotes the porosity Reynolds 

number and d H = 4 ΨS V 
the hydraulic diameter which is used by Di- 

etrich in [14] . In contrast, in our evaluations of Re = 

uL C 
ν we use the 

pipe diameter as the characteristic length L C = D . 

Our results are in good agreement with the experimentally de- 

rived correlation given in [14] . Similar to the study of Wakao et al. 

[20] for packed beds, we can write an empirical correlation for the 

pipes filled with foams for higher Reynolds numbers as follows: 

Nu = 1 . 3 Re 0 . 6 P r 
1 
3 . (16) 

For further validation, we have performed some simulations 

with the same heat and mass transfer (laminar) model and with 

the same input parameters and boundary conditions using the In- 

stitute’s own solver Pace3D . The results ( Fig. 8 ) show an excellent 

agreement with the empirical curve calculated using [18] , (p. 787, 

Eq. 19). 

Using the ratio of Nusselt to Hagen numbers ( Nu / Hg ), the effi- 

ciencies concerning the pressure drop of different inner structures 

can be compared. This is depicted in Fig. 10 , where the hydraulic 

diameters from Table 2 are used to calculate the Hagen number. 

The fin and wing structures have higher ratios of heat transfer to 

pressure drop than the foam at all investigated flow rates. More- 

over, it clearly illustrates that the ideal operating condition is for 

the slowest flow. However, if for an application the outlet temper- 

ature needs to be maximized, the price to be paid is a higher pres- 

sure drop. If this can be accepted, the metal foam would be the 

better choice. 

4. Experiments 

The pipe elements used in experiments were first designed on 

computers and partly tested in computer simulations. They were 
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Fig. 10. The ratio of Nusselt to Hagen numbers for different structures pipes. 

Fig. 11. Left: Induction water heater test rig. Right: Rear side of the test rig. 

then 3D-printed using PLA. These 3D prints served as a preform 

for the investment casting of the actual samples, which were then 

further processed in the experiment. One tube filled with open- 

pore metal foam was printed using the 3D Selective Laser Melting 

(SLM) ( Fig. 13 , (c)). This tube was a particularly high-quality copy 

of the digital model and was also used to validate the simulations 

described in Section 3.2.1 . 

4.1. Experimental set-up 

The test bench essentially consists of the following components 

Fig. 11 

• Drinking water supply and drainage 
• Cold water inlet and hot water outlet 



Fig. 12. Metal foam disc and fin disc; centrifugally cast and post-processed (grinding, turning, milling, drilling). 

• Induction heating with test specimen holder 
• Instrumentation and control engineering with recording and 

evaluation program as well as logging 

The drinking water supply is ensured by a 3-stage adjustable 

self-priming water pump. The water pump sucks from a water 

tank. The water is discharged into the receiving water without any 

retroactive effect via a large hose with a free gradient. 

The cooling water supply for the induction coil and for the 

power semiconductors is ensured by a separate cold water inlet 

and outlet. Due to the separate water supply, a malfunction of one 

line is limited to this line. Further damage is avoided. 

Induction heating was developed in several stages. It was essen- 

tial to find a compromise between the partly contradictory require- 

ments from the specifications and the available real heat exchanger 

material. For the measurement series, a power-controlled induction 

generator with a maximum output of 6.2 kW at 400 V/16 - 20 kHz 

was finally used. The dimensions of the water-cooled induction coil 

are based on the realizable centrifugal cast metal foam discs. The 

MSR technology comprises the sensor technology, the data acquisi- 

tion and evaluation electronics as well as the transfer of measured 

values to a PC with logging. Thermocouples are used for measuring 

structural temperatures, resistance thermometers measure drink- 

ing water inlet and outlet temperatures as well as cooling water 

and ambient temperatures. An impeller flow meter emits one pulse 

per revolution. All sensors are factory calibrated. The sensor sig- 

nals are processed by suitable electronic modules that are adapted 

to two microcontrollers. The microcontrollers have a LAN connec- 

tion. The PC interface thus corresponds to the current standard. 

The recording and evaluation program, as well as the logging, runs 

on a notebook. 

4.2. Test specimen preparation and adapter design 

Two geometrically different metal discs are examined for heat 

input into the water. As can be seen in Fig. 12 , both metal foam 

and metal fin discs are produced by the investment casting pro- 

cess. In addition, instead of the metal foam discs, a metal foam 

tube ( Fig. 13 (c)) is produced by means of 3D laser steel melting - 

the so-called Selective Laser Melting (SLM). 

An overview of the composition and assembly of the test tubes 

is given: 

• Nine discs (foam or fins, material numbers 1.4523 and 1.4404) 

with the total length of 126 mm are sealed against each other 

to the outside and braced by a central tie rod. The water flows 

only inside the panes. 
• A larger-diameter glass cladding tube accommodates the pane 

columns of nine foam/ fin discs and ensures water flow and 

tightness to the outside. The water flows both inside the discs 

and in the annular gap between the cladding tube and the col- 

umn ( Fig. 13 (a)). 
• The nine metal foam discs (material number 1.4404) are in- 

serted loosely and offset from each other (unaligned) into the 

glass cladding tube. The water flow inside the cladding tube 

is disturbed. Notice that for the descriptive representation only 

seven metal foam discs are shown in Fig. 13 (b). 
• A unique steel rod with the same inner foam structure (SLM 

foam) and the total length of 139 mm is sealed for water to 

flow only inside the rod ( Fig. 13 (c)). 

Each experimental setup requires a specific adapter design on 

the part of the test specimens. The water inlet and outlet, as well 



Fig. 13. (a) and (b) Test tubes, composed of individual discs produced by the investment casting process and (c) test tube produced by the selective laser melting method 

(SLM). 
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Fig. 14. Temperature difference between inlet and outlet for different flow rates using various experimental setups. 

as the thermocouple inlet, remain unchanged. Interchangeable in- 

termediate pieces allow a cost-efficient variety of variants. 

The results of the experiments are summarized in Fig. 14 . 

Higher inductive power causes a stronger temperature rise. 

Higher flow velocities reduce the temperature rise. Heat transfer 

is better in foam tubes than in those with fins. The use of glass 

insulation or a displacement of the individual panes against each 

other does not bring any significant advantages. 

5. Conclusions 

Surface-rich permeable internal structures of the line pipes in- 

crease the heat transfer from the metal to flowing water. In or- 

der to classify this phenomenon, we simulatively compared three 

structures with almost the same porosity and almost the same 

specific surface. The penetration depth of the heat in the radial 

direction of the pipe plays an important role in the transfer of 



Fig. 15. A pipe lined with open-pored metal foam. The pore structure in the edge 

area is finer than in the middle. 

the heat to the fluid. The greater the contact area of the pipe 

jacket with the metallic inner workings, the greater the penetra- 

tion depth. The largest heat transport is detected in the case of 

metal foam, which leads to a considerably higher Nusselt number 

compared to fin and wing structures. 

The better mixing of the flowing water through the ligaments 

of the metal foam also promotes heat transfer. 

At the same time, the many chaotically arranged metallic obsta- 

cles in the metal foam increase the pressure loss and thus increase 

the energetic operating expenditure. In this sense, the finned and 

wing tubes perform better than the metal foam tubes. The wing 

shape does not seem to have any advantage neither for heat trans- 

fer nor for pressure drop, being compared to the cuboid fins. 

The pressure loss is hardly lower, the heat transfer is significantly 

worse. 

6. Outlook 

Based on the discussed findings, the next challenge is to adjust 

the geometric parameters of the foam, such as pore size and lig- 

ament thickness (and thus the associated parameters such as spe- 

cific surface area and porosity) in such a way that the heat transfer 

is as large as possible and the pressure loss is reasonably small. 

An idea to master this challenge is to specifically distribute the 

pore size in the pipe. Smaller pores and thus a larger specific sur- 

face at the pipe boundary due to the temperature layer are advan- 

tageous for heat transfer. Larger pores close to the middle axis of 

the pipe allow freer water flow and thus reduce the pressure loss. 

An example of such a geometry is shown in Fig. 15 . It is a syn- 

thetic structure created algorithmically as described in [13] . 

The structure shown in Fig. 15 consists of the outer shell (cylin- 

der barrel), a fine-pored foam layer close to the outer shell facili- 

tating heat transport and a large-pored foam core along the sym- 

metry axis of the pipe ensuring good flow behaviour with low 

pressure loss. The structure was composed from two differently 

porous synthetic foam structures with by means of Boolean op- 

erations. 
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