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Abstract: Tube bundle recuperators are generally designed to operate with smooth tubes. Structured
tubes can be used to increase the efficiency of recuperators. Compared to smooth tubes, the surface
for heat transfer is increased and thus heat transfer is enhanced. This effect is accompanied by an
increased pressure loss, which must be kept as low as possible. Four tube geometries with different
honeycomb structures are examined. The results are compared with the performance of a smooth
tube. The investigations were carried out both numerically and experimentally at different off-gas
and combustion air velocities. The experimental results show that the highest heat transfer is achieved
with the concave 6 mm structured tube. The greatest pressure loss also occurs here. The validation of
the numerical model has shown issues in resolving the turbulence.
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1. Introduction

A large number of industrial furnaces in the metal, ceramics or chemical industry are
operated with fossil fuels, oil or coal and, nowadays, hydrogen as a fossil-free alternative.
For energy-efficient operation, the furnaces are equipped with heat recovery to preheat the
combustion air. Central recuperators are often used for this purpose [1–3]. The principle of
air preheating by central recuperators has been in use for decades (Figure 1). The use of
tubes made of structured sheets in tube–bundle recuperators makes it possible to increase
the heat-transferring area in a given installation space or to reduce the construction material
requirement while maintaining the same heat-transfer area. Increasing the heat transfer
coefficient leads to an increase in the transferred heat flux at the same initial temperature of
the exchanging gases.
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Figure 1. (a) Schematic operating principle of a tube bundle recuperator [2] and its (b) gas exchange. 
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Figure 1. (a) Schematic operating principle of a tube bundle recuperator [2] and its (b) gas exchange.
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In the past, various techniques were used to manufacture tubes with structures for heat
exchange. An increase in surface roughness leads to increased heat transfer, as Li et al. [4]
have shown. One way to increase surface roughness is to punch dimples in a sheet,
which is then rolled to form a tube shape. Maithani and Kumar [5] investigated such a
dimpled surface with regard to the correlation development of the Nusselt number and
friction factor. Both key figures increase with the rise of the ratio of dimpled depth to
print diameter until they reach 1, whereafter they decrease. Aroonrat and Wongwises [6],
as well as Wang et al. [7], have confirmed this with their own investigations on dimpled
tubes. The heat transfer coefficient and frictional pressure drop increase with the rise of
dimpled depth. Cheraghi et al.’s [8] numerical study of the increase in heat transfer and
pressure loss in deep-structured tubes corroborated the mentioned studies. Here, three
main differences in the fluid flow of structured tubes in comparison to smooth tubes were
found. The flow velocity increased at the bottom of the dimples, the vortexes were created
after the dimples and there was an additional axial swirling in the flow’s direction. This led
to more turbulent fluid flow with a higher heat transfer. Further numerical studies [9,10]
have shown that an increase in heat transfer performance is associated with structuring.
Further possibilities are the use of spirally structured [11] or corrugated [12] tubes. In both
cases, the heat transfer coefficient of the structured surface increases significantly compared
to a smooth surface. The heat flux and pressure loss characteristics are strongly dependent
on the structuring.

The aim of the present study is to investigate alternative honeycomb-structured tubes,
which are explicitly used in recuperators. Accordingly, a simplified recuperator model is
created for the numerical investigations and a heatable flow channel is used for experimen-
tal validation.

2. Materials and Methods

As a reference for all investigations, a smooth, seamlessly welded, stainless-steel tube
X5CrNi18-10 (Material number: 1.4301) was used. The investigated structured tubes resem-
ble a honeycomb structure which is either pronounced inwardly (concave) or outwardly
(convex). Two different honeycomb depths xd of each type were examined. The honey-
comb depths are xd,1 = 3 mm and xd,2 = 6 mm. The structured tubes have been additively
manufactured from X5CrNiMo17-12-2 (Material number: 1.4401) stainless steel. All tubes
have an outer diameter of dt = 42.4 mm and a length of ltube = 1000 mm. A picture of the
test tubes is shown in Figure 2.
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Figure 2. Examined test tubes (a) convex 3 mm (b) convex 6 mm (c) concave 3 mm and (d) concave
6 mm with a tube length of ltube = 1000 mm.

As described in Section 1, the principle of a recuperator consists of transferring energy
from the high temperature off-gas to the low temperature combustion air. It is not possible
to carry out experiments in the technical centre using real off-gas, which is why all investi-
gations were carried out with conventional air. For reasons of comparison, the numerical
simulations were also carried out with conventional air. But, in order to distinguish more
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clearly between the flow of air inside the tube and the flow of air around it in the channel,
the terms “combustion air” and “off-gas” will be used in the following, based on the
functioning of a recuperator.

2.1. Numerical Modelling

A simplified model of a recuperator was constructed for numerical investigation. It
consisted of a channel with length of lc = 1000 mm and a width wc = 500 mm, which
corresponds to the tube length. The reduced tube length ltube = 500 mm was necessary
due to computing time savings. A 3 × 3 tube bundle was located inside the channel.
The tubes were arranged with a distance of 1.7 times the tube diameter. Outside the
channel, there was also an inlet and outlet section connected to the test tubes. This ensured
that the incoming flow was fully formed and that no backflow occured at the outlet.
For the numerical investigation, the realizable k–ε model of Ansys Fluent 2022 R1 was
used. The computational grid comprised about 6,000,000 cells. The numerical solution
was terminated when the convergence criteria (residual < 10−6) were reached for every
conservation equation.

In the model, two flows were considered separately from each other. On the one
hand, there was the flow of combustion air within the tubes, which flowed into the tubes
at room temperature Tair = 20 ◦C and whose velocity was set to vair = 1 m/s, 5 m/s and
20 m/s. The combustion air velocities assumed a Reynolds numbers of Re1m/s = 2668,
Re5m/s = 13,342 and Re20m/s = 53,367 after the inlet section. Accordingly, all combustion
air velocities were above the critical Reynolds number of Rec = 2300 with which the onset
of turbulence corresponded. From Re = 10,000, completely turbulent conditions could be
assumed [13]. The air flowed out of the tube via a pressure outlet. All pressure outlets
had the boundary condition of a gauge pressure pgauge = 0 Pa. And, secondly, the flow
of the off-gas around the test tubes was considered. Its temperature was Toff-gas = 500 ◦C
and the off-gas velocity amounted to voff-gas = 0.5 m/s, 1 m/s and 5 m/s. The walls of the
analyzed tubes were modelled applying shell conduction with a virtual layer thickness of
xLayer = 2.5 mm. All other walls were assumed to be adiabatic.

2.2. Experiental Set-Up

The investigations of the test tubes took place in a flow channel, which could heat
the air to a maximum of Toff-gas = 500 ◦C with an electric heating element. The air was
circulated via a cross-flow fan. The experimental set-up is shown in Figure 3.
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affected. The measuring precision of the IR camera is ±1 K. In the subsequent outlet sec-
tion, the outlet temperature Tair,out and the outlet pressure pout are measured. The pressure 
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In the channel, the flow velocity and its temperatures were precisely measured and
monitored via integrated measuring technology. More information about the test bench can
be found in Strämke [14]. A channel segment was converted for the thermal investigations
of the structured tubes. A cross-section of this modified channel segment with the associated
measurement technology is shown in Figure 4.
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At the beginning of the intake section of a single tube, a side channel compressor
generates an air flow into the tube. Within the intake section, the volume flow

.
Vair, the flow

velocity vair, the inlet pressure pair,in and the inlet temperature Tair,in are measured. In the
test tube section, the tube wall temperature Twall is measured by a welded-on thermocouple.
The built-in IR permeable windows at the top of the channel allow a contactless temperature
measurement of the tube surface with an IR camera at two additional positions without
thermocouples. This offers the advantage that the flow around the test tube is not affected.
The measuring precision of the IR camera is ±1 K. In the subsequent outlet section, the
outlet temperature Tair,out and the outlet pressure pout are measured. The pressure drop
of the tubes is determined directly from the applied pressures in the inlet section and the
outlet section. The measuring precision of the pressure transmitter is ±0.5%.

2.3. Determination of the Thermal Quantities

The thermal parameters such as the heat flux
.

Q and heat transfer coefficient α cannot
be measured directly like the pressure loss in order to compare the performance of the
tubes. Therefore, as described in Section 2.2, further measured variables are recorded
and the heat flux

.
Q and the heat transfer coefficient α are subsequently calculated with

corresponding assumptions.
The Biot number can be used to make a statement about whether a component can

be assumed as thermally thin. For that, the Biot number must be significantly less than
Bi << 0.1. In the present case of structured tubes, the assumption of a thermally thin
tube means that the wall temperature on the outside of the tube is identical to the wall
temperature on the inside of the tube at the same time. The dimensionless ratio of the Biot
number is determined as:

Bi =
α· L

2
λ

(1)
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To determine the Biot number, the heat transfer coefficient must be known. Since the
heat transfer coefficient is currently unknown, it is replaced by the general equation of
convective heat transfer:

α =

.
q

∆T
(2)

The heat flux, which is also unknown, is calculated using the simplified steady-flow
thermal energy equation:

.
Qair =

.
mair · cp,air·(Tair,out − Tair,in) (3)

The measured volume flow as well as the inlet Tair,in and outlet temperatures Tair,out
of the air are included here. The measured volume flow

.
vair is converted into the required

mass flow
.

mair via the temperature-dependent density of the air. The heat capacity cp,air of
the air is taken from the literature. This way, the Biot number can be determined as:

Bi =
.
q·L

∆T · 2 · λ
=

13.040 W
m2 ·0.0025 m

80 K ·2 ·16 W
m·K

= 0.013 (4)

To ensure that the estimation is valid for all investigations, the minimum temperature
difference between the supplied combustion air and the off-gas is given, as well as the
maximum heat flux that can be transferred. In this case, the characteristic length corre-
sponds to the tube thickness xtube = 0.0025 m. In accordance with [15], the average thermal
conductivity λ of stainless steel is 16–20 W/(m·K) in a temperature range of 100–400 ◦C.
The lowest thermal conductivity is assumed for the calculation. With these values, the Biot
number is Bi = 0.013 << 0.1 and thus the tubes can be considered thermally thin. Thus, the
heat transfer coefficient α can be calculated using the equation for convective heat transfer
of flow-through tubes:

α =

.
mair · cp,air ·(Tair,out − Tair,in)

Awall ·
(
(Twall − Tair,in)− (Twall − Tair,out)

ln
Twall − Tair,in

Twall − Tair,out

) (5)

The calculated heat transfer coefficients are average heat transfer coefficients that
apply to the entire tube surface. They are calculated from the total transferred heat flux of
the tube surface, Equation (3). According to the equation of the error propagation:

εy =

√√√√ N

∑
i=1

(
∂F
∂xi

·εxi

)2
(6)

the measurement uncertainties εy of the previously identified quantities are determined. F
refers to the functions set up to calculate the measured value. The independent variables
correspond to xi and their uncertainties are considered as εxi [16]. The uncertainties of the
measured value acquisition of the temperatures are given within ±0.1% and those of the
mass flow measurement within ±0.3%. The uncertainties of the calculated quantities of
heat flux

.
Q and heat transfer coefficient α of each test tube are shown in Figure 5.

The uncertainties shown in Figure 5 refer to the results in from Section 3.2. The
uncertainty of the heat flux is dependent on the operating point and examined tube within
±2–6.5 W. This corresponds to 0.33% of the measured values in relation to the Section 3.

The uncertainty of the heat transfer coefficient also varies depending on the test tube
and combustion air velocity. Here, the uncertainty is ±0.05–0.55 W/m2K, which, in relation
to the measured heat transfer coefficients in Section 3.2, corresponds to 0.4% of the mean
measured values.
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3. Results and Discussion
3.1. Determination of the Tube Wall Temperature

To determine the tube wall temperature over the entire length, IR permeable windows
were installed in the flow channel. At test point one, the tube wall temperature was
measured using both a thermocouple and the IR camera. Thus, the emissivity, which is
necessary for measuring the surface temperature by means of the IR camera, could be
determined iteratively. The thermocouple was welded onto a bar between the honeycombs.
A measuring field for determining the surface temperature by means of an IR camera was
also placed on one bar. In this way, the influence of the surface curvature was minimised
during temperature measurement.

In order to create a comparable tube surface and be able to estimate radiation restric-
tions, the tube was painted with a black thermographic paint. Due to the known emissivity
of the first test point, the tube wall temperature could also be determined at test points two
and three. Figure 6 illustrates the thermographic images of the convex 6 mm structured
tube for the three test points at an off-gas temperature of Toff-gas = 200 ◦C.
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Figure 6. Thermographic images of the convex 6 mm structured tube at three test points.

At test point one, the welded thermocouple can be seen very clearly. The tube wall
temperature increases by 2 ◦C from test point one, Twall,1 = 117 ◦C to test point three
Twall,3= 119 ◦C. With these IR glasses, tests were carried out up to 200 ◦C, above which
there is a risk of oxidation of these windows. Figure 7 shows the tube wall temperatures of
all test tubes for the three test points at an off-gas temperature of (a) Toff-gas = 100 ◦C and
(b) Toff-gas = 200 ◦C at a combustion air velocity of vair = 15 m/s and an off-gas velocity of
voff-gas = 5 m/s.
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risk of oxidation of these windows. Figure 7 shows the tube wall temperatures of all test 
tubes for the three test points at an off-gas temperature of (a) Toff-gas = 100 °C and (b) Toff-gas 
= 200 °C at a combustion air velocity of vair = 15 m/s and an off-gas velocity of voff-gas = 5 m/s. 
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Figure 7. Tube wall temperatures measured with the IR camera at three test points at (a) Toff-gas = 100 
°C and (b) Toff-gas = 200 °C. 

The wall temperatures at an off-gas temperature of Toff-gas = 100 °C were in the range 
of Twall = 55–65 °C for all tubes. It can be seen that the wall temperatures of the concave 
structure are slightly lower. No temperature differences could be detected between the 
individual test points. 

When determining the wall temperature with an off-gas temperature of Toff-gas = 200 
°C, the wall temperatures were higher than the measured wall temperatures at Toff-gas = 100 
°C. The concave-structured tubes had the lowest wall temperatures with Twall ≈ 100 °C. The 
convex-structured tubes exhibited a wall temperature of about Twall ≈ 117 °C and are thus 
below the smooth tube, but clearly above the concave structure. The smooth tube shows 
a wall temperature of Twall = 124 °C. The difference in the measured wall temperature was 
± 2 °C between the individual test points. 

Both measurements show no differences in wall temperature over the length of the 
tube. It was expected that the tube wall near the inlet would be colder when it was close 
to the outlet because heat transfer had already started. The measurements disproved the 
presumption and confirmed the assumption that the tube was a thermally thin compo-
nent, see Section 2.3. Due to the clear results that the wall temperature was constant over 
the tube’s length, the wall temperature was measured only using the thermocouple when 
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Figure 7. Tube wall temperatures measured with the IR camera at three test points at (a) Toff-gas = 100 ◦C
and (b) Toff-gas = 200 ◦C.

The wall temperatures at an off-gas temperature of Toff-gas = 100 ◦C were in the range
of Twall = 55–65 ◦C for all tubes. It can be seen that the wall temperatures of the concave
structure are slightly lower. No temperature differences could be detected between the
individual test points.

When determining the wall temperature with an off-gas temperature of Toff-gas = 200 ◦C,
the wall temperatures were higher than the measured wall temperatures at Toff-gas = 100 ◦C.
The concave-structured tubes had the lowest wall temperatures with Twall ≈ 100 ◦C. The
convex-structured tubes exhibited a wall temperature of about Twall ≈ 117 ◦C and are thus
below the smooth tube, but clearly above the concave structure. The smooth tube shows
a wall temperature of Twall = 124 ◦C. The difference in the measured wall temperature was
±2 ◦C between the individual test points.

Both measurements show no differences in wall temperature over the length of the
tube. It was expected that the tube wall near the inlet would be colder when it was close
to the outlet because heat transfer had already started. The measurements disproved
the presumption and confirmed the assumption that the tube was a thermally thin com-
ponent, see Section 2.3. Due to the clear results that the wall temperature was constant
over the tube’s length, the wall temperature was measured only using the thermocouple
when investigating at Toff-gas = 400 ◦C. This avoided the risk of the oxidation of the IR
permeable windows.

3.2. Experimental Results

The set-up in which the test tubes were examined was outlined in detail in Section 2.2.
In the results presented below, the flow through the off-gas was kept constant. The off-gas
velocity was voff-gas = 15 m/s at an off-gas temperature Toff-gas = 400 ◦C. Figure 8 shows the

measured correlation between the combustion air velocity vair and (a) the heat flux
.

Q as
well as (b) the internal heat transfer coefficient (htc) αinternal.

Both the transferred heat flux
.

Q and the heat transfer coefficient αinternal rose with
increasing combustion air velocity vair. The slope of the increase differed with the structure
of the tubes. The highest heat transfer was achieved with concave structuring. The concave
6 mm structured tube achieved the maximum heat flux

.
Q = 2014 W and a maximum heat

transfer coefficient αinternal = 131 W/m2K at a combustion air velocity of vair = 15 m/s.
The less deeply structured 3 mm concave tube showed a similar increase, but at the same
combustion air velocity it had a heat flux of

.
Q = 1783 W and a heat transfer coefficient

α = 96 W/m2K which were, respectively, less than the results for the 6 mm concave
structured tube. Both concave structures clearly outperformed the smooth tube, which
served as a reference.
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Figure 8. Correlation of (a) the heat flux Q̇ and (b) the internal heat transfer coefficient αinternal to the 
combustion air velocity vair. 

A different behaviour can be seen with convex structuring. There, the convex 6 mm 
structure showed a comparable pattern to the concave structures, while the convex 3 mm 
structure did not reach the heat transfer of the reference. At a combustion air velocity of 
vair = 15 m/s, the convex 6 mm structure achieved a transferring heat flux of Q̇ = 1632 W 
and a heat transfer coefficient α = 65 W/m2K. These values are clearly larger than the values 
achieved by the 3 mm convex structure of Q̇ = 1082 W and α = 37 W/m2K. 

From the results, it can be deduced that the increase in heat transfer is not solely due 
to the increased heat-transferring surface of the structured tubes, but is also significantly 
influenced by the flow characteristics inside the tube. The heat transfer area increases with 
increasing structure depth. In the case of the 3 mm convex structure, the heat transfer was 
not higher than that of the smooth tube, although the tube’s surface area increased. Re-
gardless of the area-independent heat transfer coefficient having a steeper slope, the graph 
of heat flux flattens for all tubes. These two conspicuous characteristics indicate that the 
flow inside the tube also has an influence on heat transfer. Heat transfer is significantly 
influenced by the degree of turbulence. 

Considering the observations from the simulations and by including further litera-
ture in Section 1, the results can be interpreted by backflows and recirculation within the 

0

500

1000

1500

2000

2500

0 5 10 15 20

he
at

 fl
ux

 Q
in

 W

combustion air velocity
vair in m/s

0
20
40
60
80

100
120
140

0 5 10 15 20

ht
c in

te
rn

al
α 

in
 W

/m
2 K

 

combustion air velocity 
vair in m/s

smooth
concave 3 mm
concave 6 mm
convex 3 mm
convex 6 mm

Figure 8. Correlation of (a) the heat flux
.

Q and (b) the internal heat transfer coefficient αinternal to the
combustion air velocity vair.

A different behaviour can be seen with convex structuring. There, the convex 6 mm
structure showed a comparable pattern to the concave structures, while the convex 3 mm
structure did not reach the heat transfer of the reference. At a combustion air velocity of
vair = 15 m/s, the convex 6 mm structure achieved a transferring heat flux of

.
Q = 1632 W

and a heat transfer coefficient α = 65 W/m2K. These values are clearly larger than the values
achieved by the 3 mm convex structure of

.
Q = 1082 W and α = 37 W/m2K.

From the results, it can be deduced that the increase in heat transfer is not solely due
to the increased heat-transferring surface of the structured tubes, but is also significantly
influenced by the flow characteristics inside the tube. The heat transfer area increases with
increasing structure depth. In the case of the 3 mm convex structure, the heat transfer
was not higher than that of the smooth tube, although the tube’s surface area increased.
Regardless of the area-independent heat transfer coefficient having a steeper slope, the
graph of heat flux flattens for all tubes. These two conspicuous characteristics indicate that
the flow inside the tube also has an influence on heat transfer. Heat transfer is significantly
influenced by the degree of turbulence.

Considering the observations from the simulations and by including further literature
in Section 1, the results can be interpreted by backflows and recirculation within the
structural patterns. The intensity of recirculation rises as the depth of the structure increases.
Concave structures additionally reduce the mean flow area of the tubes, which leads to
an increase in the mean flow velocity within the tube and also contributes to an increase
in heat transfer. The increase in turbulence of convex structuring is based exclusively on
backflows. There must be a sufficiently high flow velocity to pass through the honeycombs.
According to the results, this is not the case for a honeycomb depth of xd,1 = 3 mm.

The structuring of the tubes always entails an increase in pressure loss, which is an
important factor in the design of recuperators. The influence of the combustion air velocity
vair on the pressure loss ∆p of all tubes is shown in Figure 9.

The pressure loss of all structures exceeds that of the smooth tube. The pressure loss
of the convex structuring is only slightly higher, while the pressure loss of the concave
structuring is significantly higher. At a combustion air velocity of vair = 15 m/s, the highest
pressure loss ∆p = 984 Pa is seen with the concave 6 mm structure. The increased pressure
loss of the concave structure is due to the reduced flow area, which is not the case for the
convex structure. For both types of structuring, the pressure loss increases with the depth
of the structuring.

3.3. Numerical Results

In order to investigate the influence of both the off-gas and the combustion air flows
on the heat transfer, a further numerical study was carried out. For this purpose, a uniform
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model was used for all test tubes, which is presented in Section 2.1. The respective influ-
ences are presented as main-effect diagrams [17]. A main-effect diagram is a standardized
representation of effects, which is the difference between the mean values of individual
quality characteristics. On the horizontal axis, the quality characteristics are listed. The
vertical axis shows the value of a quality characteristic in the respective unit. The mean
values are connected with a line, whereby the slope of this line indicates the effect.
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Figure 9. Influence of the combustion air velocity vair on the pressure loss ∆p inside the tube. 

The pressure loss of all structures exceeds that of the smooth tube. The pressure loss 
of the convex structuring is only slightly higher, while the pressure loss of the concave 
structuring is significantly higher. At a combustion air velocity of vair = 15 m/s, the highest 
pressure loss ∆p = 984 Pa is seen with the concave 6 mm structure. The increased pressure 
loss of the concave structure is due to the reduced flow area, which is not the case for the 
convex structure. For both types of structuring, the pressure loss increases with the depth 
of the structuring. 

3.3. Numerical Results 
In order to investigate the influence of both the off-gas and the combustion air flows 

on the heat transfer, a further numerical study was carried out. For this purpose, a uniform 
model was used for all test tubes, which is presented in Section 2.1. The respective influ-
ences are presented as main-effect diagrams [17]. A main-effect diagram is a standardized 
representation of effects, which is the difference between the mean values of individual 
quality characteristics. On the horizontal axis, the quality characteristics are listed. The 
vertical axis shows the value of a quality characteristic in the respective unit. The mean 
values are connected with a line, whereby the slope of this line indicates the effect. 

In the present case, the off-gas velocity and combustion air velocity are plotted on the 
horizontal axes, each with three settings. The values are based on typical velocities in an 
industrial scale recuperator and present the minimum, the maximum and a frequently 
used operating point. The left side of the diagrams describes the effect on the combustion 
air velocity 𝑣̇𝑣air and the right side of the diagram describes the effect on the off-gas veloc-
ity voff-gas. Figure 10 presents the main-effect diagram of the heat flux Q̇ related to the com-
bustion air velocity and off-gas velocity. 
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Figure 9. Influence of the combustion air velocity vair on the pressure loss ∆p inside the tube.

In the present case, the off-gas velocity and combustion air velocity are plotted on
the horizontal axes, each with three settings. The values are based on typical velocities in
an industrial scale recuperator and present the minimum, the maximum and a frequently
used operating point. The left side of the diagrams describes the effect on the combus-
tion air velocity

.
vair and the right side of the diagram describes the effect on the off-gas

velocity voff-gas. Figure 10 presents the main-effect diagram of the heat flux
.

Q related to the
combustion air velocity and off-gas velocity.
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Figure 10. Main-effect diagram of the transferred heat flux Q̇. 

Both quality characteristics show a similar effect on the heat flow. With higher flow 
velocities, an increase in heat flux can be observed in both parts of the diagram. It can be 
seen that higher heat flows are achieved with increasing structural depth. All structured 
tubes transmit a heat flow that is greater than that of the smooth tube. Figure 11 presents 
the main-effect diagram for the heat transfer coefficient αinternal inside of the tube. 

 
Figure 11. Main-effect diagram of the internal heat transfer coefficient αinternal. 

Only the flow of combustion air passing through the tubes influences the internal 
heat transfer coefficient, as it is separated spatially from the outer flow of the off-gas. With 
an increase in the depth of the structure, the internal heat transfer coefficient also in-
creases. The highest internal heat transfer coefficient is achieved with the 6 mm concave 
structuring, followed by the 6 mm convex structuring. The convex 3 mm structure 
achieves comparable values to the smooth tube. Here, no significant improvement in heat 
transfer can be seen with the convex structuring. To assess which flow has a greater influ-
ence on heat transfer, the external heat transfer coefficient is considered in the following 
main-effect diagram (Figure 12). 

For the main-effect diagram of the external heat transfer coefficient, the same behav-
iour can be observed as for the internal heat transfer coefficient: the external heat transfer 
coefficient is only influenced by off-gas velocity. Due to the spatial separation of the inner 
flow from the outside of the tube, no effect can be seen based on the combustion air veloc-
ity. The effect of the off-gas velocity is once again clearly evident. As the off-gas velocity 
increases, the external heat transfer coefficient increases. Here, the largest external heat 
transfers are achieved with 6 mm convex structuring. The external heat transfer coefficient 
of the 3 mm convex structuring and 6 mm concave structuring is on the same level. 

Figure 10. Main-effect diagram of the transferred heat flux
.

Q.

Both quality characteristics show a similar effect on the heat flow. With higher flow
velocities, an increase in heat flux can be observed in both parts of the diagram. It can be
seen that higher heat flows are achieved with increasing structural depth. All structured
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tubes transmit a heat flow that is greater than that of the smooth tube. Figure 11 presents
the main-effect diagram for the heat transfer coefficient αinternal inside of the tube.
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Figure 11. Main-effect diagram of the internal heat transfer coefficient αinternal.

Only the flow of combustion air passing through the tubes influences the internal heat
transfer coefficient, as it is separated spatially from the outer flow of the off-gas. With an
increase in the depth of the structure, the internal heat transfer coefficient also increases.
The highest internal heat transfer coefficient is achieved with the 6 mm concave structuring,
followed by the 6 mm convex structuring. The convex 3 mm structure achieves comparable
values to the smooth tube. Here, no significant improvement in heat transfer can be seen
with the convex structuring. To assess which flow has a greater influence on heat transfer,
the external heat transfer coefficient is considered in the following main-effect diagram
(Figure 12).
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Figure 12. Main-effect diagram of the external heat transfer coefficient αexternal. 

A comparison between the values of the internal and external heat transfer coefficient 
shows that the internal heat transfer coefficient is higher. It can be deduced that the inter-
nal heat transfer coefficient takes on a superior role. However, it can also be seen that 
depending on whether the structuring is carried out inwards or outwards, the correspond-
ing heat transfer coefficient is influenced more strongly. The main-effect diagram of the 
pressure loss in the tube is shown in Figure 13. 

 
Figure 13. Main-effect diagram of pressure loss ∆p inside the tube. 

For completeness, the effect of combustion air velocity and off-gas velocity on pres-
sure loss was also investigated. As expected, the pressure loss inside the tube is independ-
ent of the off-gas velocity flowing around the tube from the outside. The effect of the pres-
sure loss outside the tube, i.e., in the recuperator itself, is not considered here. Between 
the combustion air velocities vair = 1 to 5 m/s, a moderate increase in pressure loss can be 
seen in all cases. After that, the slope varies up to vair = 20 m/s, depending on the structur-
ing. The pressure loss of the 3 mm structured tubes is only slightly greater than that of the 
smooth tube, while the pressure loss is greatest in the concave 6 mm structured tube. 

The numerical results, presented as main-effect diagrams, show that deeper structur-
ing leads to increased heat transfer. Depending on the parameters considered, concave or 
convex structuring has advantages. With the statement of the main-effect diagrams of the 
area-dependent heat flux alone, no conclusion can be drawn about the main effect on heat 
transfer because both qualitive characteristics indicate a strong effect with comparable 
values. Looking at the main-effect diagrams of the area-independent internal and external 
heat transfer coefficients, it can be stated that the internal heat transfer coefficient takes on 
higher values than the external one. Accordingly, the higher heat transfer is present here, 

Figure 12. Main-effect diagram of the external heat transfer coefficient αexternal.

For the main-effect diagram of the external heat transfer coefficient, the same behaviour
can be observed as for the internal heat transfer coefficient: the external heat transfer
coefficient is only influenced by off-gas velocity. Due to the spatial separation of the inner
flow from the outside of the tube, no effect can be seen based on the combustion air velocity.
The effect of the off-gas velocity is once again clearly evident. As the off-gas velocity
increases, the external heat transfer coefficient increases. Here, the largest external heat
transfers are achieved with 6 mm convex structuring. The external heat transfer coefficient
of the 3 mm convex structuring and 6 mm concave structuring is on the same level.
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A comparison between the values of the internal and external heat transfer coefficient
shows that the internal heat transfer coefficient is higher. It can be deduced that the internal
heat transfer coefficient takes on a superior role. However, it can also be seen that depending
on whether the structuring is carried out inwards or outwards, the corresponding heat
transfer coefficient is influenced more strongly. The main-effect diagram of the pressure
loss in the tube is shown in Figure 13.

Figure 13. Main-effect diagram of pressure loss ∆p inside the tube.

For completeness, the effect of combustion air velocity and off-gas velocity on pressure
loss was also investigated. As expected, the pressure loss inside the tube is independent of
the off-gas velocity flowing around the tube from the outside. The effect of the pressure
loss outside the tube, i.e., in the recuperator itself, is not considered here. Between the
combustion air velocities vair = 1 to 5 m/s, a moderate increase in pressure loss can be seen
in all cases. After that, the slope varies up to vair = 20 m/s, depending on the structuring.
The pressure loss of the 3 mm structured tubes is only slightly greater than that of the
smooth tube, while the pressure loss is greatest in the concave 6 mm structured tube.

The numerical results, presented as main-effect diagrams, show that deeper structuring
leads to increased heat transfer. Depending on the parameters considered, concave or
convex structuring has advantages. With the statement of the main-effect diagrams of the
area-dependent heat flux alone, no conclusion can be drawn about the main effect on heat
transfer because both qualitive characteristics indicate a strong effect with comparable
values. Looking at the main-effect diagrams of the area-independent internal and external
heat transfer coefficients, it can be stated that the internal heat transfer coefficient takes
on higher values than the external one. Accordingly, the higher heat transfer is present
here, whereby the outer heat transfer is the limiting factor. Because the values are lower,
the choice of off-gas velocity is important. Therefore, both flows are of equal importance.

3.4. Validations for the Chosen Model

The results of the simulation, Section 3.3, were validated on the basis of the measured
results from Section 3.2. Due to the slight deviations between numerical and experimental
results caused by the different tube lengths and off-gas temperatures, the corresponding
results of the same condition were normalized to the smooth tube. That way, the influence
of the structuring on the heat transfer and the pressure loss could still be compared and
the numerical model could still be evaluated. The numerical model was validated for the
parameters (a) pressure loss ∆p, (b) internal heat transfer coefficient αinternal and (c) heat
flux

.
Q (Figure 14).
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Figure 14. Comparison of the experimental and numerical increases of the test tubes compared to 
the smooth tube in terms of (a) pressure loss ∆p, (b) heat transfer coefficient αinternal, and (c) heat flux 
Q̇. 

The comparison of the results from the concave-structured tubes leads to the assump-
tion that the numerical model underestimates the turbulence. This results in a lower heat 
transfer and a lower pressure loss than the measurement showed. The situation is differ-
ent when modelling the convex structures. There, the turbulence tends to be overesti-
mated, resulting in an excessively high heat transfer and pressure loss. 
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Figure 14. Comparison of the experimental and numerical increases of the test tubes compared to the
smooth tube in terms of (a) pressure loss ∆p, (b) heat transfer coefficient αinternal, and (c) heat flux
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Fundamentally, significant differences can be seen between the numerical model and
the experimental results. In the modelling of the concave structures, the numerical model
achieved worse results than the measurement. The numerical model had smaller deviations
in modelling the convex structures, but predicted lower values than the measured results.

The comparison of the results from the concave-structured tubes leads to the assump-
tion that the numerical model underestimates the turbulence. This results in a lower heat
transfer and a lower pressure loss than the measurement showed. The situation is different
when modelling the convex structures. There, the turbulence tends to be overestimated,
resulting in an excessively high heat transfer and pressure loss.

These findings lead to the conclusion that it is not useful to investigate different tube
structures with a model if quantitative values of heat transfer are required. The mesh
resolution in the structures does not seem to be high enough to represent the turbulence
sufficiently, although the numerical model shows good convergence properties. At this
point, it is advisable to adapt the mesh to structure depth in order to enable a better
resolution of the vortex structures, as well as to adapt the numerical model specifically to
the given structure.

The aim of the investigation was to make qualitative statements in order to compare
tube structures in particular. For this reason, a general numerical model was created,
which also had identical mesh properties in which numerical influences on the results were
avoided. Tendencies for the performance of structured tubes can be made comparatively
for this application. For a deeper understanding of the inner and outer flow structures
within the tubes, further numerical simulations would be required. A shortening of the
tube length is proposed here in order to obtain a still-tolerable computation time at a higher
grid resolution.
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4. Conclusions

Recuperators can reduce the energy consumption of process routes in industrial plants.
Their principle of operation is based on using the process’s off-gas and transferring its
heat to the combustion air. This study of heat transfer from honeycomb-structured tubes
is intended to increase the heat transfer between these two fluids. This can save further
energy or reduce the amount of material used in recuperator tubes. For this purpose,
four honeycomb tubes, two convex and two concave structured, were investigated both
experimentally and numerically to compare their performance with that of the smooth
tube. A simplified numerical model of a recuperator and an experimental set-up were
established for the investigations.

The measured results show that only the concave structuring achieves a significant
increase in heat transfer compared to the smooth tube. Thus, the concave structuring
is an alternative to the smooth tube in increasing the heat transfer of the recuperators.
However, it should be noted that pressure loss increases with greater concave structure
depth. The convex 3 mm structured tube achieved no thermal advantage over the smooth
tube, while the convex 6 mm structure had little advantage at higher combustion air
velocities. However, the low thermal advantages do not justify a more costly production of
convex-structured tubes compared to smooth tubes.

A further numerical study was used to give an assessment of which flow had the
greater influence on heat transfer. The results were presented in the form of main-effect
diagrams and showed that the internal heat transfer coefficient took on higher values than
the external heat transfer coefficient. Thus, the bottleneck was on the outer tube surface.
Therefore, both flow velocities had a high influence on heat transfer and must be selected
in mutual dependence. The numerical study was validated with the measured data, which
revealed significant differences in the individual values. The results of concave structuring
were underestimated and those of convex structuring were overestimated. This leads to
the conclusion that the numerical results should not be considered quantitatively and that
a general model is only suitable for qualitative considerations.

The numerical modelling and the experimental results both show the distinct trend
that with increasing combustion air velocity, heat transfer is increased, but also pressure
loss rises. Further, an increased structure depth also leads to an enhanced heat transfer and
an associated increase in pressure loss. The findings of [6] can be confirmed with respect
to the increased heat transfer at a greater structure depth. The pressure loss is moderate
in convex-structured tubes and is strongly noticeable in concave-structured tubes. The
amount of heat transfer also differs with varying structural characteristics. While concave
structuring brings significant heat transfer advantages, this does not occur with convex
structuring. This behaviour corresponds with the results of [11,12] and confirms the strong
dependence of heat transfer on the structuring.
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Nomenclature
The following abbreviations are used in this manuscript:

α, htc Heat transfer coefficient W/m2K
A Tube surface mm2

Bi Biot number -
cp Heat capacity J/kgK
dt Tube diameter mm
εy Measurement uncertainty -

εxi
Uncertainty independent
variable

-

F Function -
IR Infrared -
lc Channel length mm
ltube Tube length Mm
λ Thermal conductivity W/mK
.

m Mass flow rate kg/s
p Pressure Pa
∆p Pressure loss Pa
.

Q Heat flux W
Re Reynolds number -
Tair Temperature combustion air ◦C
Toff-gas Temperature off-gas ◦C
Twall Temperature tube surface ◦C
vai Velocity combustion air m/s
voff-gas Velocity off-gas m/s
wc Channel width mm
xd Honeycomb depth mm
xi Independent variables -
xLayer Virtual layer thickness mm
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