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Hydrogen and Methane are two fluids that are either used or in discussion as propellants for upper and lower stage rocket engines.
The conception of a regenerative cooling system is a crucial part in the design of a rocket engine and so is the detailed knowledge
of the coolants behavior and the heat transfer capabilities. Hydrogen is a very efficient and well known cooling fluid whereas the
properties of methane as a cooling fluid are intensively investigated nowadays.

Experiments were performed with a subscale combustion chamber that is divided into four sectors around the circumference each
containing rectangular cooling channels with different aspect ratios. Cryogenic hydrogen and liquid methane were used as cooling
fluids. These experiments provide a broad data basis that is used for the validation of CFD simulations. The simulations are capable
of predicting wall temperatures for high pressure conditions. Thermal stratification effects that are known to limit cooling properties
in high aspect ratio cooling channels arise for both fluids, but the effects are much stronger for hydrogen compared to methane.
However in the vicinity to the critical point, when it comes to heat transfer deterioration, the simulations show large deviations to the
experimental values.
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1. Introduction

In recent years methane is in discussion as a replacement for
hydrogen as a fuel for liquid rocket engines. It has a much
higher density, compared to hydrogen and can therefore be
stored in smaller, lighter tanks. Additionally insulation can be
saved due to a higher boiling point. Major drawback is a reduc-
tion of the specific impuls. Nevertheless multiple LOX/CH4 or
LOX/LNG engines are currently under development.2, 4, 8)

One of the major concerns regarding methane as a fuel are
the cooling capabilities in regenerative cooling channels. In
the 1960s high effort was taken to investigate and optimize
cooling channels for the regenerative cooling with hydrogen as
coolant.17) Cooling channels with a high aspect ratio enlarge the
cooling channel area and lead, in combination with a high ther-
mal conductivity of the wall material, to a significant improve-
ment in both heat transfer and pressure loss inside the cooling
channels.23, 24) However Kacynski7) postulated a thermal strati-
fication in very high aspect ratio cooling channels due to a lim-
ited mixing within these channels. This stratification leads to
hot fluid at the bottom and cold fluid in the upper part of the
channel and thus limits the heat transfer capabilities. The im-
pact of this effect is intensively studied both experimental25, 25)

and numerically11, 15, 16) with hydrogen as coolant.
Cooling with methane is mainly driven by the vicinity to the

critical point. Figure 1 shows the inlet and outlet conditions
for hydrogen and methane as a function of reduced pressure
and reduced temperature. Hydrogen enters the cooling channel
at supercritical pressure and temperature. In contrast to that,
methane enters the cooling channel at supercritical pressure but
subcritical temperature. It is then heated up in the cooling chan-
nels and crosses the widom-line that is the extension of the co-
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Fig. 1. Operational conditions for hydrogen and methane as a function of
reduced pressure and reduced temperature.

existence line into the supercritical domain. The widom-line
is defined as the line where the specific heat capacity at con-
stant pressure cP exhibits a maximum value.3) In that region the
physical properties of a fluid change with small differences in
temperature and pressure. In addition to a high heat flux this
may lead to a separation of hot gas-like fluid close to the wall
and cold liquid-like fluid in the bulk flow. The local reduction
of heat transfer coefficient due to this effect is called heat trans-
fer deterioration and is a major concern regarding methane as
coolant.6, 14, 22)

To study both effects, thermal stratification and heat trans-
fer deterioration, experiments were conducted with a subscale
research combustion chamber.



Table 1. Channel geometry.

sector S1 S2 S3 S4
height [mm] 2.0 2.8 30 9.2
width [mm] 1.2 0.8 0.3 0.5
aspect ratio [-] 1.7 3.5 30 9.2
number of cooling channels (per 90◦) 25 29 38 34

Fig. 2. Cut through the HARCC Segment

2. Experimental Setup

2.1. The HARCC Segment
To investigate the heat transfer for hydrogen and methane

in cooling channels with various aspect ratios the HARCC-
Segment (High Aspect Ratio Cooling Channels) was devel-
oped.20) The HARCC-Segment is a cylindrical combustion
chamber segment that has an inner diameter of D = 80 mm and
a length of L = 200 mm. It is divided into four sectors around
the circumference, each containing different cooling channel
geometries. Those are rectangular cooling channels with the
aspect ratios 1.7, 3.5, 9.2, and 30 (see figs 2, 3 and tab. 1). The
cooling channels are wire cut and closed with electro deposit
copper and nickel. Due to this manufacturing process the true
geometry slightly differs from the ideal rectangular shape. Fig-
ure 3 shows a picture taken after the succesfull test campaign,
when the segment was cut into slices. The edges are not pre-
cisely 90◦, on the bottom of the cooling channels due to the
wire diameter, the radius is r ≈ 0.15 mm. The upper part of the
channel is influenced by the electro deposit copper that slightly
reduces the cooling channel area.

The HARCC Segment is part of the combustion chamber
”‘D”’ that has an injector head with 42 coaxial injection ele-
ments.18) Due to this large number, the heat flux around the
combustion chamber circumference is assumed to be even. In
addition to that a 200 mm long cylindrical Standard-Segment is
placed between the injector head and the HARCC-Segment. In-
fluences of the injector head or uncompleted combustion on the
HARCC-Segment are therefore neglected. Figure 4 shows the
distribution of cooling fluids inside the combustion chamber.
The Standard-Segment is counter-flow cooled, the HARCC-
Segment is co-flow cooled. In that way, axial heat flux from
one segment to the other is prevented. For the same reason
the nozzle is counter-flow cooled with hydrogen, for the hydro-

Fig. 3. Detailed picture that reveals the true geometrie of the four sectors.

gen test case but, due to the different fluid temperature co-flow
cooled with water for the methane test case. For both test cases
the fluid temperatures at the interfaces are similar and axial heat
flux is prevented.

The mass flow that is used to cool the Standard-Segment is
injected into the combustion chamber whereas the mass flow
that is used to cool the HARCC-Segment is dumped. In that
way the HARCC-Segment can be controlled independently
from the remaining combustion chamber.

Orifices in the HARCC-Segment ensure that all sectors are
fed with nearly the same mass flow.
2.2. Measurement technique

The combustion chamber is intensively equipped with mea-
surement techniques. The mass flow for the Standard-Segment,
the nozzle and each of the 4 sectors of the HARCC-Segment
is measured with measurement turbines as well as pressure and
temperature sensors inside the piping system. The inlet and
outlet manifolds of each segment and sector are equipped with
pressure and temperature sensors to estimate the average heat
flux based on the calorimetric method. The calorimetric method
calculates the average heat flux according eq. 1 with the en-
thalpy difference between inlet and outlet and the mass flow.

q̇w =
ṁ
A

(hout(Pout,Tout) − hin(Pin,Tin)) (1)

The most important measures for the analysis of the heat
transfer are 80 thermocouples, 20 per sector that are integrated
into the combustion chamber wall between two cooling chan-
nels. These are integrated at four measurement positions at 5
different distances to the hot gas side. Table 2 summarize the
positions and fig. 5 shows the distribution of thermocouples
compared to the cooling channels in true dimensions.

The thermocouples are thermally insulated and spring-
pressed into the drill holes. This method significantly improves
the measurement signal.20, 21)

These temperature values can be used to numerically
recalculate the thermal field with an inverse temperature
method.5, 6, 9, 13, 20) The boundary conditions for this method are
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Fig. 4. Distribution of cooling fluids inside the combustion chamber (not to scale).

Table 2. Position of the thermocouples in the structure of the HARCC-
Segment

axial position P1 P1 P3 P4
distance from the inlet [mm] 52 85 119 152
radial position T1 T2 T3 T4 T5

distance from hot gas [mm] 0.7 1.1 1.5 1.9 7.5
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Fig. 5. Thermocouples and channel geometry in true dimension.

sketched in fig 6. The heat fluxes qin and qout as well as the
heat transfer coefficients α1−4 are adjusted by an optimization
algorithm until the measured and calculated temperature values
collide. This method is described in more detail in.5, 6, 13) The
inverse method provides a linear heat flux distribution at the hot
gas side that is used as a boundary condition for the numerical
simulations. Comparison between inverse method and common
calorimetric method shows satisfactory small deviations.5, 6)

3. Numerical Setup

The experimental results are used to validate numerical sim-
ulations performed with the commercial software ANSYS CFX
18.0. The boundary conditions are taken from the experiment
and are summarized in tabs. 4 and 5. At the inlet the measured
mass flow and temperature are used and at the outlet the static
pressure that is measured in the outlet manifold. At the hot gas
side two approaches are considered: 1. constant heat flux cal-
culated with common calorimetric method. 2. linear heat flux
calculated with the inverse method. Both approaches were used
with the ideal cooling channel geometry (tab. 1) and the second
approach was used with the ideal and the real measured geom-
etry (fig. 3).

Due to symmetry only half a channel is simulated. At the

Fig. 6. Boundary conditions for the inverse method (not to scale)

Inlet:
mass flow, temperature

Outlet:
pressure

Hot gas side
heat flux
(calorimetric / Inverse)

...

Fig. 7. Geometry and boundary conditions for the numerical setup.

inlet the flow is turned by 90◦. The outlet manifold is not con-
sidered. Figure 7 shows an example of the geometry and the
used boundary conditions.

As turbulence model the shear stress transport (SST) model is
used.12) The used mesh is a structured hexa-mesh that is refined
towards the walls and ensures a y+-value of ≈ 1.

Before closing the cooling channels were highly polished.25)

The roughness of such a polished area was measured at the
nickel part of a polished slice. The roughness was measured
to Ra = 0.196 µm. Equivalent sand grain roughness was calcu-
lated using equation 2.1) This value is used for the numerical
simulations.

ks = 5.86 · Ra ≈ 1.1 µm (2)

Thermal conductivity of the used copper alloy is: λ = 350 W
mK .

The fluid properties are applied using real gas tables for hy-
drogen10) and methane.19)



Table 3. Test cases to directly compare hydrogen and methane.

hydrogen methane
Pcc [bar] 49.1 50.2
ROF [−] 3.9 2.0
F [kN] 17.0 17.8
ṁINJ [ kg

s ] 0.79 1.85
ṁHARCC [ kg

s ] 0.65 1.74
ṁHARCC

ṁINJ
[−] 0.82 0.94

Tin [K] ∼65 ∼139

Table 4. Boundary conditions for the simulation with hydrogen.

S1 S2 S3 S4
ṁ [g/s/channel] 7.5 5.5 4.1 4.4
Tin [K] 63.5 65.8 65.0 66.0
Pout [bar] 155.3 155.7 154.5 155.6
q̇w(calo) [MW/m2] 26.3 22.7 16.7 21.5
q̇w,in(inverse) [MW/m2] 20.1 21.5 17.0 23.0
q̇w,out(inverse) [MW/m2] 25.2 18.4 16.4 16.5

4. Results

In this section the numerical results for the two test cases are
shown and compared to the experimental results.

The test cases are chosen due to a similar thrust and a similar
combustion chamber pressure of Pcc ≈ 50 bar. The test cases
and boundary conditions are summarized in tabs. 3 - 5.

The thrust depends on the mass flow and specific impulse.

F = ṁ · g · IS P (3)

For the same thrust this leads to:

ṁH2,tot · IS P,H2 = ṁCH4,tot · IS P,CH4 (4)

The total mass flow is the sum of fuel mass flow ṁH2 respec-
tively ṁCH4 and oxidizer mass flow ṁO2. Both are linked with
the mixture ratio ROF.

ROF =
ṁO2

ṁH2/CH4
(5)

That leads to a methane mass flow of:

ṁCH4 =
IS P,H2

IS P,CH4

1 + ROFH2

1 + ROFCH4
ṁH2 (6)

Because the coolant mass flow is not equal to the mass flow
that is fed into the combustion chamber, the ratio of coolant
mass flow to injector mass flow has to be considered. In the
analyzed test cases the ratio ṁHARCC

ṁINJ
is 0.82 for the hydrogen

test case and 0.94 for the methane test case. So the equivalent

Table 5. Boundary conditions for the simulation with methane.

S1 S2 S3 S4
ṁ [g/s/channel] 20.1 15.0 11.0 11.3
Tin [K] 138.6 139.5 139.1 139.8
Pout [bar] 78.1 77.8 78.0 78.6
q̇w(calo) [MW/m2] 14.5 13.3 11.4 16.0
q̇w,in(inverse) [MW/m2] 13.7 14.2 12.5 13.9
q̇w,out(inverse) [MW/m2] 14.7 12.5 14.9 13.8

coolant mass flow for the methane test case is relatively higher
compared to the hydrogen test case.

4.1. Hot gas side wall temperature
Figure 8 shows the hot gas side wall temperature along the

cooling channel length for all four sectors for hydrogen as
coolant. At the entrance, due to the unheated part followed by
the manifold that turns the flow 90◦ (see fig. 7) the hot gas
side wall temperature exhibits a strong decrease followed by a
strong increase. This entrance effect influences the temperature
until about x ≈ 0.05 m that is the first measurement position.
After this point, the wall temperature increases monotonically
with a nearly constant slope.

The magnitude of this slope rises with increasing aspect ratio.
This effect can be seen for test cases with a constant (calorimet-
ric) heat flux (red lines in fig. 8). The higher the aspect ratio,
the higher the temperature increase between x = 0.05 m and
x = 0.2 m. This outcome is due to thermal stratification that is
also discussed in more detail in sec. 4.3.. However when com-
pared to the test cases with a linear heat flux and especially the
experimental data, the impact of thermal stratification on hot
gas side wall temperature is small.

The comparison of ideal rectangular (blue line) to real mea-
sured geometry (green line) shows very small deviations, thus
the influence of the corner as well as the upper part can be
neglected. Especially for cooling channel S3 that exhibits a
round lower part (see fig. 3) has perfect alignment with the
ideal shaped result. So one can conclude that the side part of
the cooling channels have a way higher impact on heat transfer
compared to the top and the bottom walls.

The same trends can be seen for methane as coolant. The
hot gas side wall temperature for these test cases are shown in
fig. 9. The entrance effect is less pronounced. The impact of
thermal stratification is dominated by other effects. The temper-
ature increase is higher for lower aspect ratios. The results for
the ideal and the real geometry are equal and the results with a
linear heat flux at the hot gas side boundary show a very good
agreement with the experimental results. Only for S1 (AR:1.7)
the simulation overpredicts the experiment. Note that the scale
in fig. 9 was adjusted for this case.

Comparing hydrogen and methane, the temperature gradients
are higher for methane. This trend is even more distinct the
lower the aspect ratio of the cooling channel is. The lower the
aspect ratio the steeper the gradient. For sector 3 that has the
highest aspect ratio, the gradients are very similar. Thus one
can conclude that thermal stratification is of minor relevance
for methane and is dominated by other effects (at least when
regarding hot gas side wall temperature).

In summary the test cases with methane exhibit higher tem-
peratures for all sectors compared to hydrogen.
4.2. Structural temperatures

Figures 10 and 11 show a direct comparison of experimen-
tally measured and simulated temperature values inside the
structure between two cooling channels. Simulated was the
ideal rectangular shape with linear heat flux boundary condi-
tion. The overall comparison is very good for both coolants and
all aspect ratios (with the exception of S1 cooled with methane).
Higher deviations are for the low aspect ratio channels S1 & S2
cooled with hydrogen for the temperature values far away from
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(c) S4 (AR:9,2)
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Fig. 8. Hot gas side wall temperatures for cooling with hydrogen. Simu-
lations with the results for the kalorimetric and inverse mathod as well as
for the ideal and real geometry.
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(c) S4 (AR:9,2)
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(d) S3 (AR:30)

Fig. 9. Hot gas side wall temperatures for cooling with methane. Simula-
tions with the results for the kalorimetric and inverse mathod as well as for
the ideal and real geometry.
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Fig. 10. Direct comparison of simulated to measured structural tempera-
ture values (hydrogen).
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Fig. 11. Direct comparison of simulated to measured structural tempera-
ture values (methane).
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the hot gas side (the simulations underestimate these values)
and for high aspect ratio channels S3 & S4 cooled with methane
for the temperatures close to the hot gas side wall.

Comparing the difference between temperatures close to the
wall and temperatures far away from the hot gas side, the data
show a larger difference for hydrogen and an increasing trend
with increasing aspect ratio. This may limit thermal induced
stresses inside the structure for cooling with methane. For cool-
ing channel S3 the temperature values for the thermocouple that
is farest away from the hot gass side wall is still close to the in-
let temperature of the coolant. This indicates a strong thermal
stratification of the cooling fluid that can be seen for both fluids.
4.3. Thermal Stratification

Due to a limited mixing in cooling channels with a very high
aspect ratio the temprature in the lower part of the cooling chan-
nel is much higher than in the upper part.7) Figure 13 shows the
temperature distribution at the outlet of the cooling channels for
the testcases discussed above. For both cooling fluids, the tem-
perature in the high aspect ratio channels (S4 & S3) decrease
with cooling channel height. For hydrogen this thermal strati-
fication is more pronounced compared to methane. For hydro-
gen already the low aspect ratio channels (S1 & S2) show this
behavior and display a higher temperature at the bottom. In
contrast to that, the temperature distribution for low aspect ratio
channels cooled with methane, is even along the channel cir-
cumference but display a stratification towards the colder bulk
flow. This is probably due to the high variations in fluid proper-
ties close to the critical point. Particularly the thermal conduc-
tivity exhibits a minimum value at the pseudocritical tempera-
ture that prevents thermal mixing.

To quantify these results the ratio between the average tem-
perature in the upper 20% of the cooling channels to the lower
20% is calculated and displayed in fig. 12. This ratio decreases
with increasing aspect ratio for both coolants. For hydrogen
however the ratio is already low for the low aspect ratio cool-
ing channels S1 & S2, indicating already a certain stratifica-
tion, whereas for methane the temperature distribution for these
channels is nearly uniform. The higher the aspect ratio the
stronger the thermal stratification gets. Especially for hydrogen
cooling channel S3 (AR:30) exhibits a very strong stratification
and accordingly both the highest and lowest temperature values
in fig. 9(a).

Thermal stratification can also be recognized when analyz-
ing the heat flux around the circumference. Figure 14 shows
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Fig. 13. Temperature distribution at the outlet for all four sectors.

the heat flux around the circumference at measurement position
4 for each cooling channel and for both cooling fluids. For hy-
drogen, the heat flux decreases for the low and high aspect ratio
channels along the channel height. Most of the heat is trans-
ferred in the lower part of the channel. For methane however,
although a stratification is clearly visible, the heat flux is nearly
constant along the circumference for the low and high aspect
ratio channels. Thus the heat is transferred in both the lower
and upper part of the channel. For cooling channel S3, a peak
is discernable, close to the middle of that cooling channel. This
effect is due to the peak of specific heat cP at the widom-line
that leads lo a local improvement of the heat transfer.
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Fig. 14. Heat flux around the circumference for all four sectors.
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4.4. Simulations close to the critical point
Close to the critical point, the fluid properties change with

small changes in temperature and pressure. Together with a
high heat flux, this can lead to a separation of hot gas-like fluid
at the wall and cold liquid-like fluid in the bulk flow. This
leads to a locally decreased heat transfer coefficient. The phe-
nomenon, called heat transfer deterioration is a major concern
when methane is discussed as a coolant. This problem only oc-
curs close to the critical point and is therefore not an issue for
hydrogen.
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Fig. 16. Velocity at the symmetry line for a test case that exhibit HTD (S1
(AR:1.7)).

Figure 15 shows the wall temperature for S1 (AR:1.7) for a
test case where heat transfer deterioration occurred and figure
16 shows the velocity profile at the symmetry line for this test
case. Due to the lower density in the gas-like fluid at the wall,
the fluid is accelerated and a characteristic M-shaped velocity
profile is visible. Thus the simulations is capable to qualita-
tively describe the phenomenon that leads to the maximum in
hot gas side wall temperature

However the simulations in that area show strong deviations
to the experimental values. The turbulence model seems to un-
derpredict the turbulent mixing between gas-like and liquid-like
and accordingly overpredicts the hot gas side wall temperature.
The simulation overpredicts not only the absolute values but
also the onset of the maximum in axial direction. The tempera-
ture is higher and the temperature gradient is steeper compared
to the experimental results.

Figure 17 shows the deviation F between simulated hot gas
side wall temperature Tw,HG,sim and measured Tw,HG,exp hot gas
side wall temperature (F =

Tw,HG,sim−Tw,HG,exp

Tw,HG,exp
) as a function of re-

duced pressure and reduced temperature. The deviation is very
strong close to the critical point, where HTD occurs, but de-
creases with increasing pressure. This effect may also be the
reason for the high deviations for sector S1 in fig. 9(a).

Heat transfer deterioration primary occurs in cooling chan-
nels with a low aspect ratio.6) In Sector 3 (AR: 30) no HTD was
detected in the frame of these tests. Thus the deviation for the
simulation of this sector is very low (see fig. 17(b)).

5. Conclusion

Experiments with a subscale combustion chamber at real
conditions for hydrogen and methane as cooling fluids were
performed that cover a wide range of thermodynamic con-
ditions. These experiments were successful numerically re-
build. The agreement between experiment and simulation is
very good. The comparison between hydrogen and methane
show higher hot gas side wall temperatures and steeper gradi-
ents for methane. However the temperature decrease in radial
direction as well as the difference between hot gas side wall
temperature and structural temperature far away from the hot
gas side is lower for the methane test case. Therefore thermal
stresses are lower and the overall life time might be increased.
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Fig. 17. Deviations for sector 1 and 3 for all test cases.

The thermal stratification occurs in cooling channels with a
high aspect ratio for both fluids however it is more pronounced
for hydrogen compared to methane. This also leads to a more
homogeneous heat flux around the channels perimeter.

Heat transfer deterioration occurs in cooling fluids close to
the critical point. The numerical simulations overpredict tem-
peratures in this region and exhibit high deviations.
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