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Introduction

Combustion chamber wall structures re-
generatively cooled with liquid hydrogen ex-
perience a wide range of temperatures during
a firing cycle. Before ignition liquid hydrogen
with a temperature of about 35K enters the
cooling channels and cools down the wall
structures accordingly. After ignition the hot
gas side wall temperature increases to about
800K. On the coolant side wall temperatures
vary dependent on design and position typi-
cally between less than 100K and more than
600K. Properties of materials used for the
manufacturing of combustion chambers ex-
hibit in this wide temperature range a marked
temperature dependence. Especially in the
low temperature limit the thermal conductiv-
ity A, the specific heat cy, and the thermal ex-
pansion coefficient o show strong variations.

Life predictions for combustion chambers
rely on the modelling of transient thermal
fields and thermal gradients in the structure
during an operational cycle [1]. A typical

value for the sensitivity is a life time reduction
of 50% for an increase of the hot gas side wall
temperature by 40K [2].

The question therefore arises whether the
temperature dependence of the thermo-physical
and mechanical material properties have to be
taken into account during the thermal design of
cooling channels of regeneratively cooled com-
bustion chambers. During stationary thermal
conditions only the thermal conductivity con-
trols the thermal field. During start-up and
shut-down transients also the specific heat
comes into play. A temperature dependence of
these properties may influence the thermal field
in the structure and the associated thermal
loads. A temperature dependence of the expan-
sion coefficient is important for the analysis of
thermal stress, relevant for the life prediction of
components.

The paper starts with a general discussion
of the behaviour of the thermal conductivity A,
the specific heat cy, and the thermal expansion
coefficient o at low temperatures. In the focus
of the analysis is the consequence of the varia-
tion of A and cy with temperature on the sta-
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tionary and transient thermal field in the wall
of the L42 combustor, a liquid hydrogen
cooled model combustor operated at DLR
Lampoldshausen. This model combustor has
been used in extensive test campaigns for the
determination of heat transfer properties at
representative conditions [3, 7].

For the CuCrZr-alloy used as chamber
material the variation of the thermal conduc-
tivity with temperature has been determined
experimentally. The role of this temperature
dependence for the thermal field in the wall
structure is evaluated for the cooling channel
geometries used in the L42-combustor.

Finally the temperature dependence of
the specific heat and its influence on the
thermal gradients is discussed.

Low Temperature Behavior of Material
Properties

Specific Heat

The temperature dependence of the spe-
cific heat at low temperatures is a standard
example for material behaviour that can be
only explained with quantum mechanics [4,5].

The specific heat of solids at high tem-
peratures approaches a constant value
cy=3Nkg =24.94 J/mol/K (N is the number of
atoms, kg the Boltzmann-constant). At suffi-
ciently high temperatures all possible lattice
vibrations are excited. At low temperature the
thermal energy becomes to small to excite
modes with high excitation energy. The num-
ber of degrees of freedom participating at the
energy transfer is reduced, cy is decreasing. In
the frame of the Debey-model [5] this behav-
iour is described correctly. The temperature
dependence is controlled by the material spe-
cific Debye-temperature ®p. Especially the
Debey model is in agreement with the ex-
perimentally found behaviour for the limit
T<<®p, which is cyoc(T/Op)°. Approaching
absolute zero, the specific heat disappears.

In fig. 1 the specific heat calculated ac-
cording to the Debey-model and the data from
a database for low temperature properties are
shown. At 77K the specific heat has dropped to
about 50% of the value in the T>>@p limit, at
the boiling temperature of LH2 cy has about
3% of this value. The specific heat of Cu there-
fore varies significantly in the temperature
range of interest.

The value of the specific heat is not sensi-
tive to minor additions of foreign elements.
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Thermal Conductivity

Heat transport in a solid is based on two
transport mechanisms: anharmonicities of the
interaction potentials result in a coupling of dif-
ferent vibrational states (phonons) of the lattice
and free conducting electrons contribute to the
transport of thermal energy in the solid. In pure
metals the contribution of the electrons is sig-
nificantly larger than that of phonon transport
at all temperatures. In metals with impurities or
alloys the phonons are scattered at lattice de-
fects and foreign atoms and both contributions
can become of comparable size.

Thermal conductivities A for pure copper
and an alloy of 90% Cu and 10% Ni alloy are
shown in fig. 2. For copper A is increasing with
decreasing temperature until a maximum is
reached near 20K. This increase is typical for
pure metals [6]. In alloys due to phonon scatter-
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ing at the foreign atoms and lattice imperfec-
tions this increase is only weakly existent or
rather completely missing [6]. Tempered
probes exhibit a higher conductivity which
can be explained by healing of lattice defects.

The thermal conductivity of the CuCrZr-
alloy used for L42-combustor has been de-
termined experimentally in the range 4K-
293K (fig. 3). The decrease of A at low tem-
peratures typical for alloys has been observed.
For numerical simulations the temperature
dependence A(T) of our material has been ap-
proximated by the red line shown in fig. 3.
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Thermal Expansion Coefficeint

The anharmonicity of the interaction po-
tential between lattice atoms results in ther-

mal expansion of the solid. For a harmonic po-
tential

(1)  U(x)=cx?

the oscillation of the atoms around their equi-
librium position would be symmetric for all
temperatures. The mean distance between lat-
tice atoms would be constant, no thermal ex-
pansion would be observed. For a better ap-
proximation the potential is developed in a
Taylor-series around its minimum at the equi-
librium distance Xe:

(2 UX=cx’—gx®+...
The term gx® is responsible for the asymmetry

of the potential and for the mean distance be-
tween two lattice atoms one gets [5]

3
@ (X)=x +%kBT

The thermal expansion coefficient can be de-
rived from the mean distance <x>:

1 d(x) _3 ke
=12
(x) dT ~ 4 x,c?

This simple approximation predicts a constant
expansion coefficient o. At low temperatures
experiments show a temperature dependence of
o. The thermal expansion and the correspond-
ing expansion coefficient for Cu are plotted in
fig. 4. a(T) approaches zero at low tempera-
tures and is rather constant for T>150K. The
expansion coefficient is not sensitive to impuri-
ties in the solid, thus the data are a good ap-
proximation for the properties of our alloy.
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Combustion Chamber L42 for Heat Trans-
fer Investigations in Cooling Channels

For basic investigations of technologies
for regenerative cooling the modular combus-
tor L42 has been developed at DLR Lampold-
shausen, which allows testing combustion
chamber modules of various functionalities.
One segment is especially dedicated to inves-
tigate heat transfer in cooling channels with
high aspect ratio. This HARCC-segment
(HARCC: High Aspect Ratio Cooling Chan-
nel) has around its circumference four 90°
sectors each with cooling channels of a differ-
ent aspect ratio ranging from 1.7 to 30 (Table
1). In the hot runs the structural temperature is
measured at several axial positions. At these
positions the temperature is determined at
various distances from the hot gas wall with
thermocouples (Fig. 5). Details concerning
the design and manufacturing of the HARCC
segment can be found in [3]. In the following
the temperature field is discussed at two axial
positions, position 1, 52.5mm and position 2,
152.5mm downstream stream the cooling
fluid inlet.

With inverse methods from the tempera-
tures measured at discrete locations the ther-
mal field in the wall structure is reconstructed
[7]. In this context the question arose, how the
temperature dependence of the thermal con-
ductivity influences the resulting solution for
the thermal field.

The combustor wall is manufactured
from different materials (Fig. 6). The hot gas
wall is build from the CuCrZr-alloy. The
cooling channels are closed with a layer of
galvanic deposited copper (eCu), a galvanic
Ni-layer (eNi) is added to withstand the me-
chanical loads. The values for the thermal
conductivity used in the analysis are summa-
rized in Table 2. The value for the CuCrZr-
alloy is from the material data sheet and has
been determined at room temperature.

To identify the influence of the tempera-
ture dependence of the thermal conductivity
the thermal fields are determined first assum-

4

ing constant A using the value of Table 2 for
the CuCrZr-alloy. Then the thermal field is cal-
culated assuming the temperature dependence
A(T) as plotted in Fig. 4. The thermal conduc-
tivities for eNi and eCu has been kept constant
in both cases. The operational points chosen in
the following correspond to test cases experi-
mentally investigated at the HARCC-segment

[7].

Table 1
sector | width [mm] | height [mm] AR H/B
Q1 1.2 2 1.67
Q2 0.8 2.8 35
Q3 0.3 9.0 30.0
Q4 0.5 4.6 9.2
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Temperature Field at Stationary Condi-
tions

The wall temperature is calculated using
the commercial code FlexPDE. For a 2D-
geometry representing the cooling channel
cross sections and the materials of the wall
the heat conduction equation is solved nu-
merically:

(5)  V-(AVT)=0

On the hot gas- and coolant-sides following
boundary conditions have been assumed:

oT
(6) EZ(IHG (The —T)
on the hot gas-side and

oT
(7 an = e (Ter = T)

on the cooling channel side.

The hot gas temperature Ty and the tem-
perature of the cooling fluid Tcr as well as the
heat transfer coefficients on the hot gas side
anc and the coolant side acr have been cho-
sen corresponding to the results of the analy-
sis of the experimental data from the
HARCC-segment. ace is assumed to be con-
stant along the circumference of the cooling
channel. The boundary conditions for the de-
termination of the thermal fields at axial posi-
tions 1 and 2 are summarized in Tables 3 and
4. The main difference is due to the tempera-
ture increase of the coolant at the downstream
position 2 as compared to the upstream posi-
tion 1.

In fig. 7 the computational area and the
thermal conductivity of the different materials
is shown for a temperature dependent A(T) of
the CuCrZr-alloy. Clearly the reduction of
MT) in low temperature regions in the
CuCrZr-layer is seen.

For axial position 1 the difference
ATw=T,-T. between the thermal fields T. ob-
tained assuming constant A and T, assuming
a temperature dependent thermal conductivity
M(T) is shown in Fig. 8 for aspect ratios of

H/B=1.7 and H/B=30. The low value of A in
the cold regions results in an increase of tem-
peratures near the hot-gas side and a decrease
in the other regions. With increasing aspect ra-
tio the heat flux through the cold fins increases
as compared to the flux through the bottom of
the cooling channel. Due to the cold tempera-
tures in the fins A(T) decreases there and higher
hot gas-wall temperatures result as compared to
the case with constant A. In table 5 the differ-
ences ATy of the hot gas-side wall temperatures
are listed for the four aspect ratios. Assuming a
temperature dependent A(T) for H/B=30 the
hot-gas wall temperature is 9.1K above the
value obtained with constant A.

The temperature in the wall structure in-
creases downstream due to the increase of the
temperature of the cooling fluid. The reduction
of A(T) in the cold regions is less significant.
As can be seen in table 6 at the downstream po-
sition 2 ATy is reduced.

For the simulations up to now cooling fluid
temperatures have been chosen resulting from
the analysis of stationary flow conditions at the
HARCC experiments. However in combustion
chambers the temperature of LH2 at the cooling
channel inlet can be significantly colder. There-
fore the analysis has been done for an assumed
temperature Ty,=50K for cooling fluid. The
heat transfer coefficients have been chosen ac-
cording to table 3.

The colder cooling fluid reduces the wall
temperature and therefore the temperature de-
pendent A(T). As can be seen in fig. 9 and table
7 the hot gas-side wall temperature is increased
by up to 29.7K in the case of temperature de-
pendent A(T).

Table 3
pOSition 1 The OHG T Olce
H/B | sector | [K] | [Wim¥K] | [K] | [W/m%K]

1.7 Q1 3347 1.03e4 85 1.00e5

35 Q2 3347 1.03e4 90 1.04e5

9.1 Q4 3347 1.03e4 95 1.08e5

30 Q3 3347 1.03e4 100 1.13e5
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Table 4
position2 | The OlHG Thz Olcr
H/B | sector | [K] | [W/m¥K]| [K] | [W/mYK]
1.7 Q1 3347 1.03e4 125 1.3e5
35| Q2 | 3347 | 1.03e4 137 1.3e5
9.1 Q4 3347 1.03e4 149 1.3e5
30 Q3 | 3347 | 1.03e4 160 1.3e5
Table 5
position 1 Tw [K] ATw[K]
H/B | sector | A=const. A(T)
1.7 Q1 380.9 385.0 4.9
35 Q2 363.3 369.4 6.1
9.1 Q4 349.9 358.2 8.3
30 Q3 343.6 352.7 9.1
Table 6
position 2 Tw [K] ATy [K]
H/B | sector | A=const. MT)
17 Q1 386.2 391.2 4.0
35 Q2 385.1 390.9 5.8
9.1 Q4 385.7 392.1 6.4
30 Q3 389.5 395.4 5.9
Table 7
position 1 Tw [K] ATw [K]
H/B | sector | A=const. A(T)
1.7 Q1 349.0 361.3 12.3
35 Q2 326.6 345.7 19.1
9.1 Q4 308.3 334.6 26.3
30 Q3 297.3 327.0 29.7
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Transient Temperature Fields

The instationary heat transfer problem is
analysed based on following differential equa-
tion:

(8) m(T)%—V-(WT):W

There are no heat sinks or sources in the

structure, therefore there is W = 0. On the hot
gas- and coolant-side according to boundary
conditions (6) and (7) it is

) W =-a,; Ty —T)
on the hot gas-side and
(10) W = e (Tee —T)
on the coolant side.

At LH2-temperatures cy decreases to a
view percent of its value at ambient tempera-
tures. Looking to equation (8) one could ex-
pect high temporal gradients at these condi-
tions. To evaluate the consequences of cy (T)
the transient evolution of the thermal field in
the structure is analysed when the hot gas
wall temperature Tyg is instantaneously in-
creased from 40K to 3347K. The results as-
suming a constant value of the specific heat of
€o=385 J/kg/K are compared with that of a
temperature dependent value cy(T) as shown
in fig. 1.

The temperature of the coolant was 40K
in this simulation, the hot gas- and coolant-
side heat transfer coefficients were
an6=1.033-10" W/m°/K and ocr=1.083-10°
W/m?K. The thermal conductivity was mod-
elled according the temperature dependence
shown in fig.3. The evolution of the thermal
field is evaluated at three positions in the wall
(see fig. 7). The instantaneous temperature in-
crease is switched on at t=0.

The assumption of a temperature depend-
ent specific heat results at all three position in
a faster increase of temperature, the thermal
wave enters the combustor wall more quickly.
As shown in fig. 10 at a specific time the
maximal difference in temperatures as com-

pared to the assumption of constant ¢, is always
below 30K. In both cases the highest tempera-
tures are reached at stationary conditions after
about 100ms.

The temporal temperature gradients are as
expected higher when assuming a temperature
dependent cy(T) as compared to constant co
(see fig. 11). On the hot gas-wall after 0.1ms
the difference is about a factor of 1.7, the dif-
ference is disappearing when approaching sta-
tionary conditions. At all evaluated positions
after 10ms the rate of temperature variation is
rather identical.

At t=0 the highest spatial temperature gra-
dients are observed at position a on the hot gas
side (fig. 12). At this position a temperature
dependent specific heat cy(T) results in a gradi-
ent somewhat below that assuming constant co.
Inside the combustor wall and at the bottom of
the cooling channel the gradients start to in-
crease later. For positions b and ¢ with assump-
tion of a temperature dependent cy(T) one gets
larger gradients than with constant c,. The dif-
ferences in the spatial gradients are however
not very pronounced.
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Summary and Discussion

In the temperaure range typical for wall
structures of cryogenic combustors the ther-
mal conductivity, the specific heat, and the
thermal expansion coefficient vary signifi-
cantly for Cu-alloys. The values of all three
properties approach zero at very low tempera-
tures.

The decrease of the thermal conductivity
results in an increase of the hot gas-wall tem-
perature. This increase can be significant espe-
cially near the cooling fluid inlet, when its tem-
perature is still low and A is reduced strongly.

The decrease of the specific heat results in
a faster penetration of the thermal wave into the
structure when the hot gas temperature is in-
creased instantaneously. However in view of
the pronounced variation of cy with tempera-
ture the thermal transients show only minor dif-
ferences as compared to assuming a constant
specific heat.

References

1. J. Riccius, E.B. Zametaev, Stationary and dynamic
thermal analysis of cryogenic liquid rocket combus-
tion chamber walls, AIAA 2002-3694, 38th Joint
Propulsion Conference, 2002

2. Fréhlich, M. Popp, G. Schmidt, D. Thelemann. Heat
Transfer Chraracteristics of H2/02 Combustion
Chambers, AIAA 93-1826, 29th Joint Propulsion
Conference, Monterey, CA, 1993

3. D. Suslov, A. Woschnak, J. Sender, M. Oschwald,
Test specimen design and measurement technique
for investigation of heat transfer processes in cool-
ing channels of rocket engines under real thermal
conditions, AIAA 2003-4613, 39th Joint Propulsion
Conference, Huntsville, 2003

4. C. Kittel, Introduction to Solid State Physics, John
Wiley and Sons, 1986

5. N.W. Ashcroft, N.D. Mermin, Solid State Physics,
CBS Publishing Asia Ltd., 1987

6. R.L. Powell and W. A. Blanpied, Thermal Conduc-

tivity of Metals and Alloys at Low Temperature,
NBS Circular 556, 1954

7. Woschnak, D. Suslov, M. Oschwald, Experimental
and Numerical Investigations of Thermal Stratifica-
tion Effects, AIAA 2003-4615, 39th Joint Propul-
sion Conference. Huntsville, 2003



