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1 Introduction

1 Introduction
ESA outlines the requirements for Hot Testing Facilities for ELV Propulsion Characterization in the appendix 1 of Ref. [3] given supplementary to the invitation to tender.
The investigation is motivated by discrepancies between the wind tunnel simulations
with cold jet-on conditions and actual in-flight measurements on the Ariane 5. Based on
these experiences, ESA lists the requirements described hereafter for the future facility.
The facility is specified to

2
2
2
2
2

operate in the transonic flight regime between Mach 0.8 and 1.3.
allow geometric scaling.
allow accurate Reynolds number scaling.
allow similarity between the test plume and flight plume.
similarity between plume and free stream.

Furthermore, it is desired to take future developments as described in Ref. into consideration, meaning the facility must include the possibility to simulate

2
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a single plume stage like VEGA and also
multiple plumes stage similar to Ariane IV and Ariane V first stages.

ESA refers to the investigations of Ref. to express the

2

need for investigations with hot plumes.

The goal is to provide accurate and flight representative data concerning

2
2
2

the underestimated base pressure and the interrelated base drag,
the heat loads,
and the fluctuating loads on the nozzle

for a better understanding of the physics and particularly for

2

the validation of CFD computations.

According to Ref., the desired outcome under consideration of the proposal of the DLR
(Ref.) should be:

2
2

A strong justification for a European hot plume facility.
A definition of the required scaling parameters to ensure similarity between tests
and flight.

1

1 Introduction

2
2
2
2

A complete design for a hot plume wind-tunnel.
A complete design for the auxiliary facility and infrastructure.
A cost analysis for construction and completion of the facility.
Professional and technical drawings for the facility and wind tunnel developed in
the frame of the contract.

DLR proposed to organize these objectives with the work structure presented in Ref. [15].
A list of the tasks with the number of the corresponding work packages, title and deliverable is given in Tab. 1. For a better readability, the work packages were reorganized
according to the list given in Tab. 2.
Table 1: List regarding to the work structure as proposed in Ref. [15].
Work
package
WP1
WP2
WP2
WP2
WP2
WP3
WP3
WP4

Task
Task
Task
Task
Task
Task
Task
Task
Task

1
2
4
5
6
7
8
9

Title

Deliverable

Scope of Operation of Wind tunnel
Scaling Issues
Measurement Techniques
Design Trade-Off
Aerothermodynamic Design
Wind Tunnel Design
Facility Design
Cost Analysis

TN2100
TN2200
TN2300
TN2400
TN2500
TN3100
TN3200
TN4100

Table 2: Reorganized work structure.
Title
Scope of Operation
Scaling Issues
Measurement Techniques
Aerothermodynamic Design
Model and Facility Design
Design Trade-Off and Cost Analysis

Deliverable
TN2100
TN2200
TN2300
TN2500
TN3132
TN2441

Chapter
2
3
4
4
6
8

In detail, chapter 2 evaluates the scope of operation of the future facility. The conditions
during the ascend of representative space transportation systems are presented and it
is discussed how these conditions can be duplicated in wind tunnel experiment. In

2

1 Introduction
chapter 3, the influence of different mixture ratios and the turbine exhaust gas are
discussed and investigated numerically. Chapter 4 then investigates the concept of an
upstream supported wind tunnel model, which is refined in chapter 6. Chapter 5 goes
into the details of the combustion chamber design. Then, the different wind tunnel
concepts and wind tunnel model concepts are discussed in chapter 6. The measurement
techniques under consideration are studied in chapter 7, and finally, the report concludes
with the cost analysis in chapter 8.
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2 Scope of Operation of Wind Tunnel - TN2100
Space transportation systems are exposed to high mechanical and thermal loads. Especially the base flow issue is very challenging. For the failure of flight 157 in 2002
of Ariane 5 (Ref. [2]), the inquiry board found as one of the most probable reasons
for failure the non-exhaustive definition of the loads to which the Vulcain 2 engine is
subjected during flight. For the next generation launcher, this has to be avoided under
all circumstances and is also of importance for the development of the current Ariane 5
system. Consequently, it is crucial to correctly predict and specify the loads on space
transportation systems.
Ariane 5 uses an hydrogen/oxygen combustion that is exposed to a set of issues that
differ from a pure solid propellant concept, like afterburning of the hydrogen rich fuel
in the shear layer of the plume. This causes heat loads that have to be considered.
Currently, there is no facility in Europe that offers the opportunity to study hot plume
effects, not to mention with hydrogen/oxygen combustion. Consequently, there is a lack
of data available with respect to prediction and specification, but also for numerical
validation.
The Ariane 6 concept is very likely to be what was named PPH -configuration, meaning
a configuration with three stages, while the first and second stage use solid propellants
and the upper stage uses oxygen/hydrogen as propellant. Additionally, the first stage is
foreseen to feature two to three boosters in parallel.
The Ariane 6 concept imposes challenges that differ from the ones encountered before.
Now, two-phase flow and multiple nozzle effects have to be taken into account for the
base loads due to the solid propellant and, obviously, the booster arrangement. Among
other challenges, one has to deal with:
• Multiple-plumes interaction.
• Base heating resulting from flow circulation.
• Base heating resulting from radiation including solid particle radiation.
Fig. 1 from Ref. [32] is given to visualize the first two challenges on the list. It shows the
recirculation region at various altitudes. It becomes apparent that the circulation region
has to be investigated with care for different environmental conditions since the multipleplumes interaction results in a transport of kinetic and thermal energy in the base region.
Regions of high-temperature flow with hot spots is one of the known outcomes of the
shock wave interaction of plumes. Thus, thermal protection systems have to be designed
appropriately.
Further, most solid propellants contain finely ground aluminum powder to improve the
specific impulse, which then react to aluminum oxide during the combustion process.

6
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Figure 1: Recirculation regions at various
altitudes (Ref. [32]).

Depending on the mass fraction, the particles may influence the structure of the plume
due to the relative lag to gaseous flow. Additionally, it is found that the particles are
arranged in the flow field according to their size, e.g. heavier particles resided in the
core region. Lag and size distribution have a strong influence on the thermal emission
from the plumes [32].
As one of the consequences of the Ariane 5 flight 157, the responsible inquiry board
requested an assessment of possibilities for simulation during ground tests of loads observed during actual flight (Ref. [2]). Despite the challenging nature, the paper at hand
presents an advanced approach to simulate the occurring loads for the existing and future space transportation systems in Europe. It will provide high quality data for the
validation of numerical results.
2.1 Mission Profile of Representative Launchers
One of the objectives for the hot testing facility is to be applicable to future ELV propulsion systems. In order to do so, the trajectories of several different space transportation
is presented in this chapter. Then, the International Standard Atmosphere is used to
develop the typical non-dimensional figures of merit. In a last step, a reference trajectory
is chosen for the detailed analysis.
Fig. 2 and Fig. 3 shows the trajectory as it is given by most user’s guides of the individual
space transportation system. The space transportation systems here are the European
representatives Ariane 5, Vega, Ariane 4 and Soyuz, LM-3A, Angara Proton. The
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Figure 2: Altitude over time for
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Figure 3: Velocity over time for
various launchers

trajectories show that course of altitude or velocity over time of the various systems is
relatively similar.
The ambient conditions are required for the determination of aforementioned figures of
merit and the later introduced similarity ratios. Thus, they are plotted up to an altitude
of 24 km in Figs. 4 to 6. The ambient temperature (Fig. 4) as influential parameter for
the Mach number decreases constantly in the troposphere and is then assumed to be
constant for altitudes beyond the tropopause. The speed of sound (Fig. 7) decreases
correspondingly. The ambient pressure and density also decrease according to Fig. 5
and Fig. 6.
One of the main figures of merit, the Mach number is now plotted in Fig. 8 for the
complete flight path. As it can be seen in the close up (Fig. 9), the transonic flight regime
as region of interest is passed at the latest after about 100 s (Ariane 4, M a = 1.5).
With respect to the altitude, the Mach number is plotted in Fig. 10.
The second main figure of merit, namely the Reynolds number is plotted over the Mach
number in Fig. 11. It is only shown here for Ariane 4, Ariane 5 and Vega. This is
basically the operational range that has to be met for simulations. It can be seen
that at first, the unit Reynolds number increases due to the increasing velocity of the
space transportation system. In the transonic regime, the Reynolds number reaches a
maximum and decreases afterwards. This is assigned to the decreasing density in higher
altitudes.
Note, that the trajectories of the various space transportation systems are comparable.
With respect to the shown ones, the parameters lay in a small corridor between the
trajectory of Ariane 4 and Vega. The trajectory of Ariane 5 is located very closely to a
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path in the middle of that corridor, it seems to be very similar to the others and since it
is the main existing European space transportation system, it will be taken as reference
trajectory for the later shown similarity studies.
The Mach numbers can easily be duplicated for transonic wind tunnel testing by simply
using the appropriate expansion ratio of the wind tunnel nozzle. The unit Reynolds
number as shown in Fig. 11 instead imposes serious difficulties. This becomes obvious
when comparing the operational range of the two exemplary wind tunnel facilities VMK
and TMK with the graph before. Fig. 12 and Fig. 13 return the potential unit Reynolds
number as a function of the Mach number.
It can be seen that the unit Reynolds numbers are in the same range. Consequently,
there is a discrepancy of the one to two magnitudes since it has to be multiplied with
either the original characteristic length of the space transportation system or the length
of the wind tunnel model. The wind tunnel model is usually scaled by a factor of ∼ 50
to ∼ 150.
This discrepancy can be solved by increasing the free stream unit Reynolds number in
the wind tunnel, which can be done by increasing the reservoir pressure or decreasing
the temperature. Both methods impose additional challenges leading to a string of
consequences, like increased wall thicknesses of the new wind tunnel or cooling the
ambient flow with liquid nitrogen. Finally, these efforts are mirrored in expenses for
transonic wind tunnel testing. Another option is to have a closer look first at the
sensitivities that dominate the mechanisms of base flows. This is done in the following.
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Figure 12: Operational range of VMK
(Ref. [36]).

Figure 11: Unit Reynolds number
over Mach number in the transonic regime for Ariane 4, Ariane 5 and Vega

Figure 13: Operational range of TMK
(Ref. [11]).

11

2 Scope of Operation of Wind Tunnel - TN2100
2.2 Sensitivities
The base pressure plays a major role in the development with respect to the imposed
thermal and mechanical loads on the base. It is the driving parameter with respect to
the plume shape, thus the parameter that influences mostly the effects of the ambient
flow/plume flow interaction. Ref. [6] shows in his model that the location of the shearlayer of the ambient flow and the shear-layer of the supersonic nozzle flow is dependent
on the ratio between the base pressure and the ambient pressure (Fig. 14).
Consequently, the base pressure has also an impact on buffet/buffeting. Ref. [38] transferred the idea of the flow over a cavity on the Ariane 5 base flow. As shown in Fig. 15,
the recirculation region of the base of Ariane 5 is here considered to be similar to a cavity.
Further, in that paper, it is described that "the main source that induces base-flow buffeting is assumed to be a the instability of the free shear-layer emanated from the edge of
the central body...". "This kind of instability... interacts with the upstream propagating
acoustic waves, generated by the impingement of the vortices associated with the shear
layer, along the external surface of the ... nozzle downstream. This interaction amplifies
the instability of the shear layer resulting in a shedding of new vortices or oscillatory
waves, and possibly and amplitude increase in the shear layer excitation. In this way,
the vortices or oscillary waves and the acoustic disturbances form a feedback loop."
In Ref. [27], several correlations can be found to calculate the base pressure for geometries similar to projectiles. The simplest correlation of Gabeaud or Kármán and Moore
only consider the Mach number. More sophisticated correlations of Hill, Cope, Hoerner,
Kurzweg identify further important parameters: the dynamic heat, the surface temperature and the boundary layer thickness increase the base pressure. The angle of attack
obviously also impacts the base pressure. But, it is also stated for several correlations
that base pressure is not strongly/not influenced by the model length or the Reynolds
number (as long as it is turbulent/high enough).
This approach seems to be valid if compared to the experimental results shown in Fig. 16
and Fig. 17. The two different graphs represent the results of investigations with two
different jet Mach numbers, two different pylon/nozzle lengths and different Reynolds
numbers. For both, several pressure tabs arranged in the azimuthal direction on the
base do not detect an influence when the Reynolds number is changed. Thus, these
experiments and the correlations, which are also partially based on experiments, indicate
strongly that the Reynolds number similarity between wind tunnel tests and flight is not
required as long as the boundary layer on the wind tunnel model is turbulent.
As it can be seen in the previously presented graphs, other parameters like the pylon/nozzle length or the jet Mach number are influential. It shows that a shorter nozzle
length decreases the base pressure due to different reattachment mechanisms, which are

12
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Figure 14: Base pressure influence to jet
and shear-layer envelope (Ref. [6]).

Figure 15: Ariane 5 base buffeting model
(Graph from Ref. [38]).

sketched in Fig. 18 for a free reattachment and in Fig. 19 for a reattachment on the
nozzle. In this case without nozzle flow.
A higher jet Mach number decreases the base pressure and so does the increasing ambient
flow Mach number as shown in Fig. 20. A higher stagnation temperature, higher nozzle
deflection angle and larger boundary layer thickness leads according to Fig. 21, Fig. 22
and Fig. 23 to higher base pressures.
A more complex behavior can be found for an increase of the reservoir pressure in the
wind tunnel model. As it is shown in Fig. 24 and Fig. 25, the base pressure first decreases
with increasing pressure to a certain point, and then increases again. According to
Ref. [31], the decreasing branch is attributed a nozzle flow that is detached from the
nozzle contour. The ejector effect causes a decrease of the base pressure as long as the
nozzle flow is detached. For higher pressure ratios, the displacement effects of the nozzle
flow causes an increase again.
Most studies in the past have been conducted with cold nozzle flows and do not take
temperature effects into account. During the ascend of Ariane 5, higher base pressures
have been observed though, which have an influence on the flight performance. In experiment, this was found as well as it can be seen in Fig. 27 and Fig. 26. An increase of the
temperature in the jet causes an increase of the base pressure. The temperatures shown
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Figure 16: Effect of Reynolds number
and flow reattachment on nozzle for
Mach 2.0. The x-axis describes the azimuthal location of the individual pressure tab (Ref. [39]).

Figure 17: Effect of Reynolds number
and flow reattachment on nozzle for
Mach 3.0. The x-axis describes the azimuthal location of the individual pressure tab (Ref. [39]).

though are still too low in comparison to realistic exhaust plumes. Future investigations are recommended to goal for higher temperatures to capture the real temperature
effects.

14

2 Scope of Operation of Wind Tunnel - TN2100

Free flow reattachment

Figure 19: Reattachment of the flow on
the nozzle contour (Ref. [39]).

Figure 20: Effect of free stream Mach
number (Ref. [39]).

Figure 21: Effect of stagnation temperature (Ref. [39]).

Figure 18:
(Ref. [39]).
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Figure 22: Effect of nozzle deflection angle (Ref. [39]).

Figure 23: Effect of boundary layer thickness (Ref. [39]).

Figure 24: Effect of "combustion" chamber pressure for a short pylon length
(Ref. [39]).

Figure 25: Effect of "combustion" chamber pressure for a long pylon length
(Ref. [39]).
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Figure 26: Effect of jet temperature
(Ref. [39]).

Figure 27: Effect of jet temperature
(Ref. [39]).

2.3 Ariane 5 Ascend Conditions
2.3.1 Physical Properties at the Core Stage
Fig. 28 depicts the ascend of the Ariane 5 space transportation system in terms of
altitude and Mach number. The ascend is a result of a simulation conducted within
the department of Supersonic and Hypersonic Technology Department of the German
Aerospace Center. The simulation tool was extensively tested in the past and double
checked for the work here against the distinctive points along the ascend listed in the
section Flight sequence released after every Ariane 5 launch (e.g. [20]).
The graph shows that the region of interest, namely the transonic flow region, is located
in the troposphere between a height of 2 and 9 km. The troposphere exhibits a decreasing
pressure, density and temperature with increasing altitude, which explains the course of
the graphs following later. In these graphs, thermodynamic ratio are plotted over the
Mach number since it is, as shown in Fig. 28, interlinked with the altitude and makes
more sense for comparison with experiments or wind tunnel parameters.
Since this study is motivated by aft flow issues, which is influenced by the interaction between the exterior/ambient flow around the space transportation system and the plume
from the nozzle, the physical properties exiting the nozzle need to be estimated. By
using a program called the Rocket Propulsion Analysis [28], the physical properties at
the nozzle exit can easily be calculated with a one-dimensional approach. The Vulcain 2
design parameters according to [16] are listed in Tab. 3 and are used as input parameters for before mentioned tool. The output is summed up in Tab. 4. Since the two
operational modi of the Vulcain 2 are used during the Ariane 5 ascend and since these
to modes do not differ by much, the exit conditions are considered to be constant. The
one-dimensional approach is justified because it can be used without further ado and is
sufficient to describe the driving mechanisms.
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Table 3: Vehicle design parameters of H173 Ariane 5E [16].
Engine designation
Propellant
Chamber pressure
Nozzle expansion ratio
Mixture ratio

pCC

O/F

Vulcain 2
LOX/H2
11.5
58.5
6.1:1

MPa

Table 4: Physical properties at the nozzle exit of Vulcain 2 calculated with [28].
Nozzle
Nozzle
Nozzle
Nozzle
Nozzle

exit
exit
exit
exit
exit

pressure
density
temperature
velocity
Mach number

pe
ρe
Te
ve
M ae

0.0153
0.0198
1330.3
4322.6
4.41

MPa
kg/m3
K
m/s

The ratio between of the driving physical parameters is used to describe the relation between the ambient flow (subscripted with ∞ ) and the nozzle flow at the exit (subscripted
with e ). One of the most important parameters with respect to the plume shape is the
Nozzle Pressure Ratio (N P R) shown in Fig. 29. The blue curve represents the results
with an exit pressure as given by an one-dimensional isentropic expansion, the pink
curve uses the nozzle exit pressure from a two-dimensional numerical simulation with
a truncated ideal contour (TIC) nozzle comparable to Vinci 2 nozzle ([7]). The exit
pressure of the latter is taken at the exit in the boundary layer along the contour.
The N P R determines if the nozzle flow is overexpanded (N P R < 1), adapted (N P R = 1)
or underexpanded (N P R > 1). Fig. 29 reveals that the nozzle flow is overexpanded
in the whole transonic regime. The TIC nozzle indicates an adapted state at Mach 1.2.
But, this is only valid for the pressure at the contour. In the core though, flow still
features a lower static pressure since this is where the nozzle reaches first high Mach
numbers.
The N P R is also, besides the Mach number of the nozzle, an influencing parameter for
flow separation within the nozzle. The higher the ambient pressure is, the lower is the
N P R and the more likely is the flow to separate in the nozzle. A separated nozzle flow
is, due to high side loads, an undesired state, and thus kept small by an appropriate
design in the nominal case.
Since the one-dimensional analysis (blue curve) indicates a flow separation in the nozzle
due to the low N P R (see [13]), the two-dimensional approach with a higher exit pressure
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Figure 28: Altitude over ambient Mach Figure 29: Nozzle pressure ratio (N P R)
number for Ariane 5 for the transonic
over Mach number for the ascend of Arflow regime.
iane 5. Blue for 1D (Tab.4), pink for
2D approach (numerical simulation of D.
Banuti).
(higher N P R) due to the truncated geometry is plotted in the same graph to show that
the flow actually does not separate in the nominal case. Note again, that one of the
objectives of the one-dimensional investigation is to identify sensitivities and to study
similarities between flight and experiment.
The N P R is increasing with higher Mach numbers, which is due to the decreasing
ambient pressure at higher altitudes. The risk of flow separation reduces correspondingly.
Similar courses can be found for the density ratio and the temperature ratio according
to Fig. 30 and Fig. 31, respectively. The rocket engine parameters at the exit stay
constant, while the ambient temperature and the density decrease with altitude in the
troposphere. The temperature ratio was chosen since it plays an important role with
respect to viscosity effects.
Further, the space transportation gains obviously speed, which is reflected in the decreasing velocity ratio in Fig. 32. The counteracting course of the velocity ratio and the
density ratio result in an turning pint in the impulse density course in Fig. 33. Velocity and density gradients play an important role in the formation of Kelvin-Helmholtz
vortices. Interesting here is that buffeting was found to be highest at about Mach 0.8
[8].
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2.3.2 Physical Properties at the Boosters
The conditions at the exit of the booster nozzle and the accompanying similarity ratios
during the ascend are determined correspondingly. Tab. 5 shows the main engine parameters of the P240 booster of Ariane 5. These engine parameters define the conditions
at the exit of the nozzle, which are shown in Tab. 6.
Table 5: Vehicle design parameters of P240 booster of Ariane 5E [16].
Engine designation
Propellant
Chamber pressure
Nozzle expansion ratio

pCC


P240 Ariane 5E
HTPB1814
6.13
10.36

MPa

Obviously, the conditions at the boosters change during the ascend as well. Fig. 34
to ?? reflect the similarity ratios again for the pressure, density, temperature, velocity
and impulse density. Note, that the pressure ratio for the booster is higher, which is
due to the adaption of the nozzle flow to lower altitudes. Consequently, the nozzle flow
is less sensitive to flow separation.
Table 6: Physical properties at the nozzle exit of P240 booster calculated with [28].
Nozzle
Nozzle
Nozzle
Nozzle
Nozzle

exit
exit
exit
exit
exit

pressure
density
temperature
velocity
Mach number

pe
ρe
Te
ve
M ae

0.0896
0.1465
2137.7
2569.5
3.0

MPa
kg/m3
K
m/s
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2.4 Experimental Simulation of Ariane 5 Ascend
In the following section, it is discussed how space transportation systems can be simulated in experiments. As baseline, the Ariane 5 is chosen with the core stage and
the boosters. Consequently, it is studied how a hot plume can be realized with hydrogen/oxygen combustion and also with solid propellants. The latter also applies on the
newest member of the European space transportation system, the Vega. If desired, a
similar investigation can also be done with methane/oxygen combustion, which has been
in consideration for future systems as well [19].
2.4.1 Rocket Engine Model Definition - Core Stage
In the next step, the objective is to determine the mass flow for the rocket engine model
with hydrogen/oxygen combustion. A figure of merit to measure the performance of the
combustion chamber independently from the nozzle characteristics is the characteristic
velocity given in Eqn. 1 [35]. The second version of the equation is dependent on the
gas properties like the isentropic exponent κ, the intrinsic in the specific gas constant R
on the molecular mass and the temperature in the combustion chamber. The mass flux
ṁ
can now be determined easily for a given combustion chamber pressure pCC .
At
√
pCC At
κRTCC
c =
= q
ṁ
κ [2/(κ + 1)](κ+1)/(κ−1)
?

(1)
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Figure 39: Combustion chamber temper- Figure 40: Isentropic exponent as function
ature as function of mixture ratio and
of mixture ratio and combustion chamber
combustion chamber pressure.
pressure.
The calculation is being done with the before mentioned Rocket Propulsion Analysis
tool [28]. It uses a method based on minimizing Gibbs free energy to find a stable
equilibrium for the gas composition and temperature in the combustion chamber. Some
of the results are plotted in Fig. 39 to Fig. 41.
Fig. 39 shows that the combustion chamber temperature is independent from the combustion chamber pressure for mixture ratios far from the stoichiometric ratio. Mixture
ratios closer or with the stoichiometric ratio reveal that a dependency of the combustion
chamber temperature on the pressure. The amount of heat released is related to the
equilibrium of the gas composition, which is a function of pressure for higher temperatures. This is where the method of minimization of the Gibbs free energy, also called
chemical potential, comes into play. The cross and the circle refer to properties related
to the reference combustion chamber introduced later.
The change of the gas composition is also reflected in the isentropic exponent shown
in Fig. 40. The relation (Eqn. 1) explains why the characteristic velocity depicted in
Fig. 41 increases for an increasing mixture ratio and decreases again. The increase is due
to the higher temperature and the decrease is the results of the decreasing isentropic
exponent. As it can be seen in Fig. 42, the mass flux then just linearly scales with
desired combustion chamber pressure.
The mass flux is now determined for any rocket engine burning hydrogen and oxygen. Selecting an appropriate throat diameter delivers the total mass flow and the hydrogen and
oxygen mass flow for the desired combustion chamber pressure. Scaling studies before
revealed that a throat diameter of approximately 8 mm is applicable to simulate Ariane 5-like conditions while taking into account an expansion ratio of about Ae /At = 58.5.
The corresponding exit diameter of the nozzle contour is 61.2 mm and the corresponding
outer diameter of the main body results in 158 mm, which refers to the generic Ariane 5

24

2 Scope of Operation of Wind Tunnel - TN2100

2500

i
h

kg
m2 s

2300
2200

ṁ
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sure.
dimensions where the nozzle exit diameter is approximately 0.4 times the diameter of
the main body. The results are presented in Fig. 43 to Fig. 45.
For a better overview, the design parameters are listed again in Tab. 7. The first two
lines represent the required mass flow for scaled Ariane 5-like conditions, the second two
lines denote the recommended design parameters for the hot plume facility, which takes
a smaller expansion ratios into account. Consequently, the feeding system is designed
with a margin for higher mass flow rates. This can be assigned again to a corresponding
throat diameter.
Table 7: Mass flow for a mixture ratio of O/F = 6.
Combustion
chamber
pressure pCC

Expansion
ratio 

Mass flux
ṁ
At

Throat
diameter dt

11.5 MPa

58.5

4971.0 mkg2 s

8 mm

6.89 MPa

20

2990.1 mkg2 s

13.7 mm

Mass flow ṁ

hydrogen
oxygen
hydrogen
oxygen

36 g/s
214 g/s
63 g/s
378 g/s

The combustion chamber is now defined with respect to the physical properties and the
mass flow required. In the following, the properties at the end of the nozzle are calculated
to compare the similarity parameters. Usually, the flow is considered to be frozen with
respect to the gas composition downstream from the nozzle throat. Thus, the isentropic
exponent in the throat region (Fig. 46) and the corresponding gas constant (Fig. 47)
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bustion chamber pressure.
can be used to calculate properties at the nozzle exit assuming an isentropic expansion.
But these values here are only given for completeness. The Rocket Propulsion Analysis
tool allows to to take a shifting equilibrium into account in the nozzle expansion. These
values are used here since they are somewhat more accurate.
The physical properties like the exit pressure, temperature, density, velocity, impulse
density and Mach number as function of the initial combustion chamber pressure and the
mixture ratio are given in Fig. 48 to Fig. 53 for the Ariane 5-like expansion ratio of 58.5.
Fig. 48 shows that the exit pressure is obviously higher for higher combustion chamber
pressures, and also for higher mixture ratio, ergo combustion chamber temperatures.
The exit temperature is mainly a function of the mixture ratio (Fig. 49). This again
defines the exit velocity (Fig. 51) according to Eqn. 2 (one-dimensional, ideal nozzle),
and thus the exit Mach number (Fig. 53). The exit density is bound to the behavior
of the exit pressure (Fig. 50) and consequently, the course of the impulse density is
accordingly (Fig. 52).

ve =

v
u
u
t

"

2κ
pCC (κ−1)/κ
RTCC 1 − (
)
κ−1
pe

#

(2)
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2.4.2 Rocket Engine Model Definition - Boosters
The previous section described the circumstances of how to mirror the conditions for the
core stage of the Ariane 5 ascend with hydrogen/oxygen combustion. Solid propellants,
as they are used today for the Ariane 5 boosters, can now be used to simulate exactly
the same in the wind tunnel model, meaning the nozzle flow from the booster.
Future concepts of Ariane 6 consider rocket engines with solid propellants as first stages
and second stage. Thus, rocket plumes which are similar with respect to most aspects of
the Ariane 6 configuration can be tested by wind tunnel models using solid propellants.
Additionally, if the chemical composition of the plume is not taken into account for
plume-interaction investigations, it can be used to simulate the flow from the core stage
of Ariane 5. The advantage here lays on the simplicity of the self-contained system,
the high combustion chamber pressure supply and the nozzle exit velocities that are
comparable to flight conditions.
For the design of solid rocket engine, the Klemmung is required to determine the throat
diameter of the nozzle for a given combustion chamber pressure. Klemmung reflects
the ratio between the burning surface area Ab and the throat diameter At as shown in
Eqn. 3. For a given burn rate at a desired combustion chamber pressure pCC and a given
characteristic velocity c? and density of the solid propellant ρP , the Klemmung can be
calculated according to Eqn. 4.
K = Ab /At

(3)
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pCC = KρP c? r

(4)

Fig. 54 and Fig. 55 show the aforementioned dependency for two representatives, for a
double-base solid propellant and a composite propellant based on AP+AN (ammonium
perchlorate + ammonium nitrate), HTPB (hydroxyl-terminated polybutadiene), and
aluminum, respectively. The latter curve describes an exponential behavior as given
by the Saint Robert’s law (a.k.a. Vieille’s law). The corresponding coefficients for
a formulation with 20% nanometric powder of the total aluminum powers of and an
oxidizer ratio between AN and AP of 0.6/0.4 are extracted from Ref. [9]. Note that
double-base propellant do not follow the St. Robert’s law and are determined through
experiments.
These two solid propellants were exemplarily selected for wind tunnel testing for the
reasons described hereafter. Double-base propellants do not develop toxic and corrosive
plumes like composite solid propellants with AP. It can be used without considerations
of the toxic and corrosive effects on humans or the wind tunnel, respectively. At the
Supersonic and Hypersonic Technology Department exists a longterm experience with
the handling and usage of double-base propellants (e.g. Ref. [33], Ref. [34]).
The latter choice reflects ongoing research activities towards ’green propellants’ involving
the desire to find a less toxic/corrosive formulation (e.g. Ref. [5], Ref. [9]). Formulations,
as currently used for the Ariane 5 boosters or Vega with pure AP as oxidizer were already
tested in VMK. The proposed ecologically safer propellant can be tested in VMK without
imposing any additional constraints. The ’green propellants’ incorporates a certain
percentage of AN to reduce the environmental impact due to hydrochloric contents in
the plume and uses nanometric aluminum powders to compensate to a certain degree
the diminished specific impulse.
The essential statement of the graphs is, that solid propellants can be used to simulate
realistic nozzle flows since very high combustion chamber pressures and comparably
high combustion chamber temperatures can be reached. Comparably here refers to
hydrogen/oxygen combustion. The pressure can be adjusted and the conditions at the
nozzle exit adapt correspondingly with an appropriate expansion ratio, meaning desired
and realistic exit conditions can be met. The influence of the expansion ratio on the
Mach number for a double-base solid propellant is given in Fig. 56. The temperature is
an influential parameter for the potential velocity, which is mentioned to be relatively
high (∼ 2300 K). Further, it shall be emphasized that solid propellant stages like the
Ariane 6 configuration can be duplicated.
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number.
2.4.3 Simulation Environment - Wind Tunnel Conditions
The exterior flow can be simulated with wind tunnels with either open or closed measurement sections. The flow in an open measurement section like the VMK is expanded
to the atmospheric pressure, meaning the ambient pressure is imposed to the flow field.
TMK features a transonic measurement section with perforated walls, which is, at its
current state, calibrated the free stream pressure of 0.1 MPa. The reservoir temperature
could be also be varied, which would lead to an increased velocity for a constant Mach
number. This is usually not done. Thus, for similarity studies later, the free stream
flow condition are given in the following for an ambient pressure of 0.1 MPa and for a
reservoir temperature of 288.15 K as a function of the Mach number.
Fig. 57 shows the imposed ambient pressure imposed on the free stream for the complete
transonic Mach number range. The isentropic expansion causes the temperature to drop
according to Fig. 58, which consequently causes an increase of the the density in the
flow field Fig. 59. The expanding air then reaches velocities dependent on the Mach
number according to Fig. 60. The impulse density increases correspondingly as depicted
in Fig. 61.
For completeness, the mass flow is given exemplarily for Mach 0.8 and 1.2. A cylindrical
nozzle of 600 mm delivers for the conditions mentioned previously a mass flow rate
of ∼ 104 and ∼ 160kg/s, respectively. In comparison to supersonic tests, this is a rather
high mass flow rate, which explains why transonic tests are more costly.
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2.5 Similarity: Ariane 5 Flight vs. Wind Tunnel Simulation
In this section, the Ariane 5 flight is opposed to the wind tunnel simulation for a fixed
condition of the wind tunnel model combustion chamber. As baseline for the comparisons
between flight and experiment, a combustion chamber pressure of 6.89 MPa, equal to
1000 psi, a mixture ratio of 6.0 and an expansion rate of 58.5 is used. These reference
conditions have been marked with a circle in the graphs from Fig. 39 to Fig. 45. The
cross represents the combustion chamber pressure used in [24].
The first parameter above is chosen since the later introduced combustor is rated for a
combustion chamber pressure of 1000 psi, and is one of the standard pressures investigated for a variety combustion chambers [35]. The second is at about a mixture ratio
found for most oxygen/hydrogen based rocket engines [16], and the last refers to an expansion ratio found for the Vinci 2 rocket engine. In this section, the curves of reference
case are always marked in red.
The methodology to judge the similarity is to simply divide the physical properties
resulting from the experiments by the ones from the flight. This is no similarity in a
classical sense where non-dimensional numbers, mainly the Reynolds number and the
Mach number, are kept equal. For the planned investigations, the Mach number of the
ambient flow is similar to flight by simply imposing as operational condition for the
wind tunnel. It is shown in Fig. 53 that the Mach number at the nozzle exit of the
wind tunnel model indeed reach Mach numbers comparable to flight. But, this involves
sufficient combustion chamber pressures to prevent flow separation in the nozzle.
Similarity with respect to the Reynolds number is not possible since the difference of the
dimensions can not be compensated by adjusting the kinematic viscosity or the velocity
without taking extreme measures for a complete new wind tunnel facility. The pressure
in the measurement section would need be very high. Additionally, it was shown in
several previous studies presented in [27] that the effect of the Reynolds number on the
base pressure is negligible as long as the boundary layer is turbulent.
The physical properties have been provided before for the flight and the planned simulations. As a result, a good similarity of a certain property is 1. As before, the pressure,
density, temperature, velocity and impulse densities are investigated over for the whole
Mach number range. In order to reveal the sensitivities and to show the direction in
which the system can be moved, the comparisons are done for different expansion ratios
( = 10, 20, 40, 58.5), mixture ratios (O/F = 4, 6, 8) and combustion chamber
pressures (pCC = 1.0, 6.89, 15.0 MPa). The relatively high mixture ratio 4 was added
to the list since the thermodynamic library used in the Rocket Propulsion Analysis tool
does not deliver results for the high expansion ratio of 58.5, meaning low temperatures
at the exit of the nozzle for mixture ratios at about 1. Lower mixture ratios are very
interesting because moderate combustion chamber temperatures still lead to high and
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Figure 62: Pressure ratios between exper- Figure 63: Pressure ratios between experiment and flight for different mixture raiment and flight for different combustion
tios over Mach number.
chamber pressures over Mach number.
comparable exit velocities. Thus, this mixture ratio is used to show the tendency of the
system.
It should be kept in mind that these influencing parameters come with a cost. For example, higher mixture ratios come with higher combustion chamber temperatures, ergo
higher thermal loads. An increase of the combustion chamber pressure is equivalent to
an increase concerning the mass flow, but also a higher risk for combustion instabilities.
A higher mass flow is also the consequence for lower expansion ratios if the exit diameter
is kept constant.
As it can be seen in Fig. 62 to Fig. 64, the pressure ratio is smaller in the experiment
then in flight. This is the result of a decreasing ambient pressure with altitude in the
troposphere. A change to higher the mixture ratio has only a small influence (Fig. 62).
Increasing the combustion chamber pressure actually results in comparable conditions
at least in the low Mach number range (Fig. 63). The third approach of decreasing
the expansion ratio seems to be promising in order to achieve comparable pressure
ratios (Fig.64).
It is not surprising to notice, that the course of the density ratio shown in Fig. 65 to
Fig. 67 is comparable to the pressure ratio. An additional, but negligible factor comes
into play due to the fact that the density at the exit of the wind tunnel nozzle becomes
higher with increasing Mach numbers. Generally, it can be stated that the similarity
with respect to the density between flight and experiment deviates stronger for higher
Mach numbers. As adjusting screw, the expansion ratio again seems to be the preferred
parameter as shown in Fig. 67. The mixture ratio (Fig. 65) and the combustion chamber
pressure (Fig. 66) have the same effects as for the pressure. The higher the combustion
chamber pressure or the closer to stoichiometric, the closer to the flight conditions.
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Figure 64: Pressure ratios between exper- Figure 65: Density ratios between experiiment and flight for expansion ratios over
ment and flight for different mixture raMach number.
tios over Mach number.
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Figure 66: Density ratios between experi- Figure 67: Density ratios between experiment and flight for different combustion
ment and flight for expansion ratios over
chamber pressures over Mach number.
Mach number.
The temperature ratio depicted in Fig. 68 to Fig. 70 shows that the experiments meet
the flight conditions almost perfectly for the reference combustion chamber. Obviously
this is due to the similar mixture ratio and expansion ratio. In this case, there is no
need for an adjustment of the mixture ratio (Fig. 68), but it shows the spectrum that
can be covered. A pressure change in the combustion chamber model (Fig. 69) does
not influence the temperature ratio by much. The slight variation results from the shift
in the equilibrium of the gas composition. It is good to see that a different expansion
ratio only changes modestly the temperature ratio Fig. 70 since, as discussed before, the
expansion is considered as one of the screws to adjust the similarity parameters.
The closely to the temperature ratio related velocity ratio consequently meets the similarity with this respect as well as it can be seen in Fig. 71 to Fig. 73. The mixture
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Figure 68: Temperature ratios between Figure 69: Velocity ratios between experexperiment and flight for different miximent and flight for different combustion
ture ratios over Mach number.
chamber pressures over Mach number.
ratio itself does not impact the velocity ratio as much as it can be observed for the temperature ratio (Fig. 68). This aspect was discussed before and is interesting in a sense
that high exit velocities are reached for moderate combustion chamber temperatures.
Another interesting aspect is shown in Fig. 73: The difference between experiment and
flight conditions even for an expansion ratio of 20 is only about 5%, meaning the pressure ratio can be increased by adjusting the expansion ratio without a major difference
with respect to the velocity ratio. This behavior can be explained with the lower molar
mass, ergo a higher gas constant for lower mixture ratios (see Eqn. 2). As expected,
combustion chamber pressure exhibits a minor influence (Fig. 72).
The impulse density ratio as a result of the multiplication of the density and velocity
ratio resembles the course of the density ratio (Fig. 74 to Fig. 77). The decreasing
density with altitude in the troposphere is notable in impulse density ratio. As before,
the most promising approach to compensate for that seems to be a smaller expansion
ratio, which is depicted in Fig. 77.
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Mach number.
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experiment and flight for different mixture ratios over Mach number.
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Figure 75: Impulse density ratios between
experiment and flight for different combustion chamber pressures over Mach
number.
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Introduction

Aiming for the development of the next generation of launch vehicles, basic research is still
necessary to understand contributing physical phenomena. Interaction of the nozzle exhaust
with the surrounding gas is one of these topics which is at the same time also highly relevant
from the technical point of view. As such, it has been investigated previously, e.g. as part of
the work on buffeting reduction (see Lüdeke and Calvo [4]). While this elaborate numerical
work has been supported by experiments, one major shortcoming has not been improved upon
so far: up to this point, no technical facility is capable of simulating a hot exhaust gas with
realistic physical properties. A positive theoretical feasibility study has been carried out by
Frey [5]. Today, this topic is still of immediate relevance, e.g. concerning launcher stage
separation [1][3].
Thus, it is the goal of the TRP “Hot testing facilities for ELV propulsion characterization” [2]
to investigate conditions and ultimately install a hot plume test facility.
In order to support the design of the facility and suitable models, it is the purpose of this report
to give an overview of relevant nondimensional parameters and of flow phenomena in the
vicinity of rocket nozzles. Computational Fluid Dynamics (CFD) simulations will be
employed to serve this purpose. Special attention will be given to the reachable exit velocity
when using a model operating point of the combustion chamber.
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Identification of relevant similarity rules

While scaling and similarity rules are topics well treated in the aerospace literature, plume
scaling in particular has not been treated much. This has been pointed out by Frey who carried
out a feasibility study on plume simulations in wind tunnels as part of the ESA TRP on
buffeting reduction [5]. In inviscid supersonic flow, similarity is reached for similarity in
Mach number and isentropic exponent γ, as can be found in any gas dynamics textbook, such
as Liepmann and Roshko [11] . Pure geometrical scaling is hence sufficient if suitable
adjustment of γ is possible. This, however, is not sufficient in the cases regarded in this report.
The reasoning of Frey, whose report is mainly concerned with the development of a scaling
law and the investigation of the role of axial velocity scaling, is as follows: the subsonic wake
flow at the rocket base is determined by its interaction with the nozzle or nozzle plume. The
nozzle plume can only communicate with the surrounding flow via the shear layer separating
the plume from the environment. Two means can be identified, first the shape of the plume,
second entrainment of surrounding fluid. While the plume shape is mainly determined by
inviscid scaling laws, the shear layer clearly is not. Furthermore, classical Goethert scaling [6]
has also been found to be inappropriate for launcher wake flow as it is mainly concerned with
clustered nozzle plume interaction and neglects effects of Mach number and exit velocity.
Being mainly concerned with the development of the plume in the vicinity of the nozzle exit
when regarded at a single point of the trajectory, Frey proposes six similarity parameters
which should ensure similarity between original and simulated plume. They are visualized in
Figure 1 which depicts the top cut through a nozzle lip with flow discharging to the right.

Figure 1: Similarity parameters at nozzle lip (from Frey [5])
-
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plume velocity after adaption to ambient pressure
surrounding flow velocity
density ratio of adapted plume and ambient flow
degree of turbulence
angle between shear layer direction and nozzle axis
nozzle lip thickness

Frey concludes that “the most important parameters for turbulent shear layer growth are the
velocities on both sides of the shear layer – either as velocity ratio or as velocity difference –
and the respective density ratio.” He furthermore stresses that the most difficult parameter to
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achieve is the exit velocity, and in fact devotes large parts of his report to the treatment of this
problem. Figure 2 illustrates nozzle exit velocities estimated with a simplified inviscid 1D
treatment of optimal expansion into vacuum using the classical Eq. (1) from [11]

u max 

2 T 0
  1 mol

(1)

where umax , γ , T0, R, Mmol are exit velocity, ratio of specific heats, total temperature, ideal gas
constant and molecular weight, respectively.

Figure 2: Exhaust velocity of different nozzle operation points (from Frey [5])

It becomes evident that a reduction of T0, while desirable from an operational point of view in
the experimental facility, greatly increases the difficulty of attaining a sufficiently high exit
velocity in order to achieve similarity. Frey suggests an alternative point of operation of the
combustion chamber, i.e. an oxidizer mass to fuel mass mixture ratio of 0.7 instead of 7.1 in
order to yield high exit velocities.
Thus, in this work, the focus will be set on an investigation of exit velocities at the two
operating points.
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CFD
2.1

Computational Method and Model

Computations are carried out using the DLR TAU Code. It is discussed in detail in the
literature see e.g. [7][8]. TAU is a hybrid grid, finite volume second order accuracy flow
solver. It has been validated for a variety of steady and unsteady flow cases, ranging from
sub- to hypersonic Mach numbers.
As the investigated geometries are essentially axisymmetric in this work, all computations are
carried out in two dimensions under assumption of axisymmetry. For this initial study, the
involved gases are treated as a mixture of nonreacting ideal gases. Regarded species are H2, H,
O2, O, H2O, OH, HO2, H2O2, N2.
The reservoir composition inside the combustion chamber is computed with NASA’s
“Chemical Equilibrium and Applications” (CEA) code by Gordon and McBride [9][10].
2.2

Geometry and Grid

The Vulcain2 nozzle configuration is chosen for this investigation due to prior experience with
the geometry. A rendering with a 90° cut out can be seen in Figure 3. The combustion
chamber is seen on the left, flow direction is left to right. The structure seen in the middle of
the nozzle is characteristic for the Vulcain2 configuration: the turbine exhaust gas (TEG)
created in the gas generator cycle as well as the hydrogen of the combustion chamber wall
dump (H2 dump) cooling are introduced into the flow to act as film cooling downstream and
provide additional thrust (a blow up of the grid in this region can be seen in Figure 7).

Figure 3: Vulcain2 nozzle rendered with cutaway

The nozzle can be treated as 2D axisymmetric. A small initial grid is shown in Figure 4, for
cases where the supersonic wake region is of prime importance. The outer dimensions of the
farfield are ten by ten nozzle exit diameters D, the grid is refined only in the wake region.
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Figure 4: Cut out of original grid, 10D x 10D

However, for this work, the shear layer and its interaction with surrounding flow is important.
Thus, an improved grid had to be created. Figure 5 shows the complete new grid, its outer
dimensions are 100 times 100 the nozzle exit diameter to account for the influence of
boundary conditions in subsonic flow. Left, right, and top sides are treated numerically as
farfield boundary conditions (BC).

Figure 5: Grid total 100D

Figure 6 shows the nozzle and wake region. It can be seen that the refined region is extended
to the outer nozzle side and includes a prism layer to account for shock formation and
boundary layer buildup, respectively. The nozzle walls, inside and outside, are treated
numerically as viscous walls. The bottom edge is assumed to be an axisymmetry axis. The
generic “rocket body” is modeled as an inviscid wall to minimize influence of this arbitrary
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structure. The outer side of the nozzle protruding from this cylinder is modeled as viscous
wall.

Figure 6: Blow up of nozzle and wake region

As a specialty of the Vulcain2 engine, TEG and H2 dump act as inlet boundaries. A detail of
this region is depicted in Figure 7. The TEG expands through a throat and enters the nozzle
supersonically. Numerically, the top wall of the TEG is modeled as a reservoir boundary
condition, the H2-dump is treated as a Dirichlet boundary condition.

Figure 7: Grid detail of H2 dump and TEG

2.3

Flow conditions
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The realistic Vulcain2 engine conditions, as used in the Buffeting TRP, are compiled in Table
1. Boundary type refers to the numerical model used for the respective inlet: reservoir assumes
an isentropic expansion from total conditions, Dirichlet boundary conditions (BC) prescribe
the mentioned values at the inlet. Thus, velocity is not a prescribed value of a reservoir
boundary condition, just as total values are not set for the Dirichlet BC. Gas composition is
listed in terms of mass fraction.
Boundary type
Mass flow
Mass flow
fraction
Temperature
Total density
Total Pressure
Density
Velocity
H2 (mass fract.)
H
O2
O
H2O
OH
HO2
H2O2
N2

kg/s
K
kg/m3
Pa
kg/m3

Main chamber
TEG
Reservoir
Reservoir
313.23
8.5

H2 dump
Dirichlet
2.67

0.965567201
3668.55
5.8944
1.19E+07
5.641
0.01973
0.00206
0.0349
0.00951
0.84927
0.08453
0
0
0

0.00823058
352.0
2.0
644.13
1.0
0
0
0
0
0
0
0
0

0.026202219
628.562
0.36922
5.03E+05
0.027
0.46529
0
0
0
0.53471
0
0
0
0

Table 1: Vulcain2 engine conditions

It can be seen that these conditions impose severe mechanical and thermal loads on involved
structures. In order to reduce these stresses on experimental facilities, Frey [5] suggests an
alternative mixture ratio of O/F = 0.7. This amounts to an adiabatic flame temperature of
1008K at still somewhat comparable exit velocities, as determined by Eq. (1). See Table 2 for
a comparison of both conditions.
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Chamber O/F 7.1
Reservoir
kg/s
313.23
Pa
1.19E+07
K
3668.55
kg/m3 5.8944

Chamber O/F 0.7
Reservoir
313.23
1.19E+07
1008.2
4.8546

g/mol

3.428
1.363
0.53609
0
0
0
0.464
0
0
0
0
4285.17

γ
H2 (mass fract.)
H
O2
O
H2O
OH
HO2
H2O2
N2
umax, theor

Ref. No.: ESA TRP-HOTP-DTN2200

m/s

13.496
1.141
0.01973
0.00206
0.0349
0.00951
0.84927
0.08453
0
0
0
6047.81

Table 2: Adapted conditions; w/o TEG, H2-dump / low T mixture ratio

Finally, Table 3 summarizes the test cases to be investigated in this study. Initially, the
influence of TEG and H2 dump needs to be investigated in order to decide whether it needs to
be accounted for in further computations. 1 The remaining four cases are comprised of two
mixture ratios at two trajectory points, respectively.
Case
Name
Grid
Type
H
Ma
p
T
O/F
TEG/H2dump
Chemistry

I
TEG on
10D
Vulcain 2
n/a
0.7
0.697e5 Pa
300 K
7.1
on
frozen

II
TEG off
10D
Vulcain 2
n/a
0.7
0.697e5 Pa
300 K
7.1
off
frozen

III
M0.86 OF7.1
100D
Vulcain 2
5.07 km
0.86
0.551e5 Pa
273 K
7.1
on/off
frozen

IV
M0.86 OF0.7
100D
Vulcain 2
5.07 km
0.86
0.551e5 Pa
273 K
0.7
on/off
frozen

V
M1.2 OF7.1
100D
Vulcain 2
8.99 km
1.2
0.330e5 Pa
244.3 K
7.1
on/off
frozen

VI
M1.2 OF0.7
100D
Vulcain 2
8.99 km
1.2
0.330e5 Pa
244.3 K
0.7
on/off
frozen

Table 3: Test cases and external flow conditions

1

As merely the difference between on and off is of interest, the smaller grid will be used for its computational
efficiency.
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Main Results
Grid independency

A grid independency study has been carried out to see whether the computational results vary
with the discretization. Figure 8 to Figure 13 show the progression of grids and results. The
internal flow and the shear layer are established rather quickly. The position of the Mach stem
changes with different grids, however differences are negligible after the 4th adaptation. As the
main interest of this study is the shear layer, grid convergence can be regarded as achieved.

Figure 8: Original grid

Figure 9: Result on unrefined grid

Figure 10: Grid after 2nd adaptation

Figure 11: Result after 2nd adaptation
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Figure 12: Grid after 5th and final adaptation

Figure 13: Result after 5th and final adaptation
3.2

Visualization

Results are shown either as contour plots or as profiles, extracted from the flowfield. The
positions of these profiles are shown in Figure 14.

Figure 14: Positions of extracted profiles. R is the exit radius of the Vulcain2 nozzle.
Reference plane (0 R) is the exit plane.
3.3

Influence of TEG and H2 dump on overall nozzle flow

As discussed in 2.2, the Vulcain2 engine is equipped with a hydrogen dump and a turbine
exhaust gas inlet that both feed into the nozzle. The nozzle has been chosen because of prior
experience with the geometry as well as its relevance in European space flight. However,
integration of these injection systems into a model complicates matters significantly for both
experiment and computation. It is thus of prime importance to evaluate the contribution to the
overall plume structure to decide whether it can be neglected.
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Figure 15: Case I: Ratio of specific heats γ with TEG/H2 dump

Figure 16: Case I: Ratio of specific heats γ w/o TEG/H2 dump

Figure 17: Case II: Mach number distribution with TEG/H2 dump

Figure 18: Case II: Mach number distribution w/o TEG/H2 dump
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Figure 15 to Figure 18 show results of computations which contrast the effect of TEG and H2
dump. The difference in gas composition of the plume can best be seen in its effect on the
ratio of specific heats, see Figure 15 and Figure 16. As compiled in Table 1: Vulcain2 engine
conditions, a very hydrogen dominant 2 flow is injected through TEG and H2 dump which is
responsible for the layer of gas of approximately γ = 1.4 .
However, as can be seen in Figure 17 and Figure 18, the effect on the overall plume structure
is negligible. Key flow characteristics, such as shear layer angle or Mach stem position, are
identical in both cases.
For the remainder of the study a simplified flow field without TEG and H2 dump contribution
will be regarded, i.e. cases III to VI of Table 3 will be carried out with TEG and H2 dump off.
Numerically this is taken into account be replacing the inflow boundary conditions with a wall
boundary condition.
3.4

Subsonic trajectory point: Mach 0.86

The subsonic operation point corresponds to a flight altitude of 5 km at which a Mach number
of 0.86 is reached, static pressure reaches 0.551e5 Pa. The flow accelerates to supersonic
velocities at the nozzle tip. The plume is overexpanded and contracts after leaving the nozzle.
Both cases depicted in Figure 19 and Figure 20 form a Mach reflection with a subsonic region
behind the normal shock Mach stem. The shear layer can be seen to roll up behind the Mach
disc where the velocity gradient between outer flow and subsonic wake is large. The influence
on the shear layer development can be neglected. The different shock paths and Mach
numbers reached can be attributed to the difference in the ratio of specific heats γ for cases III
and IV, respectively.

Figure 19: Case III: Ma = 0.86, O/F = 7.1; Mach number contours

Figure 20: Case IV: Ma = 0.86, O/F = 0.7; Mach number contours

2

Values are compiled in mass fractions, hydrogen mole (and thus volume) fractions hence are much larger.
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Extracted profiles of Mach number and x-velocity showing more detail can be seen in Figure
21 and Figure 22.

Figure 21: Case III (left) and Case IV (right) Mach number profiles (different scales)

Figure 22: Case III (left) and Case IV (right) x-velocity profiles

3.5

Supersonic trajectory point: Mach 1.2

The supersonic operation point corresponds to a flight altitude of 9 km at which a Mach
number of 1.2 is reached, static pressure reaches 0.330e5 Pa. Mach number contours for two
mixture ratios can be seen in Figure 23: Case V: Ma = 1.2, O/F = 7.1; Mach number contours
and Figure 24: Case VI Ma = 1.2, O/F = 0.7: Mach number contours. A detached shock can be
seen on the base of the nozzle skirt, the flow accelerates to supersonic velocities before it
passes the nozzle exit plane.
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Figure 23: Case V: Ma = 1.2, O/F = 7.1; Mach number contours

Figure 24: Case VI Ma = 1.2, O/F = 0.7: Mach number contours

Extracted profiles of Mach number and axial velocity can be seen in Figure 25 and Figure 26.
Note the irregular shape of the X/R=1.5 profile in case VI where the Mach disc is cut.

Figure 25: Case V (left) and Case VI (right) Mach number profiles
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Figure 26: Case V (left) and Case VI (right) x-velocity profiles

3.6

Effect of mixture ratio variation

Figure 27 shows radial profiles of axial velocity in the vicinity of the nozzle exit, i.e. 0.5 and
1.0 radii downstream of the exit plane. These positions have been chosen because they appear
most relevant to the development of the shear layer immediately behind the nozzle. In the
subsonic case the plume contracts downstream, in the supersonic case, the plume appears to be
of almost constant dimensions. The similarity of the velocity distribution in the shear layer
between the different mixture ratios is striking in either case. Furthermore, the difference in
maximum velocity reached is merely of an order of 10 % in most profiles. However, in the
higher pressure subsonic case, the a Mach disc occurs earlier in the low mixture ratio case than
in the original case, causing a substantial velocity difference.

3.7

Figure 27: Axial velocity in m/s for sub- (left) and supersonic (right) case
Interpretation of similarity in velocity profiles
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So far it could be seen that the reduced mixture ratio cases reach higher Mach numbers than
the original cases. This seems somewhat counterintuitive given the estimated maximum
exhaust velocity being dependant on the total temperature which is much higher in the regular
mixture ratio case, see Table 2. However, as the reached temperatures are also lower, the
resulting exit velocity is reduced compared to the original case. Furthermore, Table 2 predicts
higher exit velocities for the O/F = 7.1 case than reached, and a large exit velocity difference
between both mixture ratios. Note that this difference is higher than the one shown in Figure 2
because of the different γ used in each estimation. When looking at actual computed velocity
profiles, Figure 27, it can be seen that the velocity difference is not nearly as big.
The reason can be found in the dependency of the exit velocity on the ratio of specific heats, γ.
In fact, contrary to the simplified view of Eq. (1), γ is not constant throughout expansion of the
gas inside the nozzle. As the gas expands, its temperature decreases which in turn effects γ.
Figure 28 shows this variation in a contour plot.

Figure 28: Ratio of specific heats for O/F = 7.1 (left) and O/F = 0.7 (right)

In the O/F = 7.1 case, γ can be seen to vary between 1.2 and 1.32. For O/F = 0.7, the picture
looks different. The ratio of specific heats rises from 1.36 to 1.39 in the nozzle throat and stays
constant afterwards. The variation is hence much smaller and does not proceed throughout the
expansion. Table 4 summarizes the effect of γ on the theoretical maximum exit velocity, again
as estimated using Eq. (1), i.e. under assumption of a constant γ. Variation is accounted for by
using maximum and minimum occurring γ (and intermediate values for O/F=7.1).
γ
O/F
Temperature
Mol.weight
u max

K
g/mol
m/s

1.14
7.1
3668.55
13.496
6047.81

1.20
7.1
3668.55
13.496
5207.63

1.26
7.1
3668.55
13.496
4680.19

1.32
7.1
3668.55
13.496
4317.94

1.36
0.7
1008.2
3.428
4285.17

1.39
0.7
1008.2
3.428
4174.92

Table 4: Exit velocity and isentropic exponent γ

The effect of γ variation is most pronounced in the high mixture ratio case. The calculated exit
velocity varies from 6000 m/s to 4300 m/s where the lowest value is most consistent with the
results plotted in Figure 27. For O/F = 0.7, both the variation of γ in itself is smaller and its
effect on the exit velocity is almost negligible when compared to the fuel rich case. This also
explains why the theoretical estimation agrees very well with the numerical computation.
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Summary, conclusions and recommendations for future activities

It is desirable to be able to simulate realistic nozzle plumes in an experimental facility. In
order to support the design of such a facility and associated models, nozzle expansion flows
have been simulated numerically for two Mach numbers 0.86 and 1.2, corresponding to
distinct points in the ascent trajectory of the Ariane5 launcher. An alternative combustion
chamber operation point with a mixture ratio O/F of 0.7 has been compared to the regular
operation point of 7.1. Main advantage is the substantially reduced adiabatic flame
temperature of ~1000K compared to the original ~3500K with an associated theoretical
maximum exit velocity of ~4000 m/s. It is expected that this benefits design and operation of
the experimental facility.
Relevant similarity parameters have been compiled which might allow for a scaled experiment
of nozzle plume flow. The axial velocity has been found to be of major importance and has
hence received special attention in this report.
It has been found that TEG and H2 dump can be neglected in the simulations without
significant influence on the shear layer. The author hence suggests that the model nozzle will
be designed in a simplified manner, i.e without these additional injection ports, in order to
reduce manufacturing, operational and numerical simulation difficulties which may arise due
to small scales.
The alternative fuel rich operation point has been found to lead to higher exit Mach numbers
compared to the original mixture ratio. However, exit velocities have been found to be in more
than satisfactory agreement. The lower total temperature has less influence than the
advantageously reduced molecular weight. The theoretical limit velocity has been found to
agree better with the fuel rich operation point. This could be attributed to the difference of
variation of the isentropic exponent between both cases. Simplified 1D theory thus
overestimates the difference between the realistic and the model operation point exit velocity.
The author suggests that the promising approach of alternative operation points is more
systematically investigated.
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1
1.1

Introduction
Overview

Aiming for the development of the next generation of launch vehicles, basic research is still
necessary to understand contributing physical phenomena. Interaction of the nozzle exhaust
with the surrounding gas is one of these topics which is at the same time also highly relevant
from the technical point of view. As such, it has been investigated previously, e.g. as part of
the work on buffeting reduction (see Lüdeke and Calvo [6]). While this elaborate numerical
work has been supported by experiments, one major shortcoming has not been improved upon
so far: up to this point, no technical facility is capable of simulating a hot exhaust gas with
realistic physical properties. A positive theoretical feasibility study has been carried out by
Frey [7]. Today, this topic is still of immediate relevance, e.g. concerning launcher stage
separation [1][5].
1.2

Goal

Thus, it is the goal of the TRP “Hot testing facilities for ELV propulsion characterization” [2]
to investigate conditions and ultimately install a hot plume test facility.
In order to support the design of the facility and suitable models, it is the purpose of this report
to compare flow conditions around the rocket base model in free flight and in the facility.
Computational Fluid Dynamics (CFD) simulations using the DLR TAU code will be
employed.
1.3

Problems

No problems have been encountered during the work on this work package.
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2
2.1

CFD Methodology
Computational Method and Model

Computations are carried out using the DLR TAU Code. It is discussed in detail in the
literature see e.g. [8][9]. TAU is a hybrid grid, finite volume second order accuracy flow
solver. It has been validated for a variety of steady and unsteady flow cases, ranging from subto hypersonic Mach numbers.
As the investigated geometries are essentially axisymmetric in this work, all computations are
carried out in two dimensions under assumption of axisymmetry. For this initial study, the
involved gases are treated as a mixture of nonreacting ideal gases. Species accounted for are
H2, H, O2, O, H2O, OH, HO2, H2O2, and N2.
The reservoir composition inside the combustion chamber is computed with NASA’s
“Chemical Equilibrium and Applications” (CEA) code by Gordon and McBride [10][11].
2.2

Generic Rocket Base Configuration

Initial computations within this project have been carried out using the Vulcain2 nozzle
configuration, see TN2200 [3]. A newly designed configuration base has been supplied for the
subsequent investigation in TN2400 [4]. This generic rocket base is shown in Figure 1.

Figure 1: Rocket model base with nozzle contour

Combustion chamber reservoir conditions correspond to the Vulacain2 main chamber
conditions, not taking into account mass flow through the H2 dump or turbine exhaust gas.
Thermodynamic state and gas composition is compiled in Table 1.
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Total Pressure
Temperature
Density
Molecular weight

γ
H2 (mass fract.)
H
O2
O
H2O
OH
HO2
H2O2
N2

Pa
K
kg/m3
g/mol

Chamber O/F 7.1
1.19E+07
3668.55
5.8944
13.496
1.141
0.01973
0.00206
0.0349
0.00951
0.84927
0.08453
0
0
0

Table 1: Vulcain2 like chamber conditions
Grids and numerical setup need to be specified in order to answer the question, whether free
flight flow conditions can be reproduced in the suggested facility. As a first step, a flight Mach
number of 0.86 at ambient pressure is chosen.
2.3

Free Flight Flow field

The complete computational grid of the free flight case is depicted in Figure 2, a detail of the
region marked in blue, i.e. the rocket model base, is shown in Figure 3. The outer grid
boundaries are marked as farfield boundary conditions. These boundaries are placed at a
distance exceeding 1000 rocket nozzle radii to ensure a pressure decoupling of the solution
from the boundary condition. To ensure a clean inflow, the rocket body is extended all the way
to the inlet boundary. This part is treated as an inviscid Euler wall. It is changed to a viscous
wall for the same length as the rocket model length provided for the wind tunnel case (Figure
3). The combustion chamber reservoir is set according to Table 1. The grid is refined in the
rocket base region.

Figure 2: Free flight computational grid
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Figure 3: Free flight base detail

2.4

Facility Flow field

The facility concept avoids a potentially flow-disturbing sting to hold the model by placing it
coaxially inside the wind tunnel nozzle. A 3D rendering can be seen in Figure 4.

Figure 4: Model in nozzle concept

The view of the whole computational domain is shown in Figure 5. The detail of the wind
tunnel nozzle with the rocket base is depicted in Figure 6.

Figure 5: Facility computational grid
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Figure 6: Facility computational grid base detail
The numerical modelling of this case is more involved than for the free stream case. While in
the latter the actual flow condition can be prescribed in sufficient distance, effectively directly
modelling the investigated case, it is well beyond the scope of this study to model a whole
facility. Instead, a sufficient representation is sought for the present calculation. Key points
clearly are the wind tunnel nozzle and the rocket model base, both of which can be assumed to
be axisymmetric. Now, the ambient pressure boundary conditions need to be placed in
sufficient distance to the investigated region in order to not influence the result. This is
realized by placing the top and right domain boundary at a distance of more than 800 nozzle
radii away from the rocket base. Clearly, this is not possible with the left vertical domain
boundary, as it would intersect with the wind tunnel nozzle. Furthermore, it can be expected
that the primary interaction mechanism at the open section of the wind tunnel is not a parallel
stream but instead entrainment from the stagnant environment. Thus, the left vertical boundary
has been modelled as an inviscid wall. The right outflow domain boundary is modelled as
farfield, while the top boundary is modelled as a reservoir with a slightly (<1%) higher
pressure than the farfield. This helps convergence acceleration, as a clear pressure gradient
establishes a flow of nonetheless negligible influence. The grid is refined in the rocket base
region.
Boundary parameters are summarized in Table 2.
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Type
Symmetry axis
Farfield
Reservoir
Euler wall
Euler wall
Viscous wall
Reservoir

Description
Symmetry
Outflow
Top inflow
Faceplate
Tunnel nozzle outer lid
Tunnel nozzle wall
Nozzle reservoir

Viscous wall
Reservoir

Rocket base
Chamber reservoir

Viscous wall
Viscous wall

Chamber wall
Nozzle wall

Remarks
p
p0

1.01325E+05 Pa
1.02E+05 Pa

T
p0
rho0
T
p0
rho0
T

Table 2: Facility boundary conditions

288.15
1.64E+05
1.83E+00
288.15
1.19E+07
5.89E+00
adiabatic
700

K
Pa
kg/m3
K
Pa
kg/m3
K
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3

Results

The Mach number contours of the resulting flow fields are compared in Figure 7 and Figure 8.

Figure 7: Comparison of Mach number contours of facility (top) and free flight (bottom)
case.

Figure 8: Comparison of Mach number contours of facility (top) and free flight (bottom)
case, detail of rocket plume.
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Figure 7 demonstrates how the fundamentally different flow fields nonetheless lead to
practically indistinguishable flow conditions at the rocket base. It can be seen in Figure 8 that
the base recirculation, the nozzle separation, and the position of the Mach disc are practically
identical in both cases.
In order to allow a qualitative comparison, profiles are extracted in radial direction at three
positions: at the wind tunnel nozzle exit and at both 0.5R and R behind the rocket nozzle,
where R is the rocket nozzle radius.

Figure 9: Radial profiles of axial velocity of free flight (Free) and facility (Facility) case.
It can be seen that the wind tunnel nozzle has been well designed. The boundary layer profile
stopping to early is a data extraction artefact, the velocity reduces to zero at a no-slip
boundary. The boundary layer profiles differ slightly. This might be due to the free flight case
having a homogeneous build-up in a constant pressure environment, whereas the flow is
accelerated through the wind tunnel nozzle. The difference in velocity at the nozzle exit is
negligible, the shear layer develops slightly differently, possibly due to the difference in
boundary layer profile. Overall agreement between both cases is in terms of density is
satisfactory as well. This can be seen in Figure 10.
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Figure 10: Radial profiles of density of free flight (Free) and facility (Facility) case.
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4

Summary, conclusions and recommendations for future activities

It is desirable to be able to simulate realistic nozzle plumes in an experimental facility. In order
to support the design of such a facility and associated models, nozzle expansion flows have
been simulated numerically in order to compare a free flight condition with a wind tunnel
condition at M=0.86.
The difficulties in designing a representative numerical model of the facility flow have been
discussed in detail.
Data have been provided which show overall good agreement between the sought free flight
and the wind tunnel condition. CFD has successfully contributed in the proof of concept of the
facility layout.

TRP Hot Testing Facilities for
ELV Propulsion Characterization

Ref. No.: ESA TRP-HOTP-DTN2500
Date: 09.01.2012
Page: 13

/13

5
[1]

References

ESA ITT, Statement of Work, Launcher stage separation and plume interaction
validation, T417-004MP, 27.04.2010. ESA Directorate of Technical and Quality
Management, Appendix to ITT 1-6468/10/NL/NA.
[2] A. Gülhan, K. Hannemann, C. Willert, A. Henckels, D. Saile (2011) „Hot testing
facilities for ELV propulsion characterization“, Technical/Management Proposal, T418303MP
[3] D. Banuti (2012) “Definition of scaling parameters”, ESA TRP-HOTP-DTN2200
[4] D. Saile (2012) “Design trade-off and final design point selection”, ESA TRP-HOTPDTN2400
[5] DLR Proposal 3004690, Launcher stage separation and plume interaction validation,
10.09.2010.
[6] H. Lüdeke, J. Bartolome Calvo (2011) “A fluid structure coupling of the Ariane-5 nozzle
section during start phase by detached eddy simulation”, CEAS Space Journal 1: 33-44
[7] M. Frey (2009) “TRP on buffeting reduction, WP3200: Feasibility study for the plume
simulation”, ESA TP24-TN122/2009
[8] T. Gerhold, M. Galle, O. Friedrich, and J. Evans (1997) “Calculation of complex three
dimensional configurations employing the DLR-TAU-code”. In Proceedings of the 35th
Aerospace Sciences Meeting and Exhibit, number AIAA-1997-167, Reno, USA
[9] A. Mack and V. Hannemann (2002) “Validation of the unstructured DLR-TAU-code for
hypersonic flows”. In Proceedings of the 32nd AIAA Fluid Dynamics Conference and
Exhibit, AIAA-2002-3111
[10] S. Gordon, B.J. McBride (1994) “Computer Program for Calculation of Complex
Chemical Equilibrium Compositions and Applications I. Analysis”, NASA RP-1311-P1
[11] B.J. McBride, S. Gordon (1996) “Computer Program for Calculation of Complex
Chemical Equilibrium Compositions and Applications II. User's Manual and Program
Description”, NASA RP-1311-P2

Deutsches Zentrum
für Luft- und Raumfahrt e.V.

TN3300

Combustion Chamber Design

May 24, 2013

Dominik Saile1
Wolfgang Kitsche2
Institute of Aerodynamics
and Flow Technology
Supersonic and Hypersonic
Technology Department 1
Institute of Space Propulsion
Test Facilities 2

ESA STUDY CONTRACT REPORT
No ESA Study Contract Report will be accepted unless this sheet is inserted after the
coverpage of each volume of the Report.
ESA CONTRACT
No.: AO/1-6731/
11/NL/SFe

SUBJECT
CONTRACTOR
Hot Testing Facility for ELV Propulsion DLR
Characterization

* ESA CR( )No

* STAR CODE

No of TN
3300

ABSTRACT:
This report presents the results from a study regarding to the combustion chamber
design of the future hot plume facility in the framework of the ESA technology research
project “Hot Testing Facilities for ELV Propulsion Characterization”. A set of reference
conditions are determined for which a combustion chamber design is found. Consecutively, the dimensions and materials of the injector head, the combustion chamber and
the nozzle are presented and discussed. Additionally, a thermal analysis is conducted
to approximate the run time of the combustion chamber. Technical drawings of the
combustion chambers are provided.

The work described in this report was done under ESA contract. Responsibility for the
contents resides in the author or organization that prepared it.
Name of author: D. Saile, W. Kitsche (DLR, Cologne/Lampoldshausen, Germany)
** NAME OF ESA STUDY MANAGER ** ESA BUDGET HEADING
N. Murray
DIV: TEC-MPA
DIRECTORATE: D\TEC
*
**

Sections to be completed by ESA
Information to be provided by ESA Study Manager
78

5 Combustion Chamber Design - TN3300

5 Combustion Chamber Design - TN3300
5.1 Definition of Reference Load Steps
The main output of the study before is the mass flow for the rocket engine model and
the comparison of the future experiments with the conditions during the ascend of the
Ariane 5. In the following, reference load steps shall be defined to design or to find
an appropriate combustion chamber/nozzle configuration that satisfy the requirements
and to design the corresponding feeding system. Before, one shortcoming needs to be
discussed: flow separation in the nozzle can not be taken into account with the applied
one-dimensional approach used for the similarity study.
If only small deviation occur between the experimental and flight conditions (see spectrum of variation in Fig. 62 to Fig. 77), it might be possible to extrapolate tendencies
from the variation of the corresponding parameter. Though, in case of the pressure ratio, the one-dimensional approach completely neglects the fact that the nozzle flow can
separates inside the nozzle since the boundary layer at the nozzle exit has to overcome
the ambient pressure.
The effect of flow separation inside the nozzle was intensively investigated in the past
and published. Among others, it was researched in Ref. [13], where the graph shown
in Fig. 77 can be found. It depicts the nozzle pressure ratio of several correlations and
experiments over the Mach number. The flow in the nozzle basically separates if the
nozzle pressure ratio is found in the lower half at low nozzle pressure ratios. One has to
be aware that this range has a massive impact on the flow topology.
Consequently, an appropriate pressure ratio needs to be kept in experiments. This was
kept in the back of the head while investigating the similarity of the physical properties.
Thus, the screws for increasing the pressure ratio at the nozzle exit like a close to stoichiometric mixture ratio, increased combustion chamber pressure and a lower expansion
were opposed to each other.
To continue the design, reference load steps need to be defined. The reference conditions
for the similarity study are used as basis to find a set of the reference load steps. These
load steps are based on a combustion chamber design [24] of the Pennsylvania State
University in the Cryogenic Combustion Laboratorys (CCL), the design parameters of
which are given later in Tab. 11.
This combustion chamber withstands a maximum chamber pressure of 6.89 MPa and
can work up to near stoichiometric mixture ratios. For the case here, a mixture ratio
of 6.0 is chosen due to its relevance to flight conditions. As shown in Chap. 5.2, these
conditions are extremely challenging for a small combustion chamber.
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Figure 77: Separation nozzle pressure ratio for different separation criteria and experiments plotted as a function of the nozzle design Mach number [13].

Then, the nozzle throat diameter is defined to calculate the mass flow through the
whole system. A throat diameter of 8.0 mm is used as starting point. It is very close to
the throat diameter of the Penn State combustor, and, as shown later, it results in an
acceptable outer diameter if the geometric of Ariane 5 is used.
The ambient reference flow is defined to be at Mach 0.8 and 1.2 to have a subsonic and
supersonic representative. According to flight measurements (Ref. [8]) during the ascend
of Ariane 5 and corresponding experiments, the highest loads with respect to pressure
fluctuations occur actually at about 0.8.
The curves depicted in Fig. 78 and Fig. 79 reflect that finding. It shows the root mean
square value of the pressure coefficient cP rms as a function of the Mach number and the
spectral content of the pressure fluctuations as power spectral density function over the
non-dimensional frequency Str at Mach 0.8, respectively. The highest cP rms -values can
be found at Mach 0.8, which also features high pressure fluctuations in the spectrum in
comparison to other Mach numbers shown in Ref. [8].
The results for the combustor for the defined input parameters, called test case C1, are
presented along with further test cases in Tab. 8 with respect to the similarity properties
at reference Mach numbers 0.8 and 1.2, and additionally at 1.5. In opposition to the
studies before, the issue of flow separation and the various measures to encounter this
effect is discussed in detail. As before, the wind tunnel is set to standard transonic setting
for transonic investigations (test case C1 to C4), meaning the free stream pressure is

80

5 Combustion Chamber Design - TN3300

Figure 78: RMS pressure coefficient for Figure 79: Loads PSD on the nozzle and
flight and wind tunnel experiments [8].
engine thermal protection (PTM) [8].
∼ 0.1MPa and the reservoir temperature is at 288.15 K. Additionally, Tab. 9 explains
the reasoning of the selected load steps.
The test case C1 occurred in the studies above. The issue here becomes obvious if the
exit pressure ratio of 0.09 is compared to Fig. 77, which reveals a separated nozzle flow.
Test case C2 encounters that issue by decreasing the expansion ratio. As a consequence,
the mass flow is kept constant, but the geometrical similarity to Ariane 5 is violated
because the ratio between outer nozzle diameter and the main body is not comparable
anymore. An increase of the combustion chamber pressure, as suggested in test case
C3, solves the issue of flow separation. But, it comes with the cost of an increased
heat transfer in the combustion chamber, which is not known to the author to have been
tested for the Penn State combustor. Test case C4 instead ensures geometrical similarity
of the diameter ratio and prevents the nozzle flow separation by increasing the nozzle
throat diameter.
For the cases C1 and C2, the combustion chamber could most likely be integrated in the
wind tunnel environment without major modification since the combustion chamber was
designed for these conditions. Nevertheless, it is recommended to execute an independent
thermal and stress analysis. For case of C3 and C4, the thermal and mechanical loads
might exceed safety requirements due to the increased combustion pressure and the mass
flux, ergo heat flux.
Note, that Fig. 77 also indicates a clear flow separation for the one-dimensionally calculated nozzle pressure ratio in test case C3. These parameters are identical to Vulcain 2
conditions where only a slight flow separation is observed, which is due to the nature
of a Vulcain 2 nozzle. There, a truncated nozzle is used, which features a higher exit
pressure at the nozzle wall.
Generally, the similarity ratios of test case C1 to C4 exhibit a good agreement to flight
if the temperature and the velocity is observed. The latter property is held responsible
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Temperature

ratio

Impulse denstity

Velocity

Density

Mach number
Pressure
Mixture ratio
Mass flux (throat)
Total mass flow
Expansion ratio
Throat diameter
Exit diameter
Exit pressure ratio
Exit Mach number
Pressure

Similarity

Nozzle

Combust.
chamber

Case

(pe /p∞ )Exp
(pe /p∞ )Ariane
(ρe /ρ∞ )Exp
(ρe /ρ∞ )Ariane
(Te /T∞ )Exp
(Te /T∞ )Ariane
(ve /v∞ )Exp
(ve /v∞ )Ariane
(ρe ve /ρ∞ v∞ )Exp
(ρe ve /ρ∞ v∞ )Ariane

Ma
pCC in [MPa]
O/F
ṁ/At in [kgm−2 s−1 ]
ṁ in [gs−1 ]

dt in [mm]
de in [mm]
(pe /p∞ )Exp
Me

0.34k0.18

1.04k1.05

1.06k1.09

0.33k0.18

C1
0.8k1.2
6.89
6.0
2990.1
150.3
58.5
8.0
61.2
0.09
4.41
0.36k0.19

1.01k0.54

0.97k0.98

1.40k1.42

1.04k0.55

C2
0.8k1.2
6.89
6.0
2990.1
150.3
20
8.0
35.8
0.37
3.62
1.47k0.80

0.57k0.31

1.04k1.06

1.06k1.08

0.55k0.29

C3
0.8k1.2
11.5
6.0
4971.0
249.9
58.5
8.0
61.2
0.15
4.43
0.59k0.32

1.01k0.54

0.97k0.98

1.40k1.42

1.04k0.55

C4
0.8k1.2
6.89
6.0
2990.1
440.8
20
13.7
61.2
0.37
3.62
1.47k0.80

5.45

0.99

1.47

5.51

C5
1.5
6.89
6.0
2990.1
150.3
20
8.0
35.8
5.51
3.62
8.18

Table 8: Selected load steps of the rocket model engine and corresponding similarity to flight conditions.

1.87

1.07

1.12

1.75

C6
1.5
6.89
6.0
2990.1
58.5
1.34
4.41
1.99
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Disadvantage

Advantage

Case
Approach

Disadvantage

Advantage

Case
Approach

C4
increased throat diameter
decreased expansion ratio
transonic
increased exit pressure
→ no nozzle flow separation
outer geometry is kept
→ geometric similarity
increased mass flux
→ increased heat flux

nozzle flow separation

C1
Penn State combustor cond.
Ariane 5-like nozzle
transonic
tested system (appl. for VMK)
geometric similarity

C2
Penn State combustor cond.
decreased expansion ratio
transonic
tested system (appl. for VMK)
increased exit pressure
→ no nozzle flow separation
no geometric similarity
w.r.t diameter ratio
C5
Penn State combustor cond.
decreased expansion ratio
supersonic with ejector
adjustable free-stream pressure
→ no nozzle flow separation
→ geometric & flow similarity
→ altitude simulation
not transonic

C3
increased comb. ch. pressure
Ariane 5-like nozzle
transonic
geometric & flow similarity
increased exit pressure
→ no nozzle flow separation
increased pressure/heat flux
increased instability risk
C6
Penn State combustor cond.
Ariane 5-like nozzle
supersonic with ejector
adjustable free-stream pressure
→ no nozzle flow separation
→ geometric & flow similarity
→altitude simulation
not transonic

Table 9: Explanation to selected load steps for combustion chamber.
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for triggering the shear layer instabilities. Decreasing the extension ratio shows to be
an appropriate measure to increase the pressure ratio in order to avoid separation and
to keep similarity especially at Mach 0.8. This measure also improves the similarity
with respect to density and impulse density. An unusual approach for transonic testing
to push the density/impulse density to even higher ratios could be a higher reservoir
temperature resulting in a higher density ratio (ρe /ρ∞ )Exp . Obviously, the velocity ratio
and the temperature ratio itself is changing then too, but not as strongly.
Test case C5 is investigated separately since it is for Mach 1.5. For this case, it was taken
full advantage of the ejector system of TMK, which offers the capability to decrease the
free stream pressure p∞ in the measurement section by a factor of almost 15 for Mach
1.5. Consequently, as it can be seen in Tab. 8, the pressure ratios (pe /p∞ )Exp and
(pe /p∞ )Exp /(pe /p∞ )Ariane can be increased substantially.
This case is very interesting because it shows the capability of TMK for conducting of
altitude simulations independently of the Mach number. Basically, the pressure ratio
(pe /p∞ ) = 5.51 corresponds to an altitude of 24.5 km or a Mach number of 3.0 if
Ariane 5 is taken as reference. It shall be emphasized again: At Mach 1.5, TMK offers the
opportunity to adjust the pressure ratio (pe /p∞ ) from ground conditions to an altitude
of 24.5 km for a combustion chamber pressure of 6.81 MPa and an expansion ratio of 20.
For an Ariane 5-like expansion ratio of 58.5 and the same combustion chamber pressure,
this would correspond to an altitude of 15.8 km and a Mach number of 2.1.
For the transonic flight regime, a full altitude simulation in TMK is also imaginable if
an additional ejector system is installed. The perforated walls in the transonic measurement section enable a pressure adjustment along the wall in such a manner that
the streamlines are not squeezed when surpassing the wind tunnel model, meaning the
streamline curvature, therefore the centrifugal forces and the pressure gradients are represented like under free-flight conditions. If necessary, excessive mass flow that could
cause wall interferences is removed from the perforated measurement section through a
pipe. This pipe is connected to through a control valve with the atmosphere.
If the main ejector system is running now, the pressure in the measurement section
decreases. In the current set-up, this would cause a mass flux through the pipe to the
measurement section. In order to prevent that, an additional controlled ejector system
could be installed, which controls the mass flow through the perforated wall. This new
altitude simulation system would need to be developed and require testing in order to
be calibrated.
Reference conditions from the previous studies are defined now for conceptual phase.
As outcome of Tab. 8 and Tab. 9, it shall be concluded that partial similarity can be
achieved for most of the test cases. In particular, the temperature and velocity ratio
a well-matched. Adjustments to receive the desired pressure ratios/prevent nozzle flow
separation (C1) can be made by changing the expansion ratio (C2, C4, C5), increasing

84

5 Combustion Chamber Design - TN3300
the combustion chamber pressure (C3) or by using the ejector system of TMK (C5, C6)
for supersonic investigations. Note, that an additional ejector system can massively extend the performance range of TMK with respect to pressure ratio adjustments/altitude
simulations for transonic testing.
Although showing higher loads for full flow similarity like in C3 or C4, the test cases
also indicate that the mass flow rate is not out of reach at least for the feeding system.
For this reason, two different load steps shall be defined: the first being a design point
for the combustion chamber, which leans on the Penn State combustor [24] providing
similarity according to C1, C2, C5 and C6; the second representing the potential of
the feeding system to realize the similarity presented in case C3 and C4, meaning the
current combustion chamber is not designed to withstand these conditions, but future
combustion chambers can be supplied accordingly. Both reference conditions are listed
in Tab. 10 and referred to as RC 1 and RC2, respectively.
Table 10: Defintion of reference conditions.
Reference condition
Cases
Combustion chamber pressure
Mixture ratio
Total mass flow
Mass flow oxygen
Mass flow hydrogen

pCC
O/F
ṁ
ṁO2
ṁH2

MPa
g/s
g/s
g/s

RC 1
C1, C2, C5 and C6
6.89
6.0
150.3
128.8
21.5

RC 2
C3, C4
11.5(15)
440.8
377.8
63.0
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5.2 Thrust Chamber
The maximum mass flow to be expected for a given thrust chamber was defined in the
Chap. 5.1. This before mentioned thrust chamber developed by the Pennsylvania State
University in Pennsylvania State University in the Cryogenic Combustion Laboratorys
(CCL) is now discussed in detail followed by the modifications that are required in order
to be used for a wind tunnel model. This is done for all compononents of a thrust
chamber: it starts with injector, then continues with the combustion chamber, and
concludes with the nozzle.
The main properties of the Penn State 1.5 in thrust chamber with no preburner are given
in Tab. 11. It can be seen that the proposed thrust chamber meets the requirements with
respect to the desired characteristics and dimensions. In detail, the Penn State thrust
chamber was selected for the future experiments due to the reasons listed in Tab. 12. To
sum these observations up, it is basically due to the prove of concept, the high readiness
level, the high similarity to reproduce flight conditions, the flexibility to study scaling
effects and the availability of benchmark data and geometry.
It is also imaginable to connect the combustion chamber with the Penn State preburners
as described in Ref. [17], [18], [37], [24]. The preburners would be installed outside of
the measurement section and not directly at the wind tunnel model. Details to this
configuration is given in Ref. [24].
For the case without a preburner, the characteristic chamber length as figure of merit is
L? = 5.7 m. This results from a combustion chamber volume of VCC ≈ 3.4·10−4 m3 and
a throat diameter of 8.67 mm (Tab. 13). Compared to typical values found in literature
of between 0.8 and 3.0 [35], this is very long. The stay time is about ∼ 0.0063 s.
In literature, this value is found to be between 0.001 and 0.04 s for different types of
propellants and thrust chambers.
More recently, the Penn State Universtiy group investigates a thrust chamber with a
chamber diameter DCC = 1.0 in [17], [18]. The smaller diameter might be advantageous
with respect to the cross-section blocked by the model, and thus will be kept in mind.
The injector (Fig. 81 and Fig. 82) itself is identical concerning the diameter of the
coaxial shear injector. But, it additionally features a multiple-hole injector plate to
eliminate the recirculation zone which forms close to the exit of the injector face. For the
moment, the 1.5 in thrust chamber is preferred due to the high quality of numerical and
experimental data. Future iterations including stress analyses will reveal if this thrust
chamber should be preferred instead. Tab. 13 gives an overview to main parameter like
combustion chamber pressure, mixture ratio, injector type and dimensions, chamber
geometry and throat diameter of the different combustion chambers investigated at
Penn State University. Additionally, the input parameters for the numerical simulations
published in Ref. [37] in the same table.
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Table 11: Design parameters of Penn State thrust chamber[24]. Mass flow rate for a
throat diameter dt = 8.68 mm and a mixture ratio of O/F = 6.
Propellant
Mixture ratio
Combustion chamber pressure
Combustion chamber temp.
Mass flow (measured [24])
Mass flow (calculated [28])
Cooling of combustion chamber
Cooling of nozzle

O/F
pCC,max
TCC,max
ṁ(pCC = 5.17 MPa)
ṁ(pCC = 6.89 MPa)

GO2 /GH2
up to near stoichiometric
6.89 MPa
3555 K
122-131 g/s
177 g/s
heat sink cooling
using OHFC
water cooled

An overview to the system concept is given in Tab. 15. As listed, the configuration consists of a single shear-coaxial injector element, a cylindrical combustion chamber and a
conical nozzle. The materials in consideration are based on the recommendations given
in Ref. [10]. The materials denoted in bold font are selected for the individual component. As preferred thermal protection methods, printed in bold again, is absorption
and ablative heat sink cooling. The combustion chamber is ignited with a pyrotechnic
element. More details to the individual elements are given hereafter.
5.2.1 Injector Element
A single shear coaxial injector element is used, which is almost identical to the geometry
of the Rocketdyne injector (US Patent 6,253,539). This injector was studied in the frame
of investigations for the full-flow staged-combustion (FFSC) cycle engine as part of the
NASA Reusable Launch Vehicle (RLV). The main geometrical dimensions are listed in
Tab. 14 and are used as basis for the design of the injector for the thrust chamber
integrated in the wind tunnel model. The corresponding technical drawing is given
in Fig. 80.
It shows a close-up of the injector environment used for the wind tunnel models. Hydrogen and oxygen is supplied through the feeding tubes integrated in the strut support (1)
and (2). The hydrogen and oxygen feeding tube is connect to a chamber (3) and an
annular chamber (4), which feed the coaxial injector. The injector head is equipped with
radial drill holes (5) that supply an additional chamber (6) to accommodate the option
of film cooling. The film exits through the gap (7) between the wall the ring at the front
end of the injector side. In this case, the front ring is equipped with an O-ring, thus
film cooling is not applied. Instead, the technical drawing shows the second option for
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Table 12: Opposition of the main features of the thrust chamber [24] and the outcome
for the application at hand.
Feature
extensively tested
gaseous
oxygen/hydrogen combustion
heat flux
heat flux scaling law is known
combustion chamber pressures up to 6.89 MPa
comparably small dimensions

coaxial injector

dimensions injector geometry
are available
data is available for a mixture
ratio of 6.0
works up to near stoichometric mixture ratios

Advantage
→ high ready to use level
→ better handling than cryogenic
part of the requirement
→ similar to Ariane 5
→ run time can be determined
→ thermal protection system can be adapted
→ flexible w.r.t. run time/combustion chamber pressure
→ high similarity
→ opportunity to study pressure scaling effects
→ suitable to be integrated with little modifications in
a wind tunnel model
and installed in an appropriate wind tunnel
almost identical Rocketdyne injector
similar to the ones used in Vulcain 2
→ high similarity
→ high ready to use level
→ similar to mixture ratio of the Vulcain 2 rocket engine
→ high chamber temperatures
→ high similarity
→ opportunity to study temperature scaling effects
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exp.
exp.
exp.
exp.
exp.
exp.
exp./num.
exp.
exp.
exp.
num.

[24]
[29]
[25]
[26]
[21]
[22]
[12]
[23]
[17]
[18]
[37]f

no/yes
yes
no
no
no
no
no
no
yes
yes
yes

preburner
no/yes

combustion chamber
pressure
mixture
length
ratio
pCC
O/F
LCC
MPa
mm
2.07 to 5.17 6.0/6.6b
285.75
5.42
161/1.13c 285.75
1.31
4.0
245.6
1.31
4.0
245.6
1.37
3.8
245.6
1.28 to 6.89
4.0
246
1.29
4.0
245.6
1.31
4.0
0.34 to 1.38
6.0
0.79
6.0/4.25e 320.675
5.5
6.7
285.75
width
diameter
DCC
mm
38.1
38.1
50.8
50.8
50.8
50.8
50.8
50.8
25.4
25.4
38.1
C
C
C
C
C
C+SC
C
C
CM
CM
C

b

a

type

C: coaxial, SC: swirl coaxial, CM: coaxial injector surrounded by a multi-hole injector plate
Mixture with/without preburner
c
Oxidizer/fuel preburner mixture ratios
d
For CFD modeling: most likely takes post growth due to thermal expansion already into account
e
In total 4 mixture ratios: both ratios undiluted and diluted with Helium
f
based on [29]

a

type
exp./num.

Paper
Ref.

injector diameters
post, post,
sleeve
inner outer
dip,i
dip,o
dis
mm
mm
mm
5.26 6.27
7.49
5.26 6.30
7.49
7.75 9.56
12.7
7.75 9.53 12.7/10.74
7.75 9.53
12.7
7.75 9.53
12.7
7.75 9.53
12.7
7.87 12.7
15.24
5.26 6.27
7.49
5.26 6.27
7.49
5.26 6.30
7.49

nozzle
throat
dt
mm
8.67/8.18
8.166
11.36
11.36
11.35
11.35
12.42
8.05
8.17

recess
rip
mm
1.52
0.43d
0
0
0
0
0
0.43

Table 13: Overview to experiments with gaseous hydrogen/oxygen combustion chambers executed at Pennsylvania State University plus
a selected numerical investigation.
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Table 14: Dimensions of Penn State thrust chamber [24].
Outer diameter of thrust chamber
Combustion chamber length to nozzle entrance
Combustion chamber diameter
Injector: post inner diam.
Injector: post, outer diam.
Injector: sleeve diam.
Injector: post recess
Throat diameter

DCC,O
LCC
DCC
dip,i
dip,o
dis
rip
dt

∼ 148 mm
285.75 mm
38.1 mm
5.26 mm
6.27 mm
7.49 mm
1.52 mm
8.68 mm

cooling, which is an ablative layer (8). The drill hole (9) is used to measure the combustion chamber pressure by connecting a pressure sensor to the other side of tube (10).
Except for the radial drill holes (5), the inner geometry of the injector is identical to
the injector of Ref. [29] downstream from about the location described with (3) and (4).
Identical with respect to the interior flow.
For the study here, the injector head is used for a mixture ratio of 6.0. The general setup
though is modular to provide the opportunity to investigate different injector geometries. For instance, the variation of the mixture ratio by keeping the shear between the
components constant. Ref. [24] points out the necessity of the injector’s compatibility to
oxygen. For this reason, Monel is used for the inner post and is planned for the injector
here as well. High requirements are posed to the production accuracy, which is emphasized to be smaller than 0.025 mm due to its sensitive influence. This recommendation
is taken as a reference for the wind tunnel model injector.
The mixing of the propellants in a coaxial injector is caused by the shear due to the
velocity difference. In oxygen/hydrogen comustors, the the post typically supplies the
oxygen, while hydrogen runs through space between the post and the outer sleeve. The
mass flow rates and the velocities for the different load steps at the exit of the injector,
which is again used as baseline for the current thrust chamber, is listed in Tab. 16.
5.2.2 Combustion Chamber
First, an overview to the Penn State thrust chamber given, then heat flux measurements
shown in Ref. [24] are used as input to conduct a thermal analysis for two different loads
steps and the results are then presented. Further, the thermal protection concept and
ignition method is discussed. Technical drawings of the injector and combustion chamber
close to readiness are provided.
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Table 15: System concept.
Configuration
Injector
single shear-coaxial element
Combustion chamber
cylindrical
Nozzle
cylindrical
conical, ideal, TIC, TOC, ...
Materials
Injector
Monel
copper alloy
Hastelloy C
Haynes 25
Combustion chamber
OHFC
copper alloy
stainless steel/347 CRES
Hastelloy C
Haynes 25
Nozzle
Nobium
pyrolytic graphite
molded graphite
Carbon-carbon
Tungsten
Molybdenum
Thermal protection
Injector
not critical
Combustion chamber
heat sink cooling
absorption using OHFC
film cooling with hydrogen
ablative inner C-C lining
Nozzle
absorption/ablative
Seals
Metall seals (K-/U-type)
Igniter
pyrotechnic
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Figure 80: Cross-sectional view on the injector head.

Table 16: Flow conditions for various combustion chamber pressures and a mixture
ratio of 6.0 according [24].
Mass flow rate
Mixture ratio
Chamb. pressure
Ox. Velocity
Fuel Velocity
Velocity ratio
Mom. flux ratio
Mom. ratio

GH2
GO2
O/F
pCC
vO
vF
vF /vO
2
ρ F vF
2
ρ O vO
2
ρF vF
AF
2 · A
ρO vO
O

g/s
g/s
6.0
MPa
Injector
m/s
m/s

7.4
44.6
6.0
2.07

12.0
67.0
6.0
3.10

14.9
89.3
6.0
4.14

18.6
111.6
6.0
5.17

77.4
343.2
4.43
1.24

77.4
343.2
4.43
1.24

77.4
343.2
4.43
1.24

77.4
343.2
4.43
1.24

0.74

0.74

0.74

0.74
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Figure 81: Sketch of a cross-sectional view on the injector head of the 1 in-combustion
chamber.

Figure 82: Front view on the injector head
of the 1 in-combustion chamber.
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One of the main challenges for the integration of the thrust chamber in a wind tunnel
model concerns the handling of the thermal energy release in the thrust chamber while
keeping the dimensions that are still acceptable for transonic testing. For the future
model, one of the two cooling methods in use today has to be selected for the wind
tunnel model at hand, namely steady state and transient heat transfer/heat sink cooling
method. A steady state cooling is impractical and not necessary for the short duration
runs of mostly 60 s.
Thus, the concept for the future thrust chambers rely on heat sink cooling. As it is
shown later, three different models are planned, which take advantage of the different
experimental environment of VMK and TMK. Due to the spatial restrictions in TMK,
the heat sink concept based on the high conductivity of the thrust chamber material
copper can not simply be transferred. But, the Penn State thrust chamber can be
directly integrated in the VMK wind tunnel model.
In order to get some more insight into this thrust chamber, like the run time or the
temperature distribution at a certain run time, a thermal analysis is presented hereafter
based on the heat flux as given in Fig. 84.
The Penn State thrust chamber reaches for all combustion chamber pressures a scaled
maximum heat flux of ∼ 2.3 BTU/in2 /s, which corresponds to 3760 kW/m2 , at about
2 in (51 mm) downstream from the injector. Here, scaled refers to the finding that the
heat flux scales with respect to the chamber pressure to the power 0.8. The maximum
combustion chamber pressure in these experiments is set to 750 psi (∼ 5.17 MPa) for
which a maximum heat flux of 7826 kW/m2 was found. Extrapolating the power of 0.8
finding to a combustion chamber pressure of 6.89MPa results in an expected maximum
heat flux of 9469 kW/m2 .
The heat flux profile in the axial direction (Fig. 84) is now imposed on a cylindrical
segment of a combustion chamber made of copper for a chamber pressure of 2.07 MPa
(300 psi) and 6.89 MPa (1000 psi). The results are shown for the time step when the
surface temperature of the combustion chamber exceeds 1080 ◦ C, which is approximately
the melting point of copper. The outer wall is defined to be radiation-adiabatic.
Fig. 85 depicts the temperature distribution for the 2.07 MPa case after 47.4 s. Obviously,
the location where the highest temperature can be found corresponds to the location
with the highest heat flux. The melting temperature is reached after 47.4 s, which is
more than sufficient for testing with currently available measurement techniques.
The temperature profiles in radial direction of the thrust chamber for different times
steps at the location with the highest heat flux (51 mm downstream from the injector)
is given in Fig. 87. As expected, the wall absorbs and transports the heat towards the
outer region. The energy transfer is fast enough to keep the surface wall temperature
below the melting point of copper for a sufficient testing time.
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Figure 83: Picture of the combustion
chamber Ref. [24].
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Figure 84: Heat flux (scaled with respect to (300 pisa/pCC )0.8 ) versus axial
distance for a four combustion chamber
pressures Ref. [24].
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Figure 85: Temperature distribution of a copper thrust chamber after t ≈ 47.4s for a
heat flux rate corresponding to a chamber pressure of 2.07 MPa = 300 psi.
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Figure 86: Temperature distribution of a copper thrust chamber after t ≈ 2.6s for a
heat flux rate corresponding to a chamber pressure of 6.89 MPa = 1000 psi.

This is more challenging for the 6.89 MPa case. The temperature distribution and temperature profiles in Fig. 86 and Fig. 88 reveal that the surface can only cope with that
heat flux for about 2.6 s before the melting point of copper is reached. Heat transfer in
the radial direction is not fast enough to allow a longer longer time.
The conductivity based heat sink cooling method can only be applied on the VMK model
since the blockage due to the model is not as grave for the later suggested upstream supported wind tunnel model concept. The aspect of blockage becomes more dominant for
the classical wind tunnel model with strut support as planned for testing in TMK. And
due to spatial restrictions to the outer dimensions, other thermal protection concepts
are required.
According to [35], ablative cooling is effective in small thrust chambers. Strong, orientated fibers of Kevlar or carbon engulfed in a matrix of plastics, epoxy or phenolic
resins are used as ablative material. The cooling method is based on the endothermic
degradation of the ablative material resulting in a cool film that seeps through matrix.
The heat is absorbed through various energy conversion processes, namely surface melting, sublimation, charring, evaporation, decomposition, and finally causing a cooling
film. The preferred ablative material is made of carbon fibres in a matrix of amorphous
carbon, which features an erosion ratio of about erosion rate 0.0127 to 0.0254 mms−1
(0.0005 to 0.001 ins−1 ). Consequently, it takes roughly 80 s for the worst case until a
protective layer of carbon fibers in a carbon matrix of 2 mm is degraded.
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Figure 87: Temperature profiles at Figure 88: Temperature profiles at
xCC = 51 mm of a copper thrust chamxCC = 51 mm of a copper thrust chamber for a heat flux rate corresponding to
ber for a heat flux rate corresponding to
a chamber pressure 2.07 MPa.
a chamber pressure 6.89 MPa.
An ablative insert is considered as an appropriate approach to cope with high heat flux
for the TMK model. In Fig. 80, this ablative insert is marked with 8. In this technical
drawing, the thickness of the insert corresponds to the 2 mm as suggested before.
Additionally, it can be seen that the injector features the option protecting the walls
with film cooling. The section upstream of the annular ring of the coaxial injector,
which provides the mass flow of the gaseous hydrogen, exhibits drill holes. The mass
flow through these drill holes exits through a gap between the front side where the
injector is integrated and the surface walls of the combustion chamber supplying the
wall with a cool hydrogen film. Different rings allow different gap sizes to adapt the
mass flow. This method might help to reduce the heat flux at the location where it is
maximal if the film persists. For the application at hand, a quantification of this method
with respect to its efficiency requires an in-depth analysis or testing later. But, it seems
to be a good-to-have option.
Several groups overseas and in Europe use the data of Ref. [24] as benchmark for the
validation of their CFD codes. This is interesting to keep the investigations of the
base flow effects focused on its actual purpose instead of investing time and money into
calibration and investigation of the combustion chamber characteristics itself.
An example is given in Fig. 89, which is extracted from Ref. [37]. It shows the benchmark
heat flux measurement with preburner of Ref. [24] versus numerical simulations for the
load step of 5.17 MPa. Similar experimental results without preburner were shown before in Fig. 84. A whole spectrum of simulations, namely with steady Reynolds-Average
Navier Stokes (RANS), unsteady Reynolds-Average Navier-Stokes (URANS) and three
different Large Eddy Simualtions (LES), were executed by the NASA Marshal Space
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Figure 89: Heat flux prediction from different CFD calculations compared with
corresponding experimental data [37].

Flight Center (MSFC), Purdue University, Pennsylvania State University, Georgia Institute of Technology and Sandia National Laboraties, respectively. Generally, it shows
that the LES (SNL) from Sandia National Laboratories with the highest fidelity simulation accomplishes to match the data quite well over the whole course, while the other
models achieve that only partially.
Another example is given in Fig. 90. It shows the time-averaged OH mass fraction distribution. Although, it can be seen that the results differ quantitatively and qualitatively,
it shall be stated that the investigation of combustion mechanisms is an ongoing research
topic and choosing a benchmark thrust chamber for numerical investigation keeps up
the expectation of more data to come that would not be available otherwise.
This way, the characteristics of the thrust chamber are going to be more and more
specified. For instance, the OH radical concentration or the temperature distribution
is important with respect to the lifetime of the components. Further, data to the oxygen/hydrogen concentration distribution return a certain knowledge about the completeness of the reaction a deliver input conditions for the expansion through the nozzle for
the base flow interaction investigation.
5.2.3 Nozzle
At this early stage of development, the nozzle is not defined in detail since
that relevant yet and can be designed according to the requirements given
One of the aspect set of the nozzle concerns the axisymmetric configuration.
a throat diameter of 8 mm was set to narrow down the reference parameters.

it is not
by ESA.
Further,
But, the
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Figure 90: Time-averaged distribution of OH mass fraction [37].
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contour itself manufactured as conical, ideal, truncated ideal contoured (TIC), truncated
optimized contoured (TOC), etc. nozzle.
A water cooled nozzle configuration seems to be too complex at least for the TMK wind
tunnel model due to the spatial restrictions. It could be realized for the VMK model,
but is not intended. So far, it is planned to protect the the nozzle throat from high
heat loads with an insert of pyrolytic graphite or with molybdenum. Both materials can
withstand very high temperatures. Since it is expected that the nozzle throat erodes
during testing, it is recommended to replaced the insert after hot tests.
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Figure 91: Streamline distortion in open Figure 92: Streamline distortion in closed
test section [14].
test section [14].
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6.1 Wind Tunnel Design Selection
6.1.1 Opposition of Different Wind Tunnel Types
A short introduction to the different wind tunnel types under consideration is given in the
following section to explain some inherent issues. The wind tunnels for the application
at hand mainly differ with respect to the test section, which can be open, closed or
partially open. Fig. 91 and Fig. 92 visualize the flow by means of streamlines around
an exemplary wind tunnel model for a wind tunnel with an open and with a closed test
section, respectively.
It can be noticed, that the streamlines for the open test section bulge out, while they
are straightened and squeezed around the model for the closed measurement section.
Obviously, this is a result of the different boundary conditions that are imposed on
the flow. Fig. 93 gives an overview of the consequences with respect to free flight
conditions.
For subsonic test in an open test section wind tunnel, the bulging of the streamlines due
to the blockage of the model is causing a change of the interrelated physical parameters:
the stream density and the velocity is smaller in comparison to free flight. The pressure
gradient adapts faster in the lateral direction with respect of the flow due to the imposed ambient pressure at the wind tunnel nozzle exit. Also, a larger curvature of the
streamlines larger and centrifugal forces is found. With increasing Mach number, this
tendency continues even close to Mach 1. No peculiar effect is expected at that point
for a wind tunnel model in the flow field since there is space for the streamlines to bulge
farther.
In the supersonic regime, the most dominant effect with regard to the erroneous influences on the model is caused by wave reflections. Pressure waves that emanate from
the tip of the model are reflected as expansion waves at the shear layer of the free jet.
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An impingement of the expansion waves in the region of interest is consequently to be
avoided. Note, that expansion waves are reflected as pressure waves.
The squeezing of the streamlines found in subsonic investigation using a closed test
section consequences opposite effects. The stream density increases and leads to an
increased velocity field between the model and the wall. Further consequences are a
smaller pressure gradient, a smaller curvature of the streamlines and smaller centrifugal
forces.
At higher Mach numbers, the well-known effect of ’choking’ occurs. In this case, the
narrowest section in the wind tunnel is given by the model. Thus, the flow accelerates
and reaches Mach 1. Choking for instance is reached at Mach 0.8 and 0.9 for blockage
ratios of 3.7% and 0.88%, respectively.
In the supersonic case, the situation is comparable to tests with an open test section.
The wave reflections pose the limits on the wind tunnel length. Here at the solid wall
though, shocks get reflected at shocks and expansion waves as expansion waves. The
cross-sectional area of the wind tunnel model loses of importance.
It can be seen that the open test section leads to smaller velocities around the model
and the opposite is the case for a closed test section. This is also depicted in Fig. 93. In
the past, correction methods have been developed to encounter that problem. Though,
the distortion of the streamlines still prevail with this method and are found to be
impractical for general wind tunnel testing [14]. This graph already includes a solution
to the opposing velocity tendencies of the two wind tunnel concepts, which is a partially
open tunnel. If the flow disturbance around the model do not reach the vicinity of
the wind tunnel walls, it can be expected that the velocity correction remains zero in
subsonic tests.
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Table 17: Opposition of wind tunnel with open and closed test section.
Effects at

Wind tunnel with
system interface

Ma < 1

streamlines

Ma ≈ 1

stream density
pressure gradient
curvature of streamlines
centrifugal forces
velocity
effects

Ma > 1

wave reflection

open test section
shear layer with
ambient pressure imposed
bulge out
→ smaller
→ larger
→ larger
→ larger
→ smaller
no peculiar effect /
streamlines can freely
bulge out
pressure → exp.
exp. → pressure

closed test section
solid wall
straightened/
squeezed
→ larger
→ smaller
→ smaller
→ smaller
→ larger
choking

pressure → pressure
exp. → exp.

Figure 93: Velocity corrections in open, closed and partially
open wind tunnels as function of Mach number [14].
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6.1.2 Opposition of TMK and VMK
The cost-benefit analysis presented in the trade-off in Ref. [30] revealed that an update
of the Vertikale Messtrecke Köln (VMK) and Trisonische Messtrecke Köln (TMK) is
definitely to be preferred. Combined measurement campaigns in VMK and TMK with
complementary wind tunnel models as presented in Chap. 6.2 offer a wide range for
investigations and cope with the requirements listed in Ref. [4]. In the following, both
wind tunnels are opposed to each other to find a concept for future wind tunnel models.
Information that is relevant for the comparison is given in Tab. 18.
VMK is a ’blow-down’-type wind tunnel with a vertical free jet test section for the
simulation of the flow in the Mach number range from 0.5 to 3.2 by using contoured
axial-symmetrical nozzles, which is directly mounted on a platform on the floor. The
measurement section is integrated in a concrete tower with overpressure protection. By
means of its heater capacity for total temperatures up to 700 K, VMK allows to simulate
sea level flight conditions up to a Mach number of 2.8 with a correct duplication of the
corresponding pressure and temperature. On average, up to 10 tests a day are carried
out at this facility, with a typical run time of approx. 60 seconds.
The aspects involving the design of the wind tunnel model can be exploited in such
a way that an upstream supported wind tunnel model can be used for testing. If the
model is held upstream in the center of the wind tunnel model and the flow has to pass
through straighteners further downstream, the model is exposed to a flow that is not
disturbed by any nearby sting or strut support. This fact is advantageous by itself, but
it can further be used to extract information about the influence of the strut from the
measurements in TMK.
Further, it is known that the streamlines in open test section bulge out in comparison
to free flight [14] . The concept of an upstream held wind tunnel model though, as also
shown in numerical simulations [7], does not result in an displacement of the flow in the
region of interest, and thus avoids this effects making VMK, in contrast to the models
in TMK, basically independent of the diameter with regard to blockage.
Not to underestimate is the accessibility of VMK due to the nature of featuring an
open test section with room to the walls and its vertical orientation. Various and joined
measurement techniques can be set up simultaneously delivering time-correlating measurement results. Setting them up is easy and convenient for the same reason.
Also on the plus side of VMK stands the concrete tower with overpressure protection.
Even in the worst case scenario like an explosion of a rocket engine or fire, VMK isolates
the test section from the stuff and the rest of the facility, meaning the level of safety
is very high. After the careful development of the rocket engine, it can be tested in
VMK without hesitation. This wind tunnel is unique with respect to this is feature in
Europe.
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The TMK is also a ’blow-down’-type wind tunnel with a closed test section of 600 × 600 mm2 .
It is equipped with a flexible, continuously adjustable nozzle. The simulation range of
this wind tunnel varies from subsonic (Mach 0.5) to transonic and the higher supersonic
range of Mach 5.7. In the transonic setting, a test chamber with perforated walls is
used. A storage heating allows to vary the total temperature from ambient temperature
up to 550 K in the supersonic range. TMK is equipped with an ejector to decrease the
ambient pressure or to adjust the Reynolds number. Depending on the Mach number,
approx. 10 tests per day can be carried out. The typical duration of a test is between
30 and 60 seconds.
For clarity, some of the features are again discussed in more depth. It shall be emphasized
that TMK enables continuous testing in the transonic flow regime due to continuously
adjustable nozzle, while compensating for blockage or shock reflections due to the perforated walls in the transonic test section. If interested, the tests can be extended to
higher Mach numbers if the transonic test section is removed.
In the supersonic setting at Mach M a > 1.5, the usage of the ejector offers in combination with a combustion chamber the opportunity to conduct altitude simulations without
actually varying the combustion chamber pressure. The pressure ratio, called the nozzle
pressure ratio NPR, is adjusted by simply lowering the ambient pressure while keeping
the Mach number constant. If no combustion chamber is integrated in the wind tunnel,
this is comparable to a Reynolds number variation at a constant Mach number.
Note that the quality of the free stream is very high for TMK. It provides a very low
turbulence level. This is the outcome of a careful design of TMK including straighteners
and a settling chamber.
Summing these observations up, TMK is planned to be used for high flow quality transonic testing with a strut supported model. The blockage ratio has to be kept in mind.
For this reason, after having defined the different wind tunnel model concepts, the dimensions of them are defined in the next section. A detailed list of the focus of the
investigations for VMK and TMK is listed later in Chap. 6.2 where the wind tunnel
models are discussed.
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Table 18: Opposition of VMK and TMK.
Wind tunnel
Nozzle
+

Test section
+

-

+
Ejector
+

Safety
+
Settling chamber
+
Straighteners
+

VMK
cylindrical
→ upstream supported
→ no strut induced
disturbances
→ Mach number not adjust.
in supersonic range
open
→ very good accessibility
w.r.t. optics & maintenance
→ potential bulging of
streamlines (not for upstream supported model)
vertical
→ very good accessibility
→ upstream deviation of flow
before the nozzle entrance
n.a.
n.a.

concrete tower
→ with overpressure
protection
not installed
n.a.
installed
→ planned for upstream
supported model

TMK
rectangular & adjustable
→ continous for Mach number
range 0.5 < M a < 5.7
→ strut support required
→ strut induced dist.
perforated walls
→ designed especially for transonic testing w.r.t shock
reflections and blockage
→ accessibility

horizontal
→ no upstream deviation of flow
before the nozzle entrance
n.a.
can be used for M a > 1.5
→ pressure adjustments
→ Reynolds number
variations
→ altitude simulation
no special measures
n.a.
installed
→ low turbulence
installed
→ low turbulence
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1. Introduction
In the telephone conference with Neil Murray, Ali Gülhan and Dominik Saile on 08.08.2012,
it was discussed to conduct a limited series of blockage tests to receive some preliminary
results with respect to the influence of the blockage ratio between wind tunnel model and wind
tunnel. It shall be emphasized that these measurements are additional to the deliverables
described in the framework of the TRP contract [1,2,3]. Thus, limited and preliminary data
mirror the fact that only limited time and resources were available for the tests.
Nevertheless, the pressure coefficient along the wall of the wind tunnel and on the sting
downstream from the wind tunnel model are presented for a self-similar wind tunnel model at
representative subsonic and supersonic Mach numbers, at 0.85 and at 1.1, respectively. The
focus of this paper does not lay on a detailed aerodynamic interpretation of the flow effects.

2. Methods
The blockage tests are executed in the transonic setting of the TMK (Figure 1). The TMK is a
„Blow-Down“ wind tunnel with a closed test section of 0.6 x 0.6 m². It is equipped with a
flexible, continuously adjustable nozzle. The simulation range of this wind tunnel varies from
subsonic (Mach 0.5) to transonic and the higher supersonic range of Mach 5.7. A view from
the inside of the transonic test section is given in Figure 2. Tests are run at Mach 0.85 and 1.1.

Figure 1: Picture of the TMK

Figure 2: Picture of the
transonic measurement section
of the TMK with embedded
static pressure tabs

The blockage tests are conducted with a self-similar model shown Figure 3. The model is a
cone with an aperture angle of 40.53°. With various segments, a blockage of 0.5%, 0.75%,
1%, 2%, 3%, 4%, 5%, 6%, 8%, 10% and 12% can be tested. A technical drawing of the cone
is shown in Figure 4. The paper at hand presents tests with 1%, 2%, 3% and no wind tunnel
model at all.
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Figure 3: Picture of blockage model in Figure 4: Technical drawing of blockage model
the TMK
The influence of the model size is measured with pressure tabs on the sting of the wind tunnel
model and along the wind tunnel wall. The pressure tabs on the sting are taped 0cm, 1cm, 2cm
and 3cm downstream from the base. The wind tunnel wall is equipped with a strip of pressure
tabs, which is shown on the left side of the picture in Figure 2. In total, 16 measurement tabs
are used on a length of 45cm. Two tabs take the pressure at the height upstream from the
model tip, the rest downstream.
The pressure tabs are connected with tubes to the following pressure transducers: Statham
PDCR 22 (±10, ±25 psid), Statham PM856±15 (±15 psid), PM856±25 (±25 psid),
PM131TC±10-350 (±10 psid), Statham PA208TC 50-350 (50 psia) pressure transducers. The
measurement range is mentioned in brackets. The data acquisition system consists of a strain
gage input module NI SCXI-1520 for signal conditioning and a NI PXI-6284 data acquisition
module.

3. Measurement Results and Discussion
The Mach numbers of the runs with the various blockage models are depicted in Figure 5 and
Figure 6 for the Mach 0.85 and 1.1 investigations, respectively. It is an outcome of the static
pressure in the transonic measurement section and the reservoir pressure. The Mach number is
plotted over the number of samples N, which is equivalent to a time interval of ∆t = 0.01s.
Note, that these runs are executed back-to-back, meaning no iterations are done to decrease the
bounds of the Mach number courses.
With respect to the circumstances, it shows that the Mach number varies only slightly over the
course of one run and that the transonic settings are repeatable. For the Mach 0.85 case, the
difference of the various runs and within one run is less than 1%. Within one run, this
statement can also be made for the Mach 1.1 case. With 2%, the difference between the runs is
slightly higher for the run with no wind tunnel model. Generally, it shows that the Mach
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number is kept constant over the course of one run and over the various runs, thus, the
pressure coefficients presented hereafter are comparable within limits with each other.
The variations in the Mach number course is due to the fact that in transonic testing it is
influenced by the model size. In the TMK, it can be adjusted to the model size by adapting the
wind tunnel nozzle setting and the corresponding reservoir pressure, and additionally, by
controlling the flow through the perforated wall in order to adjust the static pressure in the
transonic measurement section. Depending on further conditions for a parallel wind tunnel
flow, the latter offers the possibility to adjust the Mach number over a range of almost
∆Ma = 0.1. As mentioned in Ref. [3], with these measures, the Mach number can be finetuned to reach an accuracy of ∆Ma = ±0.5%.
The pressure and pressure coefficient distribution on the sting is shown in Figure 7, Figure 8
and Figure 9, Figure 10 for Mach 0.85 and 1.1, respectively. The pressure and pressure
coefficient distribution along the wind tunnel wall is shown in Figure 11 and Figure 12 for
Mach 0.85. No data along the wind tunnel wall is available for the Mach 1.1 case, and also, for
the case with no model at Mach 0.85. As mentioned before, in the frame of these
investigations, no aerodynamic interpretation of the flow effects is given here. A simple
approach is taken where the pressure coefficient is taken as reference for the influence on the
blockage ratio. For a self-similar wind tunnel model, the pressure coefficient is expected to be
independent of the model size if the influence of the wind tunnel is negligible.

Figure 5: Mach number during experiments Figure 6: Mach number during experiments
at Mach 0.85
at Mach 1.1
For the Mach 0.85 case (Figure 8), it can be seen that the base pressure coefficient features an
increase at all the locations downstream from the base if the wind tunnel model size is doubled
from 1% blockage ratio. The maximum deviation of the pressure coefficient at 3 cm
downstream from the base is about 13% to 14%. Consequently, tripling the model size results
in even higher deviations.
The same statement holds true for the Mach 1.1 case (Figure 10). An overall increase of the
pressure level can be observed if the model size is increased. No explanation is found for the
major change in course of the pressure distribution in the frame of these quick investigations.
As a result of the pressure measurements along the sting, it is strongly recommended to keep
the blockage ratio of the model size below the 1%.
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Figure 7: Pressure distribution on the sting Figure 8: Pressure coefficient distribution on
downstream of the wind tunnel model at the sting downstream of the wind tunnel
Mach 0.85
model at Mach 0.85

Figure 9: Pressure distribution on the sting Figure 10: Pressure coefficient distribution
downstream of the wind tunnel model at on the sting downstream of the wind tunnel
model at Mach 1.1
Mach 1.1
The wall pressure and wall pressure coefficient distribution is shown in Figure 11 and Figure
12. The tip of the model is located at the height of 0 cm. A flow field that is not influenced by
the wall features a wall pressure coefficient of cP = 0. For a blockage ratio of 1%, the pressure
coefficient along the wind tunnel wall stays approximately at a constant level and indicates a
negligible influence of the wind tunnel model to the flow. Higher blockage ratios impose a
slight change on this course, consequently lead to the conclusion that the pressure coefficient
is influenced by the model size.

4. Conclusion
A short additional study based on the ESA request has been carried out. The objective of the
investigations here was to gain insights into the blockage effects in the transonic flow regime
of TMK with very limited resources. The pressure coefficient distribution of a self-similar
wind tunnel model was measured on the sting and along the wind tunnel wall at Mach 0.85
and 1.1, while varying the model size. It was shown that an increase of the model size causes a
deviation from the pressure coefficient distribution compared to the blockage ratio of 1%. The
wall pressure coefficient is also affected by the model size. Thus, a maximal model size of 1%
is highly recommended, which is used as a rule of thumb for transonic testing in literature.

TRP Hot Testing Facilities for
ELV Propulsion Characterization

Ref. No.: ESA TRP-HOTP-DX.X
Date: 09.01.2012
Page: 7

Figure 11: Pressure distribution along wind Figure 12: Pressure coefficient distribution
tunnel wall at Mach 0.85
along wind tunnel wall at Mach 0.85
In the frame of this project, no extensive testing was possible. Data for a blockage ratio below
1% are missing for comparisons. Additionally, no wall pressure is provided for the Mach 1.1
case. Hence, a test series for a detailed specification of the expected blockage effects is
desirable.
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6.2 Wind Tunnel Model Concept
In the following section, considerations to the ’outer shape’ the future wind tunnel
model are presented. The term ’outer shape’ is supposed to describe the geometry
that is exposed to the exterior flow. The specifications here are dominated by the
requirements for transonic testing. The ’inner features’ take considerations about the
combustion chamber like the thermal protection concept or the dimensions into account
and is described in Chap. 5.
The various effects that have to be considered in transonic testing are described in
Chap. 6.1.1 and listed for a better overview in Tab. 17. Now, this knowledge is applied
to narrow down the design of appropriate wind tunnel models.
Mainly two different effects have to be considered in order to avoid falsified measurement
results. In the subsonic range, the first, being the blockage effect, and second, being
wall interactions.
The blockage effect with regard to the geometry of the model is more restrictive. It
reflects the effect of an erroneous flow field in compared to free flight due to ’squeezed’
streamlines. If compared to flight, this results in reduced centrifugal forces and pressure
gradients in the region between the wind tunnel model and the walls. The blockage
ratio is given by the ratio between the cross-sectional area of the wind tunnel and the
cross section of the measurement section. For a wind tunnel with a closed measurement
section, this ultimately leads to choking of the flow since the narrowest section is then
located on the wind tunnel model.
Transonic wind tunnels avoid this situation due to an arrangement of open and closed
wall elements like the perforated wall in TMK. Experiments have shown that the blockage ratio can then be up to 1%. This is a commonly accepted rule of thumb as it is
used in many transonic wind tunnel facilities like TMK [11], HSWT [1] (High Speed
Wind Tunnel) of Lockheed Martin in Dallas, Texas, U.S.A., or ETW (European Transonic Windtunnel), in Cologne Germany. For TMK with a measurement section of
600 mm × 600 mm, this results in a cross-sectional area that corresponds to a model diameter of 67 mm (support not included). The cross-section of a strut support (if chosen
as support system) also counts as part of the cross-sectional area.
To investigate the base flow effects, three different model concepts are suggested. The
details of which are all listed in Tab. 19. The main feature of Model 1 concerns the
upstream supported strut that basically offers the opportunity to investigate the base
flow without a disturbing strut in VMK. Model 2 takes advantage of the fact that it
can be investigated in VMK and TMK. The cross-section of this wind tunnel model is
too large for being investigated with additional boosters. This is where Model 3 comes
into place. Model 3 is designed to study plume interaction phenomena in TMK by using
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solid propellants for the core and the booster stages. Solid propellant engines can easily
be manufactured in a very compact fashion.
Some more details of Model 1 can be seen in the image in Fig. 94 and the technical
drawing in Fig. 95. It can be seen that the wind tunnel model is integrated in the wind
tunnel nozzle and supported upstream. To minimize disturbances, two straighteners are
implemented downstream of the support.
The technical drawing provides insights into the feeding system to the combustion chamber. Hydrogen is supplied in the upper pipes running horizontally in Fig. 95 and oxygen
is supplied in the lower pipes. The two lines are kept separate until they reach the
PennState injector head. Adjacent to the injector head is the combustion chamber,
which exhibits exactly the dimensions of the PennState combustor. Obviously, the flow
exits through the nozzle on top of the wind tunnel model.
This configuration was numerically investigated in the frame of TN2500 due to the
large diameter of 158 mm and concerns with respect to transonic effects. This diameter
corresponds to a scaling of 35 : 1 for Ariane 5, which is pretty large.
Thus, this exact configuration with nozzle flow was first exposed to an ambient flow
coming from the wind tunnel nozzle, then to a free ambient flow. No major differences
in the flow field were detected. The flow field and some exemplarily extracted profiles
were considered identical, and thus, the differences were considered to be negligible.
Therefore, concerns with respect to the nominal blockage ratio higher than 1% could be
solved and it was proven to be a valid concept.
This concept has far progressed. Even the equipment of Kulites was defined, which are
located on the base and wired through one blind feeding pipe. The combustion chamber
is identical to the PennState combustor with respect to the main dimensions, meaning it
is a proven concept as well. The concept of the upstream supported wind tunnel model
was tested in the past as well. Thus, this wind tunnel model could be manufactured in
the near future.
Fig. 96 and Fig. 97 show Model 1 with additional boosters. The boosters are attached
to the feeding pipes and, correspondingly are upstream supported. The boosters supply
plumes from solid propellants for a realistic simulation of the Ariane 5 configuration.
This concept has not been numerically investigated yet to check potential interactions
with the shear layer or other transonic effects.
As mentioned before, Model 2 is planned for investigations in both wind tunnels. The
hydrogen/oxygen combustion chamber itself is based on the inner geometry of the
PennState combustor (see Chap. 5). The outer geometry is adapted to meet the requirements for wind tunnel testing, meaning it exhibits exactly a blockage ratio of 1%.
In detail, this refers to the diameter of 50 mm corresponding to a scaling of 110 : 1 with
respect to Ariane 5. The maximum overall length is 500 mm. Since Model 1 and Model 2
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Cooling of nozzle

Diameter of main body
Scaling Ariane 5:Model
Ignition
Cooling of thrust ch.

Test environment
Propellant
Mixture ratio O/F
Boosters/multiple plumes
Focus of investigations

Support
Wind tunnel
Mach number range

free-jet
GO2 /GH2
1 to 8
yes, with DB
influence of mixture ratio
influence of temperature grad.
influence of strut support
plume interaction
thermal analysis
158 mm
∼ 35 : 1
pyrotechnic
transient heat transfer/
heat sink cooling
OFHC copper
heat sink cooling
pyrolitic graphite
molybdenum

Model 1
upstream
VMK
subsonic
0.5 − 0.95 at low alt.

thermal analysis
50 mm, (max.: 67 mm)
∼ 110 : 1 (max.: ∼ 82 : 1)
pyrotechnic
transient heat transfer/
heat sink cooling
ablative material
heat sink cooling
pyrolitic graphite
molybdenum

Model 2
strut
VMK + TMK
sub-/trans-/supersonic
0.6 − 2.0 (M amax = 5.7)
altitude var. (M a > 1.5)
free-jet + perforated wall
GO2 /GH2
∼ 1 − T BD
pot. after eval. blockage tests
altitude simulation
angle of attack
dynamic pressure response

Table 19: Wind tunnel model concepts.

heat sink cooling
pyrolitic graphite
molybdenum

Model 3
strut
VMK + TMK
sub-/trans-/supersonic
0.6 − 2.0 (M amax = 5.7)
altitude var. (M a > 1.5)
free-jet + perforated wall
DB
n.a.
yes, with DB
altitude simulation
angle of attack
dynamic pressure response
plume interaction
thermal analysis
38 mm
∼ 144 : 1
pyrotechnic
transient heat transfer/
heat sink cooling
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Figure 94: Image of model 1 for tests in Figure 95: Technical drawing of model 1
VMK.
for tests in VMK.
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are based on the same combustion chamber geometry, this wind tunnel model features
a high readiness level. An FEM analysis is still required to calculated the stability of
the strut support.
A back-up solution was provided in Chap. 5 for the case that the support is required to
be far wider than 6 mm, and consequently, the wind tunnel model runs the risk to cause
blockage. The back-up solution refers to the 1.0 in instead of the 1.5 mm combustion
chamber of the Pennsylvania State University. For the cost of a smaller scaling and
smaller region of interest, this combustion chamber could also offer investigations with
higher angle of attack.
Fig. 100 and Fig. 101 shows a design for Model 3. The concept requires some more
detail-oriented work, like the routing of the pressure measurement tab inside of the
model. Nevertheless, it contains the main components of a wind tunnel model with solid
core and two booster stages. The core stage and the boosters here feature a diameter of
38 mm and 19.5mm, which results in a scale of 144 : 1.
Very high combustion chamber pressures can still be reached by using solid propellants.
Fig. 102 and Fig. 103 show exemplarily, which combustion chamber pressures can be
reached dependent on the throat diameter for an combustion chamber diameter of 30 mm
(core model) and 11.5 mm (booster model), respectively. But, these values can only
be used as an orientation since the diameters are very small and the influence of the
displacement layer of the boundary layer might increase the pressure substantially. The
testing time of such a configuration is up to 10 s.
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Figure 96: Image of model 1 with boosters Figure 97: Technical drawing of model 1
for tests in VMK.
with boosters for tests in VMK.
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Figure 98: Image of model 2 with a hydrogen/oxygen combustion chamber.

Figure 99: Technical drawing of model
2 with a hydrogen/oxygen combustion
chamber.

Figure 100: Image of model 3 with a solid Figure 101: Technical drawing of model
propellant main stage and solid propel3 with a solid propellant main stage and
lant boosters.
solid propellant boosters.
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Figure 102: Combustion chamber pres- Figure 103: Combustion chamber pressure as a function of throat diameter for a
sure as a function of throat diameter for a
double-base solid propellant with a front
double-base solid propellant with a front
surface of 707 mm2 .
surface of 104 mm2 .
6.3 Feeding System
In the frame of this work, the Supersonic and Hypersonic Technology Department contacted various companies to get support for the tasks to tackle. ANLEG GmbH was
addressed for the design of the hydrogen/oxygen feeding system. The flow chart provided
in Fig. 104 gives an overview of the required components.
This feedings system is intended to be built up identically for TMK and VMK. Synergies,
like a common buffer tank, still have to be evaluated. The hydrogen and oxygen lines
themselves are identical as well with respect to the functionality of the components. The
oxygen and hydrogen line are both equipped with a nitrogen flushing system. The whole
system is divided spatially in three sections: an external section, a section close to the
test area and the interface to the wind tunnel model. A short overview is given in the
following.
Both lines start from a gas storage, which is in this case a gas bottle. It can be imagined
to connect the future facility to the already existing hydrogen/oxygen supply system of
the Institute of Propulsion Technology in Cologne. This has already been discussed as
one option on the phone. From the buffer tank, the gas is led through a shut-off valve,
filter, electromagnetic valve, pressure control valve towards the test area.
In the test area, the gas flow is controlled by a flow meter before going through a flow
control valve towards the main valve. The last valve after the main valve and before
the wind tunnel model is back-pressure. Downstream from there is where the feeding
system is connected to the wind tunnel model with an appropriate interface.
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In order to stop the combustion safely and to purge the lines from residual hydrogen
and oxygen gas, a purging line is coupled into the main supply line. One purging line is
connected to to both supply lines, the oxygen and hydrogen line right downstream from
the back-pressure valve.
Fig. 105 to Fig. 111 show footprints of the infrastructure in Cologne to given an indication
of where the feeding system is planned to be established. Fig. 105 and Fig. 106 show
the first and second floor footprints, respectively. The location of VMK and TMK are
clearly marked
For VMK, more details are given in Fig. 107 and Fig. 108 for the first and second
floor. The area marked in red describes the location where the external, meaning the
components surrounding gas storage, is placed. This corresponds to the picture given in
Fig. 109. The test area is marked in pink Fig. 111 and the corresponding image is given
Fig. 110. Both sections are connected through pipes, which are marked in brown on the
footprint.
The same color code is applied for the TMK feeding system. Fig. 111 shows the detailed
footprint of TMK. The external components are placed outside (Fig. 112) at the location
marked in red and connected to the test area (Fig. 113) marked in pink.
It can be seen that for the feeding system can be established in both facilities, VMK
and TMK. The gas can be stored externally and, the required components can be set-up
in the near vicinity of each measurement section. For now, a common storage system
seems not to be favorable.
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Figure 104: Flow chart H2/O2-feeding system.
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Figure 105: First floor footprint of the infrastructure in Cologne.
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Figure 106: Second floor footprint of the infrastructure in Cologne.
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Figure 107: First floor footprint showing the VMK infrastructure.
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Figure 109: Picture showing the location Figure 110: Picture showing the location
of the external components for the gas
of the components in the test area for the
supply system for VMK.
gas supply system for VMK.
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Figure 111: First floor footprint showing the TMK infrastructure.
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Figure 112: Picture showing the location Figure 113: Picture showing the location
of the external components for the gas
of the components in the test area for the
supply system for TMK.
gas supply system for TMK.
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Introduction

This survey of measurement techniques is part of a feasibility study for a new hot plume testing facility
which is aimed at reproducing flow phenomena in the vicinity of launcher nozzles [1]. The need for
such a test facility is motivated by the fact that the base pressure of cryogenic propulsion stages cannot
be predicted accurately neither through theory, experiment or numerical simulation. Actual flight data
has shown that the base pressure is higher than predicted through windtunnel experiments which has
direct influence on vehicle drag and hence its flight performance [2,3]. The main reason for the
difference is the fact that up to date windtunnel experiments do not duplicate the hot exhaust plume
issuing from the nozzle [4].
The design of possible hot testing facilities is not only governed by properly replicating the
aerodynamics (see c.f. Figure 1) but also by the capability of providing accurate measurement data. In
terms of classical probe measurement techniques this is mainly an issue of adequate port and rake
positions. Enabling optical measurement and visualization at the same time requires considerably more
design effort and often involves a certain amount of trade-off between accessibility, operational
reliability and cost. The focus of this survey is on optical, image based techniques because the whole
field nature of the acquired data is of great importance in describing the base flow unsteady
phenomena. Recommendations regarding optical access are made on the basis of the measurement
technique found most suitable for this application.

Figure 1: Base flow geometry on an idealized rocket model

1.1 Task description (from Proposal)
The measurement techniques that are required to properly capture the relevant flow phenomenon for
extrapolation to flight and also for validation of CFD should be defined. Their relevant requirements in
terms of accessibility and implementation should be assessed such that the tunnel design is consistent
and capable for their inclusion. Steady and unsteady as well as intrusive and non-intrusive
measurement techniques shall be considered.
Aside from particle image velocimetry (PIV) and planar laser induced fluorescence (OH-PLIF) a wide
variety of alternative technologies are at the disposal of the Dept. of Engine Measurement Techniques
(AT-TM). Among these are Doppler global velocimetry (DGV) for flow field measurement, filtered
Rayleigh scattering (FRS) and coherent anti-Stokes Raman scattering (CARS) for temperature
measurement, NO-PLIF and acetone PLIF for concentration measurement. The suitability of each of
these methods for application in the proposed Hot-Plume facility will be subject of the study.
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1.2 Overview of Requirements
The proposed Transonic Hot-Plume Facility will feature adequate optical access to allow the
application of optical diagnostic techniques relying on non-intrusive image based methods. This
technology will be provided by DLR’s Institute of Propulsion Technology which is strongly engaged in
the improvement of gas turbines in aviation and electric power generation by medium- to long-term
exploitation of the inherent technical potentials. The Institute is located on-site in Cologne in the
immediate vicinity of the proposed Transonic Hot-Plume Facility at AS-WK.
The choice of suitable optical techniques and along with it the required optical access depends both on
the flow properties to be investigated as well as operational aspects such as the expected facility run
times. Some of the relevant properties of the proposed facility are summarized in Table 1.

Table 1: Estimated physical parameters of the hot plume testing facility
Quantity

Symbol

Test section width / diameter
Test section length

600 mm
L

Facility run time (typical)

600 mm
2 - 50 seconds

Free stream velocity, Mach number

Vinf, Minf

160 – 360 m/s, 0.5-1.2

Free stream static pressure

P

1 bar

Free stream static temperature

Tinf

220 – 280 K

Launcher model diameter

D

50 – 158 mm

Nozzle diameter

D

0.4 D

Exhaust jet velocity, Mach number

Vjet, Mjet

3000 – 4400 m/s, 3.1 – 5.4

Exhaust jet static temperature

Tjet

340 – 2000 K
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Overview of Relevant Optical Measurement Techniques

Within the scope of the proposed Transonic Hot-Plume Facility two measurement techniques are of
particular significance: Particle Image Velocimetry (PIV) and planar laser induced fluorescence (PLIF)
to provide instantaneous 2-D maps of velocity and temperature distribution, respectively.
2.1 Flow Field Diagnostics
2.1.1 Schlieren Methods, Line-of-Sight Methods

2.1.2 Particle Image Velocimetry
Since its introduction in the mid-1980’s particle image velocimetry (PIV) has evolved to a mature
measurement technique that nowadays finds widespread application in academic and industrial
research. In its basic form the technique relies on capturing two images of particles that are illuminated
in a defined plane using a double pulsed light source (typically a pulsed laser). Through correlation
processing the displacement field of the particles between the two exposures can be estimated and,
through division of the time separation of the light pulses, provides a first order estimate of the velocity
field within the imaged plane. Numerous variants of the technique exist, allowing even the fully timeor volume resolved estimations of the investigated flow field. A considerable body of literature
including several books describes many details of the technique and its applications [5], [6], [7].
At the Institute of Propulsion Technology, the PIV technique has a long history of development and
application [8]. Today it is the most frequently used technique for velocity field measurement,
especially for high-speed reactive flows found in pressurized combustion. First PIV measurements in a
pressurized combustor featuring an air-blast atomized kerosene burner were performed in 2000 [9] and
since has been used in numerous projects (e.g. [10], [11]).
The underlying PIV technology has found further application for the investigation of the supersonic
flow of air-bag gas ejectors in the H2K facility of AS-HY. Figure 2 shows the flow field in the
immediate proximity of a gas ejector model operated at a plenum pressure and temperature of 20 bar
and 350K, respectively. The tracer material consisted of sub-micron porous silicon oxide spheres that
were dispersed via a high pressure fluidized bed seeding device and introduced upstream of the ejector
model. The small particle size and low specific weight ensured that the supersonic velocities exceeding
550 m/s could be measured reliably.
Figure 3 below shows an example of a PIV result obtained in the reacting flow downstream of a gas
turbine combustor (EU project FUELCHIEF, [8]). The field of view is approximately 200 x 170 mm2
and is sampled on a grid of 1.5 x 1.5 mm2 to provide about 5700 individual velocity vectors. Here the
tracer material consisted of sub-micron aluminium oxide powder that was first dispersed via a
pressurized fluidized bed aeration device and then introduced upstream into plenum immediately
upstream of the gas turbine combustor.
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Figure 2: Instantaneous velocity field (left) and ensemble-average of 340 velocity fields (right) of
compressed air jets issuing into a confined volume simulating air bag inflation (only 1/4th of
vectors are shown).

Figure 3: Velocity maps obtained with PIV of the flow downstream of a gas turbine combustor (EUFP5 Project FUELCHIEF). Left: instantaneous velocity map, right: average velocity map from
200 recordings. Color coding shows horizontal velocity component, mean flow is left to right.
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An actual example of a burner application with high spatial resolution under laboratory conditions is
demonstrated in Figure 4 [12,13]. Here the PIV light sheet was arranged vertical to the effusive cooling
plate of the burner housing. Nevertheless it was demonstrated under isothermal conditions, that wall
near measurements were possible with high spatial resolution (about 100 px / mm). Depending on the
good realized particle density a vector distance of dx = 0.15 mm was achieved. Validated
measurements vertical to the wall were possible up to a minimum distance of x = 0.5 mm to the wall.

Figure 4: PIV measurement with high spatial resolution near to effusive cooled wall of a laboratory burner [13].
Camera objective f = 100 mm, working distance (camera objective – Laser light sheet) about 200 mm,
diameter of the holes for the effusive air cooling 0.5 mm (on the left).
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2.1.3 Doppler Global Velocimetry (DGV)
2.1.3.1 Introduction
For decades laser Doppler anemometry (LDA) and phase Doppler anemometry (PDA) were used to
deliver data for code validation and to give an overview on the flow field to enhance the understanding
of the burner and to identify flow phenomena. LDA and PDA are both point techniques and therefore
quite time-consuming to apply. Planar light sheet techniques like particle image velocimetry (PIV) and
Doppler global velocimetry (DGV) offer much higher data rates.
Today there is high interest to use planar velocimetry techniques in flames. One further reason, why
especially DGV might be the favourable technique for this purpose is, that LDA, PDA and also PIV are
very sensitive against strong fluctuations of the index of refraction, especially at high pressures at
which they often fail. DGV in contrast has not to image single particles and therefore is less affected by
fluctuations of the index of refraction. In addition to this, DGV also does not require windows with
brilliant optical qualities. Furthermore, DGV can –to a certain extend- distinguish between the velocity
of the kerosene particles and the gas velocity, an important feature in optical diagnostics for
combustion.
Despite these advantages of DGV, the technique was not used for combustion research. Measurements
in flames were hindered by the fact that the scattering signal has to overcome the background
luminosity of the flame and the incandescence of solid particles (soot as well as tracers). The light
intensity of cw Ar+ lasers, which were often used for DGV, is normally not sufficient for this purpose,
especially at high temperatures and high pressures.
To overcome this problem, pulsed Nd:YAG lasers can be used in combination with gated CCDcameras. However, commercially available, pulsed Nd:YAG lasers had a rather wide bandwidth of
about 100 MHz, or even more, due to their short pulse duration. This large bandwidth may result in a
serious reduction of the measurement sensitivity. These lasers also tend to show an uneven frequency
distribution over the light sheet height [14,15], reducing the measurement accuracy even more.
Therefore a new kind of narrow band frequency stabilized, tuneable, long pulse Nd:YAG laser was
developed in the frame of a co-operation between the German Aerospace Center (DLR) and the Laser
Center Hannover (LZH). The new laser is capable to fulfil the requirements for a successful DGV
application. In [16] set-up and performance of this laser is described, with special emphasis on its
frequency stabilization. Furthermore the DGV camera system with its intensified cameras is presented
and the special aspects of the image processing are discussed. First successful DGV measurements in a
kerosene combustion experiment demonstrated the capability of DGV and opened a new field of
applicability.
Two remaining disadvantages of this laser concept were the sensitivity of the long laser resonator to
vibrations and the limited pulse energy of about 1.5 mJ, which is not sufficient to perform single pulse
measurements. Therefore at DLR-AT we acquired a so called macro pulse laser with a tuneable long
pulse length and 200 mJ pulse energy, for future single pulse velocity measurements.
Flows in technical environments often show a periodic behaviour, for example the flow inside a piston
engine or the flow in the compressor or in the turbine of a turbo engine. Sometimes flows also show
periodic structures due to pure fluid mechanical reasons. An example for this is the von Karmann
vortex street or the phenomenon of a precedating vortex core. If a trigger signal can be derived from
such a flow, for example the signal of a pressure sensor or - in the case of a rotating machine – a trigger
signal from the rotating axis, one can trigger the data acquisition to perform a phase averaged DGV
measurement. Such a -successful- measurement is described in the paper of Willert et al [17], who used
a cw Ar laser and a bragg cell to strobe the laser light. The applicability of this technique is limited by
the fact, that most of the laser light is lost, because the bragg cell blocks the laser most of the time.
Therefore in future applications it is planned to use the pulsed Nd:YAG laser phase locked to the
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experiment. New insights in the flow physics of periodic flows are expected from time resolved
measurements in, e.g. compressors, turbines and piston engines.
Pulsed DGV with the long-pulse Nd:YAG laser shows a high potential also for combustion research.
The technique is able to provide large quantities of velocity-information in a short time, which makes
new –quasi-evolutionary- parameter studies possible at reduced costs [18,19,20]. The coupling of 3component velocity information with high measurement point density to temperature measurements
(by e.g. CARS, LIF) is expected to enhance the understanding of reacting flows. Further activities will
be aimed to apply this technique to combustion under high pressure. This is of particular importance
because this light sheet technique is less sensitive to beam steering effects than point measurement
methods.
More information on DGV can be found on our homepage: www.dlr.de/en-at/tm

2.1.3.2 Principle of Doppler Global Velocimetry
Like LDA or PIV, DGV also measures the velocity of tracer particles which need to be added to the
flow. With one orientation of the laser light sheet and one direction of observation, one component of
the flow velocity is measured. DGV takes advantage of the fact, that the frequency of the scattered
light is shifted due to the Doppler effect:
(1)
∆ν=ν-ν0
ν0 : Laser frequency
ν : Scattered light frequency
∆ν : Doppler shift


This shift depends on the particle velocity v , the light sheet direction l and the direction of

observation o :
∆ν = ν o

(o − l ) v
c

(2)

The basic idea of DGV is to measure the scattered light frequency ν by transmitting the scattered light
through an iodine cell (Figure 5). Iodine has strong absorption lines, which are used as a frequency to
transmission converter. These lines interfere with the 514 nm line of the Ar+ laser as well as the 532 nm
line of the frequency doubled Nd:YAG laser. Assuming the frequency ν to be on the slope of one
absorption line, then ν can be determined by measuring the iodine cell transmission of the scattered
light. Therefore, two detectors are required to measure the light intensity before and after the cell. To
correlate ν and T, the transmission profile T(ν) of the iodine cell must be known.
The laser frequency ν0 has to be known and precisely stabilized, so that the Doppler shift ∆ν can be
calculated according to equation (1). With equation (2),
 one component of the vector v can be
calculated. It is the component in the direction of o − l , the bisector of the angle formed by the
direction of the laser light and the direction of observation (Figure 5). At a scattering angle of 90° a
velocity of 1 m/s corresponds to a frequency shift of 2.7 MHz. Since the frequency width of the slope
of the absorption line is between 300 to 600 MHz (depending on the operation conditions of the gas
cell), the dynamic range of velocity measurement is between 100 and 200 m/s.
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Figure 5: Doppler Global Velocimetry set-up and transmission profile of the iodine cell. Direction of
the
measured velocity component depending on the direction of laser light propagation
and the
direction of observation.
Another basic idea of DGV is to use two CCD-cameras as detectors, both watching the same section of
a laser light sheet. By pixel wise division of the two pictures and further post processing a map of one
velocity component in the light sheet is obtained. Depending on the type of laser (cw or pulsed), the
result is either a time averaged or a frozen velocity image.
The second and the third velocity components can be measured by changing the arrangement of the
optical set-up. There are two alternative ways to accomplish this:
• With one light sheet direction and three synchronized camera systems in different positions which
simultaneously capture momentary pictures, the momentary 3D-velocity distribution can be
obtained. Such a configuration is needed to investigate non-steady 3D-flow structures [18,19,20].
Another DGV-configuration to measure three velocity components simultaneously using three
viewing directions, a fiber bundle and one camera and one laser light sheet is presented in Figure 6.
• The second alternative is to use only one camera system in a fixed position and three light sheets
with different orientations. The three pictures of the three light sheets have to be taken one after the
other, with the consequence that this method is restricted to stationary flows only.
A summary on the possible imaging configurations is given in [18].
The second method is simpler than a set-up with three camera systems. It is well suited to measure
mean velocities by long camera exposure times. When a pulsed laser is used a long exposure means
that the cameras perform a so called “on chip integration” of a larger number of single-pulse images
adding up the generated photoelectrons per pixel of each image. In this way, the turbulent velocity
fluctuations are averaged and therefore the result is an image of the mean velocity distribution. Since
the exposure times are typically in the order of several seconds, a weak seeding gives a sufficient
amount of scattered light. Because of these reasons, a set-up with three light sheets and one camera
system was chosen for the experiments presented in Chapter 2.1.3.5.
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Figure 6: DGV-configuration to measure three velocity components using three viewing directions, a
fiber bundle and one camera and one laser light sheet [Willert2007].

2.1.3.3 Data evaluation
The cold flow and the laser are switched on and the so called back ground images are taken for each
camera and each light sheet direction. These images should contain the complete ambient light and
reflexes of the laser light sheet, but no light scattered by particles. Then the combustor is ignited and a
further set of images is acquired.
In the next step tracer particles are added to the flow and another set of images is acquired. These
images contain several different kinds of light: The background light (laser light, flame emission,
ambient light) and the light scattered by the tracer particles.
The first post processing step to determine the velocity of the tracers is therefore, to subtract the images
of the flame (before background correction) from the flame images measured with tracer particles.
The result is a pure tracer image.
Then these images undergo a standard post processing:
•
•
•
•
•
•

Dewarping of the images
Division of the content of each image pair
Pixel specific sensitivity correction
The mapping T→ν (T) using a look up table
The mapping ν→v (ν) : Equation (2)
Combination of three one component measurements to one 3-component-measurement, according
to the direction of illumination and observation.
• Vector or false colour representation of the results
• Generation of structured ASCII-files for processing with further software
Aside of these procedures, there is of course another possible way to process the acquired data, which
is to subtract the background images from the individual images of the flame and tracers and then
continue with the post processing mentioned above.
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2.1.3.4 Special aspects of DGV in combustion environments
The DGV technique was invented by Komine [21]. Doppler global velocimetry has been widely used
in different environments, e.g. wind tunnels [22,23] and also in combustion chambers operated with air
under isothermal conditions [24]. Up to now, DGV-measurements were restricted to cold flows,
because the application in flames is hindered by the reduction of the signal to noise ratio due to
background light originating from flame luminosity and incandescence of solid particles (soot as well
as tracers). Under these conditions the light intensity of cw Ar+ lasers, which are usually used for
DGV, is not sufficient. It is well known from previous experiments in kerosene combustion chambers,
that the problem of flame luminosity and particle incandescence increases dramatically with pressure
and temperature in the combustion chamber. This is especially true when preheated air is used. To
overcome this problem, pulsed lasers can be used in combination with gated CCD-cameras. During the
laser pulse the intensity of the scattered light is much higher than the mentioned background radiation
intensity Figure 7. In the time between the pulses, the camera intensifiers are switched off, so that the
cameras are not sensitive to light. This principle which is usually used for spectroscopic measurements
in flames (e.g. laser induced fluorescence (LIF) and coherent anti-Stokes Raman scattering (CARS)) is
here applied to DGV.
In [16] we presented an extension of the technique to flame applications using a selfmade long pulse
Nd:YAG-laser especially designed for mean velocity measurements in flames. The laser system was
described in detail together with the complete DGV system.

Figure 7: Principle of DGV in flames using pulsed lasers and shuttered cameras.
To achieve high measurement accuracy, it is advantageous, that the laser provides a narrow linewidth
and is frequency stabilized. The laser frequency is tunable over several iodine lines of different flankslope which can be used to optimize the measurement system for different velocity ranges. The long
pulse lasers are optimized to emit a Gaussian ”single-mode” pulse with 300 ns pulsewidth (FWHM) to
several microseconds corresponding to a nearly Fourier-limited linewidth (FWHM) of about 1.5 MHz
at 532 nm. For non-steady (single pulse-) velocity measurements we acquired a so called macro pulse
laser with a tunable long pulse length and 200 mJ pulse energy (Table 2).
Table 2: Comparison of two pulsed laser concepts available at DLR-AT
concept

f /Hz

long pulse
1000
tunable macro 40
pulse

pulse length /ns resonator
300
300-10000

pulse energy /mJ

long
1
no power resonator 200

single pulse
measurement
no
yes
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2.1.3.5 Experimental set-up for cw lasers and low power pulses
To generate the light sheet the laser beam is guided through a fibre to a light sheet box which contains
the complete light sheet generation optics (Figure 8). The height of the light sheet and the distance of
the waist can both be adjusted. The maximum height for a parallel light sheet is 140 mm. The distance
of the waist from the light sheet box can be changed by the position of the collimating lens behind the
fibre. The attainable diameter of the waist is a function of this setting and the diameter of the fibre. In
the experiments described below, the fibre core diameter was 200 µm, the working distance was 1 m
and the waist had a thickness of about 3.5 mm. The separation of laser and optics facilitates the
alignment of the laser light sheet relative to the object of investigation.
The light sheet optics is also optimized for long exposure times. The light sheet has a flat top-hat
intensity profile, generated by a scanning technique with a modulation frequency of 10 to 100 Hz. A
top-hat profile minimizes the intensity dynamics in the measured images with positive influence on the
measurement accuracy.

plane-convex
lens f3 = 450

collimating lens
with variable axial
position

optical
fibre

cylinder lens
f1 = 80 mm

140 mm

wobbler

cylinder lens
f2 = 10 mm

beam
adjust
85 mm

cylinder lens
f1 = 80 mm

fibre

wobbler
beam adjust

cylinder lens
f2 = 5 mm

plane-convex
lens f3 = 450
waist

vertical displacement

Figure 8: Generation of the scanning light sheet. Side view (top) and top view (bottom).
To prevent the appearance of stimulated Brillouin scattering (SBS) [25,26] and other non-linear optical
effects in the fiber, a fiber with 200 µm core diameter was used. SBS reduces the transmitted intensity
drastically for single-mode lasers if smaller core diameters are used (increase of power density). In preexperiments fibers with different core diameters were tested. At, e.g., 50µm core diameter about 70%
of the incident power was lost by back-scattering. Due to multiple SBS and four wave mixing (FWM)
processes a “paling” of transmitted lines with line distances in the order of 34 GHz (bulk silica,
514.5 nm) can appear [25]. This can be excluded for our measurement for two reasons. Firstly, the
transmitted intensity corresponded well to the fiber attenuation and secondly it would have been
impossible to absorb the laser light by strong iodine lines because the coincidence of iodine line
positions and additional laser lines would be randomly.
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The arrangement of the light sheets relative to flame and cameras is shown in Figure 9. To facilitate the
optical access a “nearly cubic” combustion chamber (about 100x100x113 mm3) made of steel was
designed. One wall was substituted by a glass window for the camera access. Rectangular window
flanges with vertical slits in the combustion chamber wall for the light sheet passage were fitted to the
chamber. The window flanges are air purged to protect the windows from particles. The tracer particles
(SiO2 , 0.8 µm diameter, Merck) were added to the air flow near to the air blust nozzle with co-rotating
air swirls also shown in Figure 9. The dimensions of the sketch are not in scale but chosen for clearness
of the representation. In reality the inner diameter of the nozzle is 7 mm.
The DGV camera system [24] uses one collecting lens which generates an intermediate image. This is
transferred by a transfer lens to the chips of the two cameras. A non polarising beam splitter plate is
used to reduce polarization influences. A laser line filter is used to reduce ambient light. The images
are taken by a pair of intensified, 12-bit, cooled, slow scan CCD cameras (LaVision). Intensified
cameras were needed, because they can be synchronised with the pulsed laser in the way that the image
intensifier is only switched on during the laser pulse. In addition, these cameras can perform long
exposures of several seconds without integrating too much dark current. Therefore, they are a good
choice for a DGV system which is optimised for time averaged measurements.

Figure 9: Experimental set-up on a laboratory burner showing the orientation between light sheets,
camera and flow direction.
In order to get identical images from both cameras, the cameras are mounted on micro positioning
devices to allow precise alignment. By an additional software correction the alignment can be further
enhanced. The image processing is performed by using a program written in the language IDL. The
steps of the post processing were described in [24]. This post processing only takes a few seconds and
can be started immediately after the DGV pictures are taken. In this way the technique is nearly online.
The enlargement of the laser pulse build-up time by 1.4 µs as a consequence of multi-mode operation
of the long pulse laser was used to simplify the DGV-data acquisition. We used cameras with gated
image intensifiers providing the possibility to set the appearance of the light pulse near to the end of the
amplification period. In multi-mode operation the light pulse appears after the gate period (width about
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800 ns) and the corresponding flame-image is not intensified. In this way images are only measured in
case of a correct frequency stabilized operation of the laser thus enabling correct averaging.
A similar set-up on a combustor facility is shown in Figure 10. Here the image was guided by a probe
including an image guide [27]. In the “vertical DGV configuration”, three divergent light sheets
perpendicular to the main flow direction were used which entered the combustion chamber through
windows. The light sheets were vertical to the floor and parallel to the combustion chamber exit. The
dimension of the facility was comparable to the TMK facility. A bigger side window mounted at the
entrance position of light sheet 1 was used for the OH* measurements described below. A cooled
endoscope with flexible image fiber bundle (Figure 12) transferred the scattered light to the DGV
camera system.
The flexible image fiber bundle used was from HINZE and has a cross section of 2x2 mm. The
sharpness of the images was optimized with an eyeglass lens added to the standard entrance lens of this
fiber bundle. The exit area was matched to the cross section of the image intensifier (respectively chip
area) using a f = 50 mm objective in retro-orientation and a lens with 300 mm focal length as transfer
optic. To suppress the flame background and broadband radiation from heated seed particles an
interference filter (532 nm center wavelength) was used. First test runs were used to optimize the purge
air channel arrangement until the entrance window stayed clean during the experiments.
For the tested “horizontal DGV configuration” an additional water cooled light sheet generating probe
was developed to provide a divergent light sheet parallel to the main flow direction. Two further
horizontal divergent light sheets entered through windows. The measurement area was then imaged
through the top window by another fiber bundle with objective. Due to remaining intense light reflexes
from the combustion walls the results were distorted and not presented in [27]. Further work on the
correction of data acquired under such conditions is in progress.
For the application at high temperature a solid particle seeding generator was developed at DLR to
provide sufficient seeding rates at high mass flows (Figure 11). The generator can be used for pressures
up to 20 bar and the second development generation had a stirrer to prevent clustering of the particles,
which have to be dry to prevent agglomeration. Actually we use a version with pin holes at the
entrance and exit of the pressure container, without stirrer. Provided the pressure ratio before and after
the hole is two or more we have a sonic flow with the same mass flow through entrance and exit
pinhole and a constant seeding rate. The entrance pin hole prevents a too rapid pressure increase
compressing the particle material and the exit pinhole substitutes the valve used before to destroy
particle agglomerates.

In [27] the first successful application of phase resolved DGV measurements in a realistic gas turbine
test combustor (Siemens test rig NDP1) is reported together with phase resolved OH* emission
measurements. The measurements were performed under stationary flame conditions, with stable
combustion oscillation and near to the oscillation limit at locations downstream of the burner exit and
give information on the respective velocity field and heat release of the flame measured at a single
burner atmospheric test rig. The DGV- and OH* measurement results presented improved our
understanding of the processes of combustion oscillations and may contribute to the development of
new solutions to suppress these intolerable combustion oscillations in gas turbine combustors.
Especially the OH* emission might become a useful online monitor of the operation conditions of the
combustor in order to get a pre-indicator for the detection of starting oscillations, which could be
helpful in avoiding costly damages.

TRP Hot Testing Facilities for
ELV Propulsion Characterization

Ref. No.: ESA TRP-HOTP-DX.X
Date: 09.01.2012
Page: 16

Figure 10: Top view and cross section of the DGV arrangement for the measurements of the vertical
planes.

Figure 12: Water cooled endoscope with
flexible image fibre bundle

Figure 11: Solid particle seeding
generator for pressures up to
20 bar
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2.1.4 Filtered Rayleigh Scattering (FRS)
The temperature distribution is a key property in the analysis and optimization of modern combustors.
Planar optical measurement techniques are capable to meet this demand in a cost effective manner.
One of the limited planar techniques suitable to measure the temperature over the entire temperature
range from room temperature over hot wall temperatures to highest combustion temperatures is
Rayleigh scattering. Rayleigh scattering makes use of the fact that elastically scattered laser light from
particles with diameters in the nanometer scale region, namely the elastic scattering from atoms and
molecules, holds information on density, pressure, temperature and velocity inside the observed region
of interest. It requires neither particle seeding nor a seeding of poisonous tracer gases (e.g. NO).
Point wise, spectrally resolved Rayleigh scattering was applied in multiple flow property
measurements with sampling rates up to 10 kHz [28]. In combustion experiments, Rayleigh scattering
thermometry was used as a temperature standard to calibrate a laminar premixed propane/air flame
with an uncertainty of less than 1 % [29].
Frequency scanning filtered Rayleigh scattering (FRS), introduced in [14] was used in the application
example presented in Chapter 2.2.3 to measure time-averaged temperature distributions in atmospheric
laminar lean premixed CH4/Air flames with different equivalence ratios.
Being several orders of magnitude weaker than other elastic scattering effects, such as geometric
scattering from surfaces and windows or Mie scattering from larger particles such as dust or soot, the
accuracy of Rayleigh scattering measurements strongly depends on background noise and stray light
correction. The complexity of accurately determining the undesired but nonetheless omnipresent
background signal becomes increasingly challenging when extending the technique to planar
measurements. The avoidance of strong reflections from surfaces or windows is the first method of
choice. The filtering of large particles from the measurement flow is performed in [30]. In [31] it is
proposed to measure the background level by flooding the test section with helium, which has a
Rayleigh scattering cross section of about 75 times less than e.g. nitrogen or oxygen. Since these
methods require extensive procedures and are at best suitable under laboratory conditions, the
alternative of filtered Rayleigh scattering [32] seems to be best suited for providing a Rayleigh signal
without the presence of the strong elastic scattering from larger particles (Mie scattering) or surfaces.
In FRS the filtering is achieved with the absorption bands of atomic or molecular gases, which remove
the strong elastic scattering components from the measured signal. Figure 13 illustrates the spectral
response of a volume illuminated with narrow line width laser light. The scattering from particles in the
Mie regime and the light scattered from surfaces have a similar narrow spectral bandwidth and
frequency as the illuminating light source. In comparison the Rayleigh profile has a spectral bandwidth
of several gigahertz based on broadening mechanisms related to the molecular motion [33]. By placing
the iodine filter in front of the detector, the filter’s transmission curve is superimposed on the spectral
answer of the observed volume element. Spectral shares inside the blocking range are absorbed by the
filter, including the Mie and geometric scattering, but also a considerable amount of the Rayleigh
scattered light is attenuated. The remaining spectral contributions of the Rayleigh signal that pass the
filter can be accumulated by a sensitive detector and comprise the FRS signal from which further
information such as temperature can be deduced.
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Figure 13: FRS working principle: the narrow
bandwidth light scattered from large
particles (Mie) or surfaces (geometric) is
absorbed by the iodine filter, while parts
of the Rayleigh scattering pass through.

In combustion diagnostics, most Rayleigh scattering and FRS systems reported in the literature use
narrow linewidth pulsed laser sources (100 – 150 MHz) [34,35] to illuminate the measurement plane,
allowing short camera exposure times and thus reducing background contributions from flame
luminosity or blackbody radiation. While being advantageous in this respect, an insufficient
suppression of laser induced background noise in FRS measurements is reported by a number of
researchers using pulsed laser sources. In [14], a Lorentzian broadening of the spectral lineshape of the
laser is indicated and a direct measurement of the laser induced background level by evacuating the test
cell is proposed. A residual longitudinal mode competition in the laser’s oscillator is reported in [36],
resulting in a 5 – 10 % bias of the acquired signal.
The FRS implementation applied in chapter 2.2.3 follows a different approach by focusing on timeaveraged measurement rather than providing instantaneous measurements. The FRS system is based on
a continuous wave diode-pumped solid state frequency-doubled Nd:YVO4 laser and a molecular iodine
filter. The laser provides single frequency light at 532 nm with a spectral line width < 5 MHz. No
background light induced by laser line broadening was observed using this light source.
In investigating steady phenomena or in obtaining mean values in unsteady flows, the frequency
scanning FRS can be applied. In frequency scanning FRS, the laser’s frequency is tuned along the
absorption profile of the iodine filter, providing an n-tuple of grayscale intensities for each camera
pixel, with n as the number of scanning frequencies. In contrast to the frequency scanning FRS system
presented in [37], the scanning range is limited to frequencies were the optical density of the iodine
filter is sufficient to totally suppress elastically scattered background light. Thus, provided that the gas
composition, the pressure and the velocity are known, the measured intensity of every camera pixel is
only a function of gas temperature. The described technique was calibrated comparing FRS and CARS
results on a McKenna Burner.
The left side of Figure 14 shows the result for a single pixel element of a temperature analysis in a
laminar lean premixed flame (Φ = 0.8, CH4 = 1.1 slpm, Air = 15.6 slpm) provided by Mc-Kenna type
flat field (diffusion) burner. The model equation is fitted to the measured data of the frequency scan in
a least squares sense, resulting in a temperature of 1635 K. On the right of Figure 14, the fitting
algorithm was applied to each camera pixel, resulting in a temperature field of the burner flame.
Beginning ~13 mm above the burner plate, in a height of 15 mm, the temperature of 1725 K
corresponds to the point-wise results acquired by CARS within 2 %.
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Figure 14: Left: A Levenberg-Marquardt algorithm [38] is used to determine the temperature by fitting
the model equation (blue dashed line) to the measured data (black circles). Right: The fitting
routine is applied to each camera pixel resulting in a temperature map of the burner flame.

2.2 Optical Diagnostic Methods for Reacting Flows
In Figure 15 the application regimes of various spectroscopic diagnostic methods are presented. The
highlighted region (roughly 100 mbar to 1 bar) crossing green fields indicates that LIF, CARS and
Rayleigh scattering are in the optimum range for an application. Whereas electron based techniques are
difficult to apply.

Figure 15: Application regimes of various spectroscopic diagnostic methods; the highlighted region
roughly indicates pressure regime of 100 mbar to 1 bar (after J.W.L. Lewis, C. Dankert, R.
Cattolica, W. Sellers, T. Niimi).
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2.2.1 Chemiluminescence
From synchronously acquired DGV or PIV and 2D-OH* chemiluminescence images, the correlation
between heat release and velocity field can be measured. Also information on the distance of chosen
combustion parameters to unstable combustion conditions can be won.
For the indication of the reaction zone the radiation of electronically excited hydroxyl radicals OH*
can be used. The electronically excited OH* is a product of the reaction:
HCO + O

OH* + CO

The formyl radical HCO is the most interesting intermediate of the hydrocarbon combustion. But at
realistic combustion conditions optical measurement of HCO was not mentioned in literature up to
2004. In contrast to this, the narrow band structure of the OH* emission spectrum at 312 nm ± 7 nm
enables a sensitive and selective detection of OH* chemiluminescence [39]. The variation of OH*
chemiluminescence with the flow rate is linear, the slope varies very weakly as a function of the
equivalence ratio. So OH* chemiluminescence provides an indirect, but easy measure of the formyl
radical HCO, as a good indicator of heat release under steady and unsteady conditions and even near
extinction.
From a measurement of the OH* chemiluminescence only the volumetric information of the heat
release can be deduced. The intensity of an OH* image is always the integral of all contributions
towards the camera view. On the additional assumption of axial symmetry it is in principal possible to
deconvolute OH* images to deduce the spatially resolved heat release, provided we can simultaneously
image the outer flame area containing no OH* signal [40].
If the field of view is smaller than the complete flame area, presented OH* distributions of the
examined flames are typically not deconvoluted.
The integral OH* chemiluminescence intensity is usually imaged through a filter by an intensified
CCD camera using a side window.
For phase resolved measurements the image acquisition is synchronized with the combustion
oscillations to deduce a ‘movie’ of the OH* distribution during the combustion oscillations. In [27] the
integration time was 100 µs for a single image. To discriminate the influence of the turbulent
fluctuation, the periodic fluctuations were deduced from phase averaged images comprising 400 single
shots. An application to high pressure Liquid Oxygen (LOX)/Methane coaxial injection and
combustion is presented in [41].
2.2.2 Laser Induced Fluorescence (LIF)
For the investigation of the temperature field of the transonic hot plume spectroscopic methods relying
on fluorescence of the hydroxyl molecule (OH) are particularly well suited since it is a by-product of
the hot plume generation (methane or hydrogen combustion). While the 2-line OH-PLIF temperature
measurement technique is already well established [42], an experimentally less complex, absorption
corrected, 1-line OH-PLIF technique has been developed at AT-TM [43], [44] and has been the method
of choice for the investigation of lean combustion [45], [46], [47], [48], [49], [50]. The technique
exploits the fact that the OH equilibrium concentration grows exponentially with temperature but is
nearly independent of the air-fuel ratio (λ) in lean combustion (λ>1.1). Highlights of this technique are
an excellent signal-to-noise ratio and a high temperature sensitivity. Application examples on a generic
combustor are given in Figure 16 and Figure 17.
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Figure 16: Instantaneous temperature inside a combustion chamber with swirl flow combustor
determined using the OH-T-PLIF technique.

Figure 17: Average temperature field inside a combustion chamber with swirl flow combustor

2.2.3 Filtered Rayleigh Scattering (FRS)
The technique was described in Section 2.1.4. One drawback of FRS is the dependence of the
scattering signal intensity on the relative weight of the different scattering molecular gases in the probe
volume, that means on the gas composition. The highest accuracy will be reached in a known
environment like air. The application of FRS in the external edge flow seems to be border crossing but
for a low mixture with burned gases near to this condition. Other possible disturbers like particles or
soot are expected to be less important because of the signal filtering.
An actual promising result is presented below (Figure 18) showing a first application near to a highly
illuminating wall and a bright flame. The application example demonstrates for the first time the
achieved spatial resolution during real generic combustor operation at 5 bar [51,52]. Even near to the
highly illuminating flame zone (skipped white area) and in close vicinity to the cooling wall the flow
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structure was resolved. And the incoming cooling air temperature of 450 K was measured correctly
(dark blue Figure 18), as set by the thermocouple controlled loop.
Due to the diffraction index fluctuations under high pressure and stronger density gradients, the
application is expected to be more difficult compared to the base flow measurements in the low
temperature regime at lower pressure. In the here presented application hot combustor gases are in
direct interaction with an effusive cooled wall.
The light sheet was arranged vertical to the effusive cooling plate of the burner housing. A combined
image was taken consisting of several images with 16 x 16 mm dimension. A sensor resolution of
16 px/ mm corresponds to about 0.2 mm spatial resolution (3 px for one peak).

Figure 18: Temperature field measured with FRS and high spatial resolution [52].
As camera objective a Nikon macroplanar (f = 100 mm, F = 2) was used. The working distance
(camera objective – Laser light sheet) was 340 mm. This fits well to the dimensions of the TMK
facility (diameter 600 mm) and is also usable at the VMK facility.
The light sheet thickness was about 0.4 mm, the light sheet height 11 mm, the laser power 5 W at 532
nm. Nevertheless a 4s average measurement was taken. Therefore according to the expected run time
of up to 10 s the scanning FRS approach cannot be used at HTF for non-steady measurements. To
overcome this limitation the mentioned macro pulse laser should be tested, which is already available
at DLR-AT.
To accomplish a sufficient background light suppression for FRS a bigger nozzle length of (typically
1.2 D) would be advantageous to enhance the distance to the combustion zone.
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2.2.4 Coherent Anti-Stokes Raman Scattering (CARS)
2.2.4.1 CARS Set-up
A commercial broadband CARS system (SOPRA) is available at the Institute of Propulsion
Technology which is optimized for time resolved flame measurements. The system is described in
detail in [53]. Figure 19 shows a simplified sketch of the CARS set-up, which mainly consists of two
stable units. The first consists of the CARS laser (Figure 20) and the second the spectrometer and the
detector.
Typically CARS experiments are performed in a planar BOX-CARS beam arrangement [54] on
nitrogen. This provides sufficient spatial resolution combined with easy access to the facility and
simplified beam handling in one optical plane. The probe volume is formed by three crossing laser
beams which interact with the medium and generate a blue shifted signal beam at νCARS = ν1+νRS. The
two pump beams are at ν1 with a wavelength of 532 nm and the dye laser beam at ν2 (about 607 nm).
(νRS = ν1-ν 2) is the Raman shift. Using an achromatic lens with a focal length of 500 mm to focus the
laser beams, and 12 mm beam separation the corresponding probe volume, in which 95% of the CARS
signal is generated, is shorter than 10 mm. The diameter of the probe volume is about 100 µm. For
300 mm focal length it the probe volume would be about 3 mm and for shorter focal lengths or bigger
beam distances a spatial resolution in the sub-mm range can be achieved.

Figure 19: Schematic sketch of CARS set-up. View
from the top for the planar BOX-CARS
arrangement.

Figure 20: Photograph of the open CARS
laser container, including the beam
separation and polarization optics. IR
cavity and two laser heads at the top,
green laser beam at the center and on
the right side, dye laser on the left.
Laser exit in the lower right corner.

The laser system is based on a frequency stabilized, injection seeded, single mode Nd:Yag laser. The
stable infrared resonator emits pulsed radiation with a near Gaussian intensity beam profile at a
wavelength of 1064 nm. This laser beam is first amplified and then frequency doubled in a KTP-crystal
resulting in the pump beam (ν1) with a wavelength of 532 nm. The pump beam has a pulse length of 14
ns, a repetition rate of 10 Hz. A total pulse energy of 55 – 62 mJ is used for high temperature
applications. To generate the broadband dye laser (“Stokes”) beam Rhodamin 610 was used in the
oscillator and amplifier cell of the dye laser. The dye laser is pumped transversely by a portion of the
green laser beam and emits broadband radiation (ν2) with a pulse energy of about 3.5 – 4 mJ. Width
and spectral position of the broadband dye laser are optimized for the temperature range under
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investigation. This is achieved by tuning the dye concentration and adjusting an intra-cavity FabryPerot etalon. For low pressures and for very high temperatures the polarisation of pump and Stokes
beam is used parallel relative to each other to obtain maximum signal intensity. Estimations showed
that the signal intensity would not be sufficient for other configurations. The absence of stimulated
Raman effects, which can result in an excess vibrational population, was proved by measurements in a
low pressure cell. As a consequence of the high CARS efficiency reached with the single mode laser
system, even at the highest available laser powers we never found a population distortion due to such
effects.
Reference spectra for the normalization of the spectral CARS gain profile are measured in an Ar flow
cell directly before and after the experiments. The signals are guided by dielectric mirrors, coupled into
the spectrometer, and finally imaged on the detector by a concave reflection grating (Jobin Yvon,
2100 lines/mm). Up to now a linear intensified photodiode array with 512 diodes (model 1420/HQ
from EG&G with phosphorus P46) was used as detector. Spectrometer and laser can be located inside
the test facility during the experiments and controlled from a neighbouring room.
2.2.4.2 CARS Data evaluation
An overview on the CARS theory is provided in several references, e.g. [55,56,57,58,59].
Temperatures were evaluated by a weighted fit of the measured single pulse spectra to precalculated
theoretical spectra, stored in a spectra library. Data evaluation and data acquisition used here, were
developed at the DLR Cologne and especially adapted for measurements at high temperature and
pressure [60,61,62]. The CARS system was successfully applied in several applications, e.g.
[53,63,64].
Due to the broadband operation of the dye laser with each laser pulse it is possible to record a complete
nitrogen CARS spectrum, which can be evaluated giving a single pulse temperature. From measured
ensembles temperature mean value, RMS(T) and some other statistical information are extracted.
For the evaluation of rotational and vibrational temperatures a two dimensional library is used. The fit
is based on the assumption of independent Boltzmann distributions for the rotational and vibrational
populations. In the weighting process the average spectral CARS gain profile, CARS specific noise,
and detector properties are accounted for.
Due to the 10 Hz operation of the CARS system the number of acquired single pulse spectra is
dominated by the facility run time (up to 10 seconds expected) and the working cycle of the facility.
To determine the accuracy of extracted rotational and vibrational temperatures laboratory experiments
were performed, however, only up to about 3000 K [60,53,62] in flames and furnaces. Under test
facility conditions with high signal intensities the typical accuracy of the mean temperatures is about
2 – 3 % for a one dimensional temperature fit and more than 4 % for the independent fit of Trot and Tvib,
for temperatures below 2000 K [53]. At, e.g., 1600 K the root mean square value of 1D- single pulse
temperatures is less than 40 K. For the evaluation of non-equilibrium spectra the accuracy of the 2Dtemperature results is at very high temperatures dominated by the small signal heights realized and by
the chosen finite spectral range (increased scatter). For the temperature evaluation up to about 3000 K
only Raman shifts from 2223.2 - 2512.4 cm-1 are used, which is the spectral range verified by the high
temperature pre-experiments in furnaces mentioned [62]. Thereby at high temperatures the influence of
highly excited molecular states on the results is minimized. If a thermal non-equilibrium is expected
the experimental single pulse spectra are compared to a library containing up to about 1000 spectra
with varying Trot, and Tvib.
2.2.4.3 CARS Application example
In the frame of ESA’s TRP project “AMOD” a test campaign was performed in DLR’s arc heated
facility L3K [65]. The test campaign was run in order to gather experimental data that can be used for
the validation of thermo-chemical models that are applied in CFD simulation schemes for entry flow

TRP Hot Testing Facilities for
ELV Propulsion Characterization

Ref. No.: ESA TRP-HOTP-DX.X
Date: 09.01.2012
Page: 25

problems (compare also [66]. In high enthalpy flows with complex non-equilibrium chemistry, like at
entry conditions, the flow characterization is essential to estimate the aerodynamic behaviour and the
Thermal Protection System (TPS) performance of entry capsules. Therefore, all tests were performed at
high enthalpy flow conditions with a total enthalpy of 11.8 MJ/kg. Non-intrusive laser based
measurement techniques are one of the key tools, which are necessary for the determination of the flow
parameters. For this flow condition a large number of free stream measurements and measurements in
the shock region of a model were performed. The CARS measurement technique was applied for free
stream characterization and measurements of temperature profiles in the shock region [65].
“Freezing” of the vibrational temperature on a level higher than the translational temperature was
expected in the free stream due to the strong expansion of the heated gas from the arc heater behind the
nozzle throat and the long vibrational relaxation time of nitrogen. The interpretation of the results is
eased by the fact that an air expansion is under investigation remaining mainly nitrogen in the flow.
The CARS measurements on nitrogen were chosen because of the high thermal stability of molecular
nitrogen, resulting in a mass fraction of still 76 % (air 78.09 %). This is in contrast to the thermal
dissociation of oxygen (rest mass fraction 7 x 10-3) in the free stream.
Additionally, the spectral simulation of nitrogen CARS spectra is well developed. Due to the high heat
loads the test time is limited to less than a minute for safe operation of the facility. The NO-LIF
technique [4] which is usually applied for the characterization of high enthalpy flow fields of the arc
heated facilities is not applicable in the high temperature high pressure region in front of the body.
Therefore CARS temperature measurements were performed to analyse the thermodynamic behaviour
of the flow in front of a probe body with high temporal and spatial resolution. Thermal non-equilibrium
was identified by single pulse measurements. A large number of measurements with a measurement
rate of 10 measurements per second was taken in the free stream as well as in the shock layer. From
each measurement spatially resolved rotational and vibrational temperature values and density values
were obtained. The rotational and vibrational temperatures measured in the free stream at model
location show a very homogeneous temperature distribution which confirms the conclusion from Pitot
pressure and heat flux profiles.
Under free jet conditions the vibrational transitions always appear well separated, resulting in a better
sensitivity for the 2D-temperature fit and a reduced temperature scatter. Because the broadening and
shift of the spectral band contours is still characteristic for Trot and Tvib. An experimental spectrum from
the free stream region at the nominal position x = 9.5 mm is plotted in Figure 21 together with the
simulated spectrum using a rotational
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Figure 21: Experimental CARS spectrum measured in the free stream (probe body outside) and
simulated spectrum with the rotational and vibrational temperatures.
temperature of 1805 K and a vibrational temperature of 2743 K. This temperature combination
represents the values for the best agreement of theory and measured spectral data.
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The spectra showed that (depending on temperature and vibrational transition) an intensity from about
25 (v = 23 free stream, Figure 21) to more than 200 cts/channel was realized, sufficient to analyze
single pulse data. As expected the spectra presented show that the non-resonant signal contributions are
very small under the given conditions.
An example of the CARS spectrum 1.5 mm in front of the model is given in Figure 22. This example
shows the quality of the signals and the agreement with the simulated spectrum. The realized spatial
resolution was more than a factor 2 smaller than the expected temperature plateau in front of probe
body.
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Figure 22: CARS spectrum 1.5 mm in front of the cylindrical model and simulated spectrum for the
best agreement for rotational and vibrational temperatures.
A good spectral resolution in the experiments at low pressure and under atmospheric conditions is
advantageous for the determination of the rotational temperature and simplifies the detection of a nonequilibrium excitation. But especially in the in high temperature range the experiments showed a
clearly superior signal to noise ratio using a grouping of four detector diodes, corresponding to
1,44 cm-1/channel resolution and a slit width of 60 µm. For lowest signal levels in the free stream the
CARS dependent temperature scatter dominates the total temperature scatter RMS(T), which is in the
order of 200 K. For the high temperature range at 5800 K the temperature scatter is increased.
Because of the extended temperature range to be measured in the actual experiments, the parameter set
used for the nitrogen CARS spectra simulation was extrapolated to higher quantum numbers (v ≤ 10, J

≤ 150) to achieve a Boltzmann-distribution for the rotational and vibrational population and the
spectra simulation covers an extended spectral range (1850-2450 cm-1).
It can be expected that the CARS single pulse accuracy dominates the scatter of the measured
temperature data. This is especially valid for the result with probe body showing very high rotational
and vibrational temperatures at the same time. Here intensity fractions originating from highly excited
vibrations superpose with intensities from rotational transitions belonging to the ground state transition
(v = 01). The temperature sensitivity is reduced and the 2D-temperature scatter will therefore
increase under these conditions. The mean value Trot = Tvib is even at low signal levels still assignable
because the value is mainly dominated by the center of gravity shift of the intensity distribution.
Strong non equilibrium concerning rotational and vibrational temperatures was measured in the free
stream and in the bow shock region. The free stream rotational temperature is good agreement with the
numerical simulation. However the measured vibrational temperature is considerable lower compared
to the simulated.
Measurements with CARS in the shock layer at different distances to the model surface provided an
almost constant temperature level along the stagnation point stream line until the edge of the boundary
layer. In addition, the good spatial resolution allowed to extract the position of the bow shock from the
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profiles and to estimate the shock shape and the shock’s stand-off distance. The stand-off distance was
found be 7.5 mm for the high enthalpy condition. With the new nozzle designed for extremely high
heat flux rates the broadband CARS was successfully applied for the first time to qualify measurements
on a high enthalpy, hypersonic flow field.
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Comparison of the most suitable measurement techniques

Comparison of DGV to PIV
Pros and cons of DGV:
+ insensitive to beam steering
(less important at low pressure)
+ usage of image guides possible (for PIV not recommended, see chapter 4)
- background sensitivity of DGV (see chapter 4)
- for DGV a higher seeding level is required compared to PIV
Although optical access from three sides seems to be possible in general at TMK and VMK, an optical
set-up with endoscope (compare chapter 2.1.3) is not favoured at the hot plum test facility, also
because of the probe position in the hypersonic flow and the high heat load resulting from H2/O2
combustion. More arguments against a probe application are given in chapter 4. Also laser coupling to
the set-up by fibres with high core diameter is not recommended, because this results in too thick light
sheets (some mm). Because of the high power density of the laser pulses glass fibres with smaller core
diameters (<< 200 µm) cannot be used for DGV. Additionally, during the analysis of the external edge
flow, the light sheets can illuminate the model structure, which is counterproductively for the
application of DGV (compare recommendation in chapter 4) .
These basic arguments are also valid for single pulse DGV, using image guides coupled to one camera,
and a pulsed laser [20,18], but with the optical arrangement recommended in chapter 4 the laser
background due to reflexions would be reduced.
We would prefer the application of PIV because of actual progress in combustion applications, the low
pressure level (< 1 bar) and the reduced seeding needs.

LIF compared to CARS and FRS
OH-LIF is most promising for the hot flow. In contrast to CARS, LIF offers spatially correlated 2Dresults on a single shot basis. This is the important feature for the analysis of combustion oscillations;
especially with regard to the limited facility run time. The expected realizable spatial resolution is
better for LIF, because imaging techniques are in general less sensitive to beam distortions, compared
to focusing measurement techniques. Moreover the CARS signal declines quadratically with probe
volume length and molecular density. Furthermore CARS on the main combustion product H2O is no
standard technique for temperatures of 3000 K and more. However DLR-AT has one of the few
groups with experience in water spectra simulation and CARS measurements on water in H2/air and
H2/O2 combustion. Inside the edge flow CARS could be applied on N2, but it is still a point
measurement method.
Because of the low temperatures probably it would be more promising to measure the temperature
inside the edge flow field using FRS, as border crossing application. But FRS was not tested near to a
bright hydrogen–oxygen combustion up to now. Additionally only limited experiences exist for the
high temperature range [67]. But depending on the flow interaction FRS can be attractive because OHLIF applied to the edge flow could suffer from low OH concentrations. Especially the absorption
correction for single line OH-LIF could be critical at low OH densities. In this case 2 line LIF would be
necessary.
Fortunately for the hot flow it can be stated, that in a hydrogen-oxygen combustion the OH
concentration is much higher compared to the combustion of natural gas with air.
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Recommendations for Facility Design

Regardless of the type of optical diagnostics employed the HTF will require adequate optical access to
the regions of interest, in particular the base flow area. Figure 23 outlines a possible configuration in
which the test section has optical access from all four sides. For most of the proposed planar optical
measurement techniques three optical access windows would be sufficient to image a light sheet plane
with a camera placed normal to the light sheet. The ability to have the light sheet exit the facility on the
opposite side is a prerequisite for diagnostics that rely on absorption calibration (e.g. OH-T-PLIF). At
the same time the passage of the light sheet reduces laser flare within the test section because the light
is not scattered by the opposite wall.

Figure 23: Possible light sheet arrangements for imaging the base flow region. Note that the light sheet
in the left configuration hits the ejector creating laser flare (red line) that may saturate the
imaging device (camera).
The availability of an additional window in the line of sight has two advantages: First, the background
will be less susceptible to light scattered within the test section, which improves contrast for the
velocimetry techniques (e.g. PIV) and reduces signal degradation for the techniques relying on
quantitative intensity measurements (e.g. LIF). The second advantage is that the additional window
allows the simultaneous application of line of sight methods (e.g. schlieren imaging) in parallel with
the light sheet imaging methods. This allows for time- and space-correlated measurements of different
quantities.
A possible alternative to direct optical access though windows is the use of endoscopes or boroscopes.
Within the area of high pressure combustion research this is generally the only feasible way to obtain
measurement data and generally requires less modifications to the test rig itself. Unfortunately there are
two drawbacks with endoscope based methods the mainly concern the imaging aspects: the light
sensitivity of the endoscope in comparison the conventional typically is reduced by an order of
magnitude, due to the small size of the entrance pupil and losses in the imaging system. The second
shortcoming the greatly reduced spatial resolution in comparison to direct imaging. The spatial
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resolution of endoscopes is insufficient to adequately image submicron particles that are necessary for
PIV in trans- and supersonic flows. While optical methods such as LIF can still operate at reduced
spatial resolution, since they are intensity based, they do require the transmission of UV light for which
very few commercial solutions are currently available. Light transmission efficiency and optical
resolution of the currently available endoscopes is poor in comparison to direct imaging. To address
this technology gap dedicated research projects at DLR are underway to enable endoscopic UV
imaging on high pressure combustion facilities (DLR Project EndoKoDi, AG-Turbo 2.3.4). Spin-offs
from this research can be of future benefit to application of optical diagnostics in the HTF.
While endoscopic imaging is a less favored choice for the HTF, the delivery of laser light via
borescope (Spiegelrohr) may be a viable choice because it forgoes at least one optical window and
allows the placement of the light sheet in positions that are not available via window access. Borescope
light sheet delivery has been used quite extensively for PIV in turbomachinery [68,69,70] as well as for
PIV measurements in transonic and supersonic flows within blow-down facilities [71,72,73].

4.1 LIF
There are basically two different approaches to derive temperature information from a LIF
measurement, which were described in [43]: One way is to probe the thermal population distribution of
molecular states. This method has the advantage that the concentration of the indicator molecule needs
not to be known; the only requirement is that the internal degrees of freedom are in thermal
equilibrium. The disadvantage is that the relative populations of at least two molecular states need to be
probed simultaneously, which requires usually a high experimental expenditure for excitation of two
molecular transitions with different wavelengths. Even if only a temporally averaged temperature field
is desired, subsequent excitation of two lines using the same laser will inevitably lead to a systematic
bias towards higher temperature, because of the nonlinear dependence of both state population and the
number density of indicator radicals on temperature. The second method is based on the measurement
of a temperature dependent concentration of the indicator molecule. This method, based on OH radicals
as test species, will be discussed in our paper. It has the advantage of considerably less experimental
effort and time for set-up of the experiment, because it requires just one laser for excitation of a
molecular line. The nearly exponential growth of the OH concentration with respect to temperature
enables the high temperature sensitivity of this measurement technique. Its main drawback results from
the usually ambiguous dependence of the OH concentration on both temperature and stoichiometry Φ.
This restricts the application to scenarios with lean mixtures, because at sufficiently low equivalence
ratios the OH equilibrium concentrations depend only weakly on Φ and mainly on temperature. A
second requirement is that the OH concentrations need to be in chemical equilibrium, because high
non-equilibrium concentrations at or near flame fronts will feign higher temperatures. The decay rate
of chemical superequilibrium increases with pressure; consequently, high pressures are favourable for
the application of this method [43].
A new set-up for synchronous single line OH-LIF and PIV measurements with high spatial resolution
is presented in Figure 24.
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Figure 24: Combined PIV/single line LIF set-up using three facility windows [12].
At the HTF, for example the top and bottom windows could be used for the light sheets and the
window perpendicular for the cameras. With f = 50 mm at 400 mm working distance or f = 800 mm at
800 mm working distance a 17 cm field of view is far bigger than the 3 – 4 cm dimension under
discussion. The complete exit flow would be visible. The required distances to the laser light sheets are
actually somewhat more than 170 mm at VMK and bigger than about 300 mm at TMK.
An application example demonstrating the achieved spatial resolution during generic combustor
operation at 5 bar is shown in Figure 25 [12,13]. A camera objective f = 100 mm was used at a
working distance of about 300 mm, which is the same distance as the half actual TMK diameter. The
UV- light sheet height was 48 mm, with a thickness less than 0.15 mm. A spatial resolution of about
0.2 mm was achieved.
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Figure 25: Correlated temperature and velocity field from synchronous LIF and PIV measurements on
a generic combustor with effusive cooled wall (right side) [12]. LIF image area shown: 35 x 25 mm.
The dark blue zones on the right indicate cooling air and the dimension of the cooling film. See also the
PIV vectors nearly parallel to the wall.
It is recommended to try the less complex single line approach with absorption correction first under
the conditions of HTF. If necessary the 2 line LIF set-up with a second UV Laser can be installed. This
laser will be adjusted on the same light sheet direction shown in Figure 24.
The OH concentration inside the external edge flow is unknown. Depending on the nozzle expansion
and flow interaction, the eddy under investigation consists mainly of air. A successful OH
concentration measurement requires an OH concentration in the order of 0.1 – 2x1016 molecules/cm3
[12].
In [43] the OH equilibrium concentration as function of temperature T and equivalence ratio Φ, was
calculated for a methane/air flame at 6 bar. On page 15 of the HTF proposal the OH mass fraction is
given due to a numerical analysis of a planar nozzle provided with a H2 film injector (0 - 0.01).
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4.2 PIV
In Figure 26 and Figure 27 possible set-ups for PIV are shown. Big windows as presented in Figure 23
are advantageous and the light sheet can be arranged as shown in Figure 23.

Figure 26: Camera position relative to light sheet for 2-C PIV and Stereo PIV.

Figure 27: Example for a Stereo PIV set-up on a burner.
The stereoscopic approach is described in detail in [6] and [74]. In [6] it was stated, that since the
measurement precision of the out-of-plane component increases as the opening angle between the two
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cameras reaches 90°, it is not always possible to mount the camera pair on a common base, when using
large observation distances, and much less to provide a symmetric arrangement. Therefore a general
description for asymmetric recording and associated calibration has been developed [6]. Another
problem that arises through the use of large focal length imaging lenses: their limited angular aperture
restricts the distance between the lenses in a translation imaging approach.
Designed for use with a fixed format sensor centered on the optical axis of the lens, most lenses are not
only limited in their optical aperture but also characterized by a strong decrease in the modulation
transfer function (MTF) towards the edges of the field of view. To adequately image small particles a
good MTF at small f numbers is a stringent requirement. Since lens systems with an oblique principal
axis are practically nonexistent, a departure from the translation imaging method is unavoidable. As the
best MTF is generally present near the lens principal axis, the alternative angular displacement method
aligns the lens with the principal viewing direction.
The additional requirement for small f-numbers is associated with a very small depth of field which
only can be accommodated by additionally tilting the back plane according to the Scheimpflug
criterion in which the image plane, lens plane and object plane for each of the cameras intersect in a
common line. The oblique view of the scene is associated with a perspective distortion that is further
increased by the Scheimpflug imaging arrangement. In essence, the perspective distortion results in a
magnification factor that is no longer constant across the field of view and requires an additional means
of calibration to be described [6].
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List of Abbreviations
BOS

background oriented schlieren

BOSS

Big Optical Single Sector (large single sector test rig at DLR-KP)

CARS

coherent anti-Stokes Raman scattering

CFD

computational fluid dynamics

DFWM

degenerate four wave mixing

DGV

Doppler global velocimetry

DLR

Deutsches Zentrum für Luft- und Raumfahrt (German Aerospace Center)

DLR-AT

Institut für Antriebstechnik (DLR-Köln)

DLR-RA

Institut für Raumfahrt-Antriebe (DLR-Lampoldshausen)

DLR-VT

Institut für Verbrennungstechnik (DLR-Stuttgart)

FRS

filtered Rayleigh scattering

L2F

laser-2-focus velocimetry (also LTA)

LDA

laser Doppler anemometry

LIF

laser induced fluorescence

LuFo

Luftfahrt-Forschungsprogramm (Aeronautic Research Programme of Germany)

Mie

Mie light scattering on particle

N2

molecular nitrogen

OH

hydroxyl radical

OH*

hydroxyl radical, electronically excited

PDA

phase Doppler anemometry

PDF

probability density function (synonymous with histogram)

PIV

particle image velocimetry

PLIF

planar laser induced fluorescence

PS

polarisation spectroscopy

QLS

quantitative light sheet (mixture ratio via Mie scattering)

Raman

Raman scattering (inelastic scattering of light)

Rayleigh

Rayleigh scattering (elastic scattering of light off molecules)

RQL

rich quench lean (aero-engine combustion concept)

SSC

Single Sector Combustor (optical combustor test rig at DLR-KP)

TDL

tuneable diode laser

TGS

transient grating spectroscopy

UV

ultra violet (light)
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Appendix

6.1 Scientific Background of Authors
At the Institute of Propulsion Technology the Dept of Engine Measurement Techniques (AT-TM) has
long term experience in the application of combustion diagnostics for industrial scale test facilities for
aero-propulsion and gas turbine combustion in the context of numerous national and international
projects conducted both at the institute and its partners. The emphasis of the department’s activities is
on the development and application of image and laser based optical techniques to provide validation
data from component test rigs such as compressors, turbines, combustion chambers, cascade wind
tunnels, engine intakes and similar. Given that these facilities are generally operated at flight-relevant
operating conditions, that is, at elevated pressures, high temperatures, high Reynolds numbers, etc,
considerable expertise is available in bringing a wide variety of optical diagnostic techniques to fruition
(see e.g [45], [11], [47], [50], [48] [49], Table 3). Because of this expertise the Dept. of Engine
Measurement Techniques also has a long history of involvement in projects beyond its core activities
related to aero-propulsion research. For example a numerous optical flow velocimetry techniques have
been applied in trans-, super- and hypersonic wind tunnels, as well as in-flight and in automotive
applications.
Table 3: Involvement of the Dept. of Engine Measurement Techniques (AT-TM) in recent EU projects.
Not mentionend are nationally funded Projects such as those in the frameworks of AG-Turbo,
LuFo 3 and LuFo 4 (e.g.COOREFF, FetMaTec, EffMaTec, LemCoTec, and others)
EU Project

Time

Methods

Object

Comments

MOLECULES

FP4

2003 – 2004

PIV,
DGV,
OH-PLIF,
CARS

Swirled
combustor

gas

FUELCHIEF

FP5

2006 - 2007

OH-PLIF,
OH*,
CH*,
DGV, PIV

Gasturbine
combustors

CATHLEAN

FP5

2006

OH*, CARS

Catalytic combustor

TLC

FP6

2005-2007

OH-PLIF

Full 3-D characterization

Also using endoscopic
imaging, phase-resolved

Development
Temperature
Meas.Techniques
on OH radical

PLIF
based

TLC

FP6

2008

OH-PLIF

Premixed Kerosene
Burner

TIMECOP A.E.

FP6

2008-2009

OH*,
KeroPLIF,
OH-T
PLIF,
Miescattering

Pre-evaporated
Kerosene
combustion

Phase-resolved

INTELLECT
D.M.

FP6

2008-2009

Mie-scattering,
Kero-PLIF,
OH*,
OH-TPLIF

Unscaled jet-engine
swirl burner

Industrial scale burners,
up to 12 bar

NEWAC

FP6

2010-2011

Mie-scattering,
Kero-PLIF,
OH*,
OH-T-

Unscaled jet-engine
swirl burner

Industrial scale burners,
up to 12 bar
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PLIF, PIV
AMOD
(ESA’s
project)

2010/2011
TRP

CARS

DLR’s arc heated
facility L3K with a
newly
designed
nozzle, which will
allow
to
apply
severe heat loads in
excess of 10 MJ/m2
to models placed in
the flow field.

heat shields
non equilibrium flow
free stream at 64 mbar
and in the vicinity front
of a probe body at app.
1 bar
first CARS temperature
measurements at 5800 K
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8 Design Trade-Off and Cost Analysis - TN2441
A detailed cost analysis was sent to ESA before and is attached below. In the following,
a short overview to the considerations are given.

Three different options for the hot testing facility were investigated, which are
• Option I: Upgrading the Vertical Facility VMK in Cologne.
• Option II: Upgrading the Trisonic Windtunnel TMK in Cologne.
• Option IIIa: Establishment of a new TMK facility in Cologne.
• Option IIIb: Establishment of a completely new facility.

Then, the main cost items were identified. These are
• design of the facility and test model,
• procurement/manufacturing of facility components,
• procurement/manufacturing of the model,
• development and procurement of the instrumentation,
• facility infrastructure,
• building infrastructure,
• integration and assembly,
• commissioning and calibration of the facility,
• facility maintenance costs per year,
• facility maintenance costs over 20 years.

As concluding remarks, it can be stated that
• the establishment of a completely new facility (Option IIIb) is very expensive and
cannot be justified.
• the stablishment of a copy of the TMK facility in Cologne only for hot plume testing
is less feasible, since the expected work load cannot compensate the investement
and operation costs.
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• upgrading the VMK facility with some modifications to the facility and establishment of a new test set-up for hot plume testing is financially attractive and
technicaly acceptable.
• upgrading the TMK facility with some modifications to the facility and establishment of a new test set-up for hot plume testing is financially attractive and
technically acceptable.
• upgrading the VMK and TMK facilities with two complementary test set-ups for
hot plume testing is financially and technically favourable.
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Intention of ESA and facility requirements

ESA’s invitation to tender [1] is motivated by discrepancies between the wind tunnel
simulations with cold jet-on conditions and actual in-flight measurements on the ARIANE 5.
Therefore, the present objective is to provide accurate and flight representative wind tunnel
data concerning the underestimated base pressure and the interrelated base drag, the heat
loads, and the fluctuating loads on the nozzle.
By simulating the hot nozzle plume inside the wind tunnel facility, reliable data should
support a better understanding of the ELV flow physics and particularly be used for the
validation of CFD computations. The desired facility must allow the simulation of a single
plume like VEGA first stage and multiple plumes like ARIANE 4 and 5 first stages. In a
supplementary documentation ESA outlines more detailed requirements for this new „Hot
Testing Facilities for ELV Propulsion Characterization“ [2].

2

DLR approach for ELV propulsion characterization

2.1 Overview
Based on ESA’s requirements, DLR suggests the combined upgrading of both, VMK and
TMK facility, leading into a joined realization of its options I and II [3]. Succeeding tests at
these facilities will focus on different physical effects as well as different conditions along the
ascent trajectory (Tab. 1). Gained data will provide detailed physical insight from overlapping
simulation capabilities by synergetic effects.
2.2 Upgrade of VMK
In order to accommodate “single and multiple nozzle” scaled wind tunnel models at VMK, the
facility needs to be equipped with a new nozzle of about 600 mm exit diameter, i.e.
comparable to TMK nozzle exit. Depending on the test configurations, an improved optical
access will be necessary. Further on, the infrastructure for hot plume tests with gaseous or
liquid combustors has to be upgraded and adapted to recent safety standards.
For the support of the rocket model, two different configurations will be realized: Additionally
to a lateral strut supported model, a second model will be supported by an axial strut
integrated and fixed upstream the nozzle throat. (Fig. 1a). In contrast to commonly lateral
supported configurations, no disturbances generated by struts perturb the base flow. Also
choking effects by tunnel blockage as well as reflections will be reduced significantly.
Investigations on the influence of plume interactions are possible by attaching boosters to the
central body (Fig. 1b). The hot gas for the single or multiple plumes will be generated either
by solid propellants or hydrogen/oxygen combustion.

Table 1: DLR approach for ELV propulsion characterization.
Facility:

Vertical Wind Tunnel Cologne
(VMK)

Trisonic Wind Tunnel Cologne
(TMK)

Addressed
flight regime:

Mach 0.5 ÷ 0.95 at low altitude.

Mach 0.6 ÷ 2.0 (optional up to 5.7),
altitude variation above Mach 1.5.

Test
section:

Free jet

Transonic (perforated walls) and
supersonic test sections

Model
support:

Model with upstream (Fig. 1a, b)
and strut (Fig. 2a, b) support.

Only model with strut support
(Fig. 2a, b).

Model size

Core stage: base diameter
of 160 mm

Core stage: base diameter of 67 mm

Plume
generation:

Single and multiple plumes with
solid propellants and H2/O2combustion.

Single plume with solid propellants
and H2/O2-combustion. Multiple
plumes only with solid propellants.

Focused
effects:

Influence of fuel mixture ratio,
variation of total temperature,
thermal analysis, strut influence.

Altitude variation, variation of angles
of attack, dynamic pressure response,
thermal analysis.

Costs:

~ 620.000 € for facility upgrade
~ 220.000 € for maintenance per
year
~ 75.000 € for standard test
campaign

~ 990.000 € for facility upgrade
~ 400.000 € for maintenance per year
~ 150.000 € for standard test
campaign

Fig. 1a and b: A wind tunnel model, fixed by an integrated strut far upstream the nozzle will
allow studies on an undisturbed base flow with single or multiple plumes.

2.3 Upgrade of TMK
To generate hot plumes at the TMK solid propellants as well as hydrogen/oxygen combustion
will be used. Also at this facility, a main upgrade issue is the safe operation of the facility. To
ensure recent standards, a new reliable flushing system has to be developed and integrated. At
TMK, an upstream supported model will be not feasible, i.e. blockage aspects of a lateral sting
have to be examined carefully (Fig. 2a). So, tests of multiple stage plumes may only be carried
out by using small solid propellants (Fig. 2b).

Fig. 2a and b: Rocket model fixed by a lateral strut without and with boosters.
2.4 Expected achievements and added values
These two measures will allow performing relevant testing on models with scaling ratios of
about 1/55 for ARIANE 4, of about 1/80 for ARIANE 5, and of about 1/45 for VEGA. Mainly
identical measurement techniques will be applied to provide reliable flow data from both
facilities. Overall dynamic flow field diagnostics will be carried out by high speed Schlieren
techniques locally supported by unsteady surface pressure measurements. Data of resulting
velocity fields are generated from PIV measurements. Gas concentrations and temperatures
will be measured by OH LIF. Based on IR-thermography thermal analyses will be performed.
By conducting experiments in both facilities it is possible to validate the results by
crosschecking, and also, to take into account the influence of the TMK walls or the VMK free
shear layers. The main difference between plumes, generated by solid propellants and
oxygen/hydrogen combustion is the molar mass and the ratio of specific heats inside the
resulting flow field. Thus, a detailed study of the differences will reveal the sensitivities of
these parameters. Last, a comparison of the two wind tunnel model support configurations will
provide insight into the influence of a strut. This may help to find correction methods also for
data gained during past tests.

3

New transonic wind tunnel

3.1 Overview
The DLR proposal [3] additionally considers the establishment of new facility. Two options
are taken into account: Option IIIa is a copy of TMK in Cologne, option IIIb represents a
scaled version of TMK. An overview to the different options is given in Tab. 2.

Table 2: Overview to option IIIa and IIIb.
Facility:

Option IIIa: Copy of TMK in
Cologne

Option IIIb: New large scale
transonic wind tunnel

Addressed
flight regime:

Mach 0.5 ÷ 1.3.

Mach 0.5 ÷ 1.3.

Test
section:

Transonic (perforated walls)

Transonic (perforated walls)

Model
support:

Only model with strut support
(Fig. 2a, b).

Only model with strut support
(Fig. 2a, b).

Model size:

Core stage: base diameter of 67 mm Core stage: base diameter of
about 160 mm
Booster stage: base diameter
of 90 mm

Plume
generation:

Single plume with solid propellants
and H2/O2-combustion. Multiple
plumes only with solid propellants.

Single and multiple plumes with
solid propellants and H2/O2combustion.

Focused
effects:

Altitude variation, variation of
angles of attack, dynamic pressure
response, thermal analysis.

Altitude variation, variation of angles
of attack, dynamic pressure response,
thermal analysis.

Costs:

~ 6.545.000 € for facility
establishment
~ 450.000 € for maintenance per
year
~ 185.000 € for standard test
campaign

~ 20.075.000 € for facility
establishment
~ 900.000 € for maintenance per year
~ 280.000 for standard test
campaign€

3.2 Option IIIa: Copy of TMK in Cologne
This new facility is equipped with a transonic test section, and is explicitly intended for
transonic testing. The test section is permanently installed, thus, in opposition to TMK, no
integration time for transonic testing is necessary. The wind tunnel models are identical to the
strut supported models shown in Fig. 2a and 2b. Tab. 2 depicts the main characteristics of
option IIIa.
3.3 Option IIIb: New large transonic wind tunnel
The proposed large wind tunnel facility is a scaled version of TMK with the objective to
perform multiple plume stage testing with H2/O2-combustion for the core and also for the
booster stages on larger wind tunnel models. The new test section is gearing to a cross section
of about 2 m by 2m, which is approximately 3.3 times the lateral length of TMK.
Correspondingly, the wind tunnel model can equally be scaled. For a design shown in Fig. 2a
and 2b, investigations of a core stage with two boosters with a diameter of about 160 mm and
90 mm, respectively, are possible.
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3.4 Expected achievements and added values
The advantage of option IIIa concerns the exclusive usage for transonic wind tunnel testing.
On the other side, it has to be taken into account that a facility like this is not as versatile as
TMK and cannot be used for investigations above the transonic regime, which is possibly
essential as a reference point for the validation of the measurement techniques. And, although
the technology is based on the existing TMK facility, costs for the facility establishment,
maintenance and the preliminary lead time needed for the realization still persist and are
significant (Tab. 2).
The large transonic wind tunnel, option IIIb, with a larger cross section is advantageous with
respect to the possibility of testing a complete core stage-booster configuration with H2/O2combustion. A lateral width of 3.3 times higher than TMK results in a cross section, which is
about 11 times higher, meaning the mass flow increases with the same factor. The mass flow
can be considered as the dominant measure for the infrastructure and the wind tunnel itself.
For instant, the new large transonic wind tunnel facility must be capable to provide 11 times
the mass flow of the existing TMK facility. Consequently, costs for the facility establishment,
maintenance and the preliminary lead time needed for the realization are massive compared to
the combined approach of DLR with VMK and TMK (see in Tab. 1 and Tab. 2). The added
value in comparison to the DLR approach is limited if model size and inherent opportunities to
study base flow effects are considered.
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