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Abstract In this project supersonic, tangential film cooling in the expansion part
of a nozzle with rocket-engine like hot gas conditions was investigated. Therefore,
a parametric study in a conical nozzle was conducted revealing the most important
influencing parameter on film cooling for the presented setup. Additionally, a new
axisymmetric film cooling model and a method for calculating the cooling efficiency
from experimental data was developed. These models lead to a satisfying correlation
of the data. Furthermore, film cooling in a dual-bell nozzle performing in altitude
mode was investigated. The aim of these experiments was to show the influence
of different contour inflection geometries on the film cooling efficiency in the bell
extension.

1 Motivation

Film cooling is a cooling technique often used in rocket engines for thermally less
stressed components. In regions of higher thermal loads it is used in combination
with other cooling techniques. It is based on a liquid or gaseous coolant film that
is injected at the wall and creates a protective layer between hot gas and structure.
Due to its reusability and relatively simple system integration, film cooling is an
promising cooling technique also for future generation rocket engines.

For about fifty years a lot of studies on film cooling were conducted [6, 10].
However, especially for the application of film cooling in the supersonic hot gas flow
of a nozzle, which is characterized by high stagnation temperatures and pressures as
well as high Mach numbers, the most influencing parameters are neither identified nor
understood. Therefore, the aim of this project is to provide a better understanding
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of film cooling behavior under these conditions. This is done by performing an
experimental parametric study in the expansion part of a conical nozzle. A thoroughly
validation of the nozzle flow showed a good similarity of the flow in the conical
nozzle and the flow in a real engine. Additionally, a theoretical film cooling model
based on the common Goldstein model [2] and a method for calculating the cooling
efficiencies from the measured wall heat fluxes was developed. Based on this, a
well-fitting correlation of the experimental data was found and a simple model for
estimating the needed coolant mass fluxes for a film cooling application in a nozzle is
given. For further application of film cooling in novel nozzle concepts, film cooling
experiments in a dual-bell nozzle were conducted. The aim of these investigations
was an evaluation of the influence of the contour inflection geometry on the film
cooling efficiency in the bell extension of a dual-bell nozzle operating in altitude
mode. All these results can support future design processes of film cooling in rocket
nozzles.

2 Film Cooling Theory

In this project supersonic, tangential film cooling in a supersonic nozzle flow is
investigated. Further, the following assumptions are valid: The coolant is gaseous,
the nozzle hot gas and the coolant gas are not identical, the coolant gas is much
cooler than the hot gas and the coolant Mach number and velocity is lower than that
of the hot gas. A general schema for the coolant- hot gas interaction at the injection
position is given in Fig. 1.

The first mixing of coolant and hot gas occurs in the mixing layer or shear layer,
which starts to grow at the tip of the splitter plate. Since underneath this layer a region
of pure coolant gas exists the wall heat fluxes here are assumed to be dominated by
the coolant gas temperature. After a certain distance from the injection position the
mixing layer reaches the nozzle wall. Starting at this point, the wall heat fluxes are
dominated by the local coolant-hot gas mixture.
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2.1 Film Cooling Efficiency

The cooling efficiency is defined by the ratio of the reached wall temperature reduc-
tion in case of coolant injection to the maximum, theoretical possible wall tempera-
ture reduction.

Tr - Taw,c
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with 7, the recovery temperature of the hot gas, 7y . the coolant stagnation tempera-
ture and T, . the adiabatic wall temperature in case of coolant injection. Assuming
isothermal wall conditions (7, = const.) and T,, = Ty ., the cooling efficiency can
be rewritten as [5] )
Aooldm
n=1-— . 2
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Here, 71 is a function of the wall heat fluxes ¢ measured in the experiment and
the heat transfer coefficients « of hot gas oo and hot gas-coolant mixture m. Since it
is not feasible to determine the ratio of the heat transfer coefficients experimentally,
this ratio was often assumed to be one in previous projects [5, 13]. To check this
assumption, numerical simulations for film cooling in the conical nozzle with dif-
ferent coolant gases and blowing ratios were performed and the cooling efficiencies
without the ratio of the heat transfer coefficients (Fig.2) and with the real ratio of
the heat transfer coefficients (Fig. 3) were calculated.

Comparing Figs. 2 and 3 a strong influence of the heat transfer coefficients on not
only the total value of the cooling efficiencies but also on the coolant specific cooling
efficiency relative to the other gases can be seen. Therefore, a method for calculating
the heat transfer ratio in Eq. 2 was developed (see [7]):
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with the distance from the injection point x, the thermal conductivity A, the Prandtl
number Pr and the Reynolds number Re.

2.2 Film Cooling Model

For describing the mixing of hot gas and coolant at the wall an axisymmetric film
cooling model based on Goldstein’s mixing model [2] was developed by Ludescher
et al. (see [7]). In this model the amount of hot gas mixing up with the coolant is
assumed to be equal to the mass flux in a fictitious boundary layer starting to grow at
the injection point. A sketch of the boundary layer growth in the nozzle can be seen
in Fig. 4.

Due to the increasing nozzle diameter of the nozzle extension the mixing hot gas
mass flux m., grows not only with the height of the boundary layer but also with the
increasing nozzle radius. Using Goldstein’s definition of the cooling efficiency n

.

boundary layer

mixing hot gas
mass flux m,

Fig. 4 Axisymmetric mixing model
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the correlation factor & for the axisymmetric case is given by

_ 78(x)r(x)
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This factor depends on the local nozzle radius r(x), the blowing ratio F = pp”“”
the injection slot height s, the nozzle radius at the point of injection . and the local
boundary layer height of the hot gas é(x) starting to grow at the injection point.
Accounting for the compressibility and pressure gradient of the nozzle flow the
boundary layer height is calculated using the model by Stratford and Beavers [11]

8(x) = 0.376X Re %2 (6)

X = P(x)*/xp(x)dx (7)
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3 Experimental Setup

3.1 Test Facility

All experimental investigations were conducted using a detonation based short-
duration facility (see [12]). This facility provides a hydrogen-oxygen combustion
hot gas with high stagnation pressures and temperatures for an effective testing time
of about 4-7 ms. By changing the initial state of the detonation different hot gas con-
ditions can be achieved. Due to this short testing time, the facility walls are assumed
to be isothermal. A heating system to heat the walls up to the saturation temperature
of water vapour was applied [3] to avoid condensation of the gaseous water at the
facility walls. The hot gas conditions used for the experimental investigations are
listed in Table 1.

These are the stagnation conditions for the flow in the nozzle, which is attached
to the detonation tube.



70 S. Ludescher and H. Olivier

Table 1 Hot gas conditions (based on [12])

Condition 1 Condition 2 Condition 3
To 3660K 3685K 3630K
Po 30 bar 40 bar 50 bar
ROF 8 8 8
Twali 330K 340K 350K

3.1.1 Conical Nozzle'

The parametric study on film cooling took place in a conical nozzle (see Fig.5).

Wall heat fluxes and static pressures are measured in the nozzle extension using
thermocouples type E and Kulite pressure transducers. Further details of the nozzle
are given in Table2.

3.1.2 Dual-Bell Nozzle

For investigating the influence of the contour inflection geometry on the coolant
film behavior a dual-bell nozzle with exchangeable contour inflection geometry was
designed and built. Due to practical reasons as much of the conical nozzle setup
as possible was reused in the design process of the dual-bell nozzle. Therefore, the
base nozzle segment was chosen to be a shorter version of the conical nozzle. The
bell extension of the nozzle was designed by Dr. Chloé Génin?> assuming hot gas
condition 1 and a nozzle operation in altitude mode. The final nozzle can be seen in
Fig.6.

As contour inflection geometries a sharp-edge and a rounded geometry were
chosen, because here the biggest differences in the shape of the expansion fan at
the inflection point are expected. Further details of the dual-bell nozzle are listed in
Table 3.

As the conical nozzle the dual-bell nozzle is instrumented with thermocouples
type E and Kulite pressure transducers.

3.1.3 Coolant Supply

For tangential coolant gas injection a circumferential injection slot is placed in the
nozzle extension. Due to the laval nozzle like shape of the injection slot the coolant
flow is accelerated to supersonic speed. The coolant mass flux is controlled by a
venturi nozzle. The coolant supply and injection system is the same for both nozzles.
A schematic sketch of the supply system can be seen in Fig. 7.

The experimental setup of the conical nozzle was designed by Mr. Yahiaoui see [13].
ZProject K2 of SFB TRR 40.
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Fig. 5 Conical nozzle with heating system and stagnation chamber

Table 2 Details of the conical nozzle [13]

Expansion part length 340mm
Throat diameter 15.96 mm
Half opening angle 15°

Fig. 6 Dual-bell nozzle at the test facility (left) and section view of the nozzle (right)

Table 3 Details of the dual-bell nozzle

Nozzle pressure ratio, NPR 160
Inflection angle 10.6°
Extension length 199.12mm
Base length 104.21 mm
Distance between coolant injection and contour | 19.9 mm

inflection
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Fig. 7 Schema of coolant supply system

Table 4 Coolant injection details (for details of the coolant supply setup of the conical nozzle see

[13D)

Conical nozzle Dual-bell nozzle
Slot height (s1, s2, s3) 0.46, 0.41, 0.56 mm 0.46 mm
Splitter thickness I mm 1 mm
Distance between A* and 87 mm 87 mm (end of base nozzle)
injection position

The injection slot is exchangeable in every nozzle such that different slot heights
can be applied. For the presented setup three different slots are available (see Table 4).

To allow for experiments without coolant injection a disturbance free flow the
injection slot can be replaced by an insert, which provides a smooth inner nozzle
wall contour [13].

4 Results Conical Nozzle

4.1 Reference Flow

First, experiments without film cooling were conducted. Here, the wall heat flux and
static pressure distribution along the nozzle wall for every hot gas condition (see
Table 1) were measured. Furthermore, RANS simulations with ANSYS Fluent were
conducted, which took into account the chemical behavior of the flow [7]. Based
on the comparison of the experimental and numerical results the assumption of a
turbulent boundary layer and a chemical frozen state of the flow close behind the
nozzle throat is confirmed [7]. A comparison of experimental and numerical wall
heat fluxes for each condition is shown in Fig. 8.
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4.2 Parametric Study

As next step coolant gas was injected. Figure 9 shows exemplary for carbon dioxide
as coolant gas a comparison of wall heat flux with and without coolant injection.
The strong cooling effect of the injected gas shortly downstream of the injection slot
is clearly visible by the strong heat flux reduction. The measured heat fluxes with
and without cooling allow to determine the cooling efficiency according to Eq. (2).
With a parametric study the influence of various parameter on film cooling efficiency
were investigated. Therefore, the injection conditions, the hot gas conditions and the
coolant gas were separately changed [7]. The qualitative findings of this study are
listed in Table5.

4.3 Correlation

In the following the axisymmetric film cooling model and the method for calculating
the film cooling efficiencies (see Eqs.(2) and (5)) were used to correlate the data
gained in the parametric study. As can be seen in Fig. 10 a good correlation of the
experimental data is reached.
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Table 5 Influence of an increasing parameter (left) on the cooling efficiency (right) [7, 8]

Parameter n

Coolant mass flux Increases

Slot height Increases

Mach number coolant Increases

Heat capacity coolant Increases

Prandtl number coolant Decreases
Molar mass coolant Decreases
Injection pressure coolant Increases

Distance from injection point Decreases
Blowing ratio Increases

Momentum flux ration Increases

Convective Mach number

No influence

0.01 :
0.25 25

25 250

He, F=1.57, s1, C1
He, F=1.42, s1, C1
He, F=1.09, s1, C1
He, F=0.97, s1, C1
He, F=0.72, s1, C1
He, F=0.26, s1, C1
Ar, F=1.6, s1, C1
He, F=1.05, s2, C1
He, F=1.7, s2, C1
N2, F= 3.65, s2, C1
Ar, F=3.62, s2, C1
C02, F= 3.8, s2, C1
C02, F=1.8, s2, C1
N2, F=1.6, s2, C1
He, F=0.8, s2, C2
He, F=1.01, s2, C2
He, F=0.64, s2, C3
He, F=1.01, s2, C3
He, F=1.086, s3, C1
He, F=0.79, s3, C1
e st fit

<O 1 ¥ XOBP

L 2

Ie0+0 10 +0>

Fig. 10 Correlation of the experimental data, red curve refers to Eq.9

The resulting curve is fitted by

Tr - Taw,c

n

= €))

T 0.0101(2=E)1 9 T T — Ty,
p.c

This equation can be used as a design tool for film cooling in nozzles i.e. to mainly
determine the adiabatic wall temperature in case of cooling. However, it has to be
mentioned that this correlation was derived for the subscale, conical nozzle with
isothermal walls and gaseous coolants. The applicability of this correlation on a real

engine may be restricted.
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5 Results Dual-Bell Nozzle

For investigating the influence of the inflection point geometry on the hot gas and
coolant flow behavior experiments without and with coolant injection for the sharp-
edge and rounded adapter configuration of the dual-bell nozzle were conducted.

5.1 Experiments Without Film Cooling

First, experiments without film cooling were conducted to compare the hot gas flow
behavior for the different contour geometries. Figure 11 shows the static pressure
distributions and Fig. 12 the wall heat flux distributions along the distance from
the nozzle throat for the sharp-edge and rounded contour configuration. For the
static pressures, no relevant deviation in the data is visible. In contrast to that, a
more systematic deviation between the wall heat fluxes of sharp-edge and rounded
configuration can be seen.
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The heat fluxes for the sharp-edge are about 20% higher than for the rounded
inflection contour. This confirms findings by Génin and Stark [1]. It may result from
the differences in the expansion fan and the local flow acceleration, which leads to
differences in the boundary layer height.

5.2 Experiments with Film Cooling

Following, experiments with helium injection were conducted. For comparing the
results, the cooling efficiencies of each experiment were calculated using Eq. 2 assum-
ing 2= = 1. The resulting curves of the cooling efficiencies for three different blow-
ing ratios are displayed in Figs. 13 and 14.

For all blowing ratios the cooling efficiencies for the sharp-edge configuration are
higher than the ones for the rounded configuration. A reason for this might be the
locally stronger acceleration of the cooling film due to the centred expansion fan.

This fits also to a study by Martelli et al. [9], showing that the expansion of the coolant

Fig. 13 Comparison of 1.2
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Fig. 14 Comparison of 12
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film can lower the mixing rate of hot gas and coolant. Thus a sharp-edge contour
inflection is recommended for film cooling application in the dual-bell nozzle.

6 Conclusion

In this work supersonic, tangential film cooling in a conical and a dual-bell nozzle
was investigated. The used hot gas conditions of the nozzle flow were similar to the
conditions in a real rocket nozzle. A parametric study of film cooling was conducted
in the expansion part of the conical nozzle. As most important influencing parameters
for this setup, the mass flux, Mach number, Prandtl number, molar mass and injection
pressure of the coolant as well as the distance from the injection point and the height
of the injection slot were found. A theoretical model for film cooling based on
the Goldstein model was developed. Additionally, a method for estimating the heat
transfer coefficients in the experiments was presented. Using this and the new film
cooling model, a well fitting correlation of the experimental data was achieved,
which can be used in future design processes of film cooled nozzles. Further, the
film cooling behavior at the inflection point of a dual-bell nozzle was investigated.
A clear influence of the inflection geometry on the wall heat fluxes in the nozzle was
shown. For a sharp-edge contour inflection the cooling efficiency in the bell extension
was found to be much higher than for a rounded contour inflection over the whole
range of investigated blowing ratios. Therefore, a sharp-edge contour inflection is
recommended for film cooled dual-bell nozzles.
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