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To study wall temperature distribution, film cooling effectiveness, and wall heat flux reduction due to film cooling
in the circumferential direction, experimental investigations have been carried out, using gaseous hydrogen as a film
coolant with tangential slot injection in close proximity to the injector face plate. A Vulcain-2-like test case has been
performed, using a combustion chamber pressure up to 11.5 MPa at a high-mixture ratio of 6 with ambient
temperatures of hydrogen. The experimental investigations have shown significant variations of wall temperatures
due to injector design, as well as a distribution of film cooling effectiveness which persists far downstream from the
film coolant injection slots. Circumferential variations of wall temperature and film cooling effectiveness are much

more pronounced at higher combustion chamber pressures.

Nomenclature

distance between two slots

injection slot width, mm

specific heat capacity for constant pressure, J/(kgK)
distance from hot gas side, mm
chamber, mm

momentum flux ratio, —

recess length, mm

film blowing rate, —

Mach number, —

mass flow rate, kg/s

Prandtl number, —

pressure, MPa

heat flux density, W/m?

averaged heat flux density, W/m?
Reynolds number, —

injection slot height, mm
temperature, K

turbulence level, —

liquid oxygen post wall thickness
time, s

velocity, m/s

distance downstream from point of film injection, mm
tapering angle, deg

spreading angle, deg

angle of film coolant injection, deg
heat flux reduction, W/m?

variation of film cooling effectiveness, —
boundary-layer thickness, mm
adiabatic film cooling effectiveness, —
film cooling effectiveness, —

thermal conductivity, W/(mK)

= dynamic viscosity, kg/(ms)
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& = angle in injector triangle, deg
0 = density, kg/m?

Subscripts

ad = adiabatic

cc = combustion chamber, hot gas, mainstream
f = film cooling

H, = hydrogen

i = inner

max = maximum

min = minimum

0, = oxygen, liquid oxygen

o = outer

tot = total

w = wall

0 = without film cooling

2 = film at point of injection

I. Introduction

N ADDITION to an increase in engine reliability, an en-

hancement of the specific impulse and thrust are the main
objectives for next-generation rocket propulsion systems [1,2].
Because the combustion chamber pressure is the driving parameter
for engine size, these ambitious goals can only be realized with
higher combustion chamber pressure, which simultaneously results
in a considerable increase of structural and thermal loads. A higher
combustion pressure p,. causes an almost linear increase of the heat
flux level g to the wall [1,3]:

(€]

Large temperature differences between the hot gases and the
combustion chamber liner in conjunction with combustion pressures
in typical high performance engines [for example, space shuttle
main engine (SSME) p. =19 MPa [4], RD-170 (RD: Russian
expression for rocket engine): p.. = 25 MPa [5], RD-0120: p. =
22 MPa [5]] result in extreme heat flux levels and temperature
gradients through the combustion chamber. Because of high
chamber pressures, hot gas side liner walls in current rocket engines
are exposed to heat fluxes exceeding 100 MW /m? (SSME, RD-170,
RD-0120) and hot gas temperatures exceeding 3800 K in com-
bination with a high mixture ratio ROF (mixture ratio oxidizer/fuel)
[4,5]. Active protection of the liner materials, like CuAgZr (SSME),
CuCr (RD-170), and CuCrZr (RD-0120) [6], from the impact of the
hot combustion gases and the associated low-cycle fatigue is
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necessary to provide safe and reliable operating of the rocket
combustion chamber.

With regenerative cooling, turbopumps and turbines are heavily
loaded because of the pressure drop in cooling channels, which
results in limitations of engine lifetime, reliability, and safety
margins. For example, to provide a chamber pressure of about
19 MPa in the SSME, preburner and turbopumps are operated at
almost 40 MPa, which has a significant impact on the engine lifetime
[7]. Furthermore, due to high structural loads, an increase of
regenerative cooling is not possible by a further reduction of the wall
thickness because of material inhomogeneity and manufacturing
limitations. Improved regenerative cooling could only be accom-
plished by an increased Reynolds number of the propellant inside the
cooling channels, which would give better heat transfer from the wall
to the coolant, but which would also increase the pressure drop and
propellant feed system loads.

To reduce regenerative cooling as well as the propellant feed
system requirements, a number of film cooling related methods have
been developed in the past for the protection of the hot gas side
combustion chamber walls. Besides typical film cooling with the
coolant injection through slots or orifices, in cases when a coaxial
injector head is used, a reduced propellant mixture ratio ROF at the
outer row of injector elements, either by an increasing of the fuel
mass flow rate or a decreasing of the oxidizer flow, results in a
decrease of the thermal wall loads (injector trimming). For example,
in the SSME the outer coaxial elements run at a mixture ratio of 3,
whereas the overall mixture ratio is about 6. An angling (biasing) of
the liquid oxygen (LOX) posts of the outer injector elements away
from the combustion chamber walls, which is also used in the SSME,
results in an eccentricity of the fuel annulus and therefore a higher
fuel mass flow rate on the outer side of the coaxial injector
elements [8].

All methods, like coolant film injection and injector trimming and
biasing, reduce the wall temperatures and improve injector-wall
compatibility. However, the protection of the combustion chamber
wall, using a reduced mixture ratio, either by the injection of a
gaseous or liquid film, or by injector trimming or biasing, results in
a loss in engine performance. Because excessive cooling causes
unnecessary losses of specific impulse, circumstantial knowledge of
the impact of the film coolant on the one hand, and temperature
distribution inside the combustion chamber on the other hand, is of
vital importance. A basic understanding of film cooling effectiveness
and injector-wall interaction in the axial and circumferential
directions are required to minimize engine performance losses and
provide necessary wall protection.

II. Experimental Setup

All experimental investigations described in this study have been
performed at the European Research and Technology Test Facility
P8 at DLR Lampoldshausen [9] using high-pressure subscale
combustion chamber E [10].

A. Subscale Combustion Chamber E

With subscale combustion chamber E (see Fig. 1), stable operation
can be guaranteed for a chamber pressure up to p.. = 15 MPa in
combination with a very high propellant mixture ratio ROF. This
combustion chamber covers the full operating range of the European
Ariane 5 first-stage Vulcain 2 engine (p,. = 11.5 MPa ,ROF =7.2
[11]) with an additional extension of this operating range.

Modular design of the experimental combustion chamber ensures
a maximum of flexibility for varied experiments and chamber
configurations. Subscale combustion chamber E features a cylin-
drical segment with an overall length of 200 mm and an inner
diameter of 50 mm, and a nozzle segment with a throat diameter of
33 mm. Convective cooling of both segments is provided by water
which is heated by streaming through axial-arranged cooling
channels. In doing so, uniform cooling in the circumferential
direction can be assured.

As an advanced feature, it is possible to rotate the cylindrical
segment of the combustion chamber with an angular accuracy of

Injector Coolant injection Cylindrical ~ Nozzle
head segment segment segment

Ring of wall
thermocouples

\

Film coolant\\Surface thermocouples

_—Wall thermocou&)les

Fig. 1 Subscale combustion chamber E.

about 0.5 deg relative to the injector head. In doing so, it is possible to
measure a two-dimensional thermal field throughout the combustion
chamber and describe circumferential behavior of wall temperature
distribution and film cooling effectiveness [10,12].

In the cylindrical segment, two rows of wall thermocouples are
arranged in the axial direction in packages with three elements each
with differing wall distances d from the hot gas side. Based on the
measured thermal gradient almost perpendicular to the chamber wall,
it is possible to extrapolate the local surface temperatures with
the use of a logarithmic function (gradient method) [10,13,14].
Furthermore, the application of one row of surface thermocouples
provides a direct measurement of the local surface temperatures
inside the combustion chamber.

In addition, for detailed investigation of circumferential film
cooling effectiveness and injector-wall interaction with high angular
accuracy, subscale combustion chamber E has been provided with a
ring of 12 wall thermocouples with a constant wall distance d =
1 mm (see Figs. 1 and 2). The axial position of the ring of
thermocouples is located 112 mm downstream of the injector head
face plate and film coolant injection position.

As a result of vibrations up to 100g, and due to thermal material
expansion and contraction during start, hot run, and shut down, there
can appear to be liftoff and loss of mechanical contact of the
thermocouple measurement point. A spring system provides a
constant force to ensure reliable contact for all wall thermocouples
during hot run tests (see Fig. 2) [13].

B. Injector Head and Film Coolant Injection Segment

The injector head contains 15 coaxial injection elements, arranged
in two different pitch circles with 10 elements in the outer, 5 in the
inner circle, and a central torch igniter. The geometrical distribution
is made in that way to get five identical injector triangles with one

Thermocouples———
\ \?

Injector head

Coaxial injector
element

slots

Cooling
channel

Fig. 2 Ring of wall thermocouples in the cylindrical segment.
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Fig. 3 Coaxial injector element.

coaxial element of the inner and two elements of the outer pitch circle
(as shown later).

Figure 3 shows the engineering design of a single coaxial injector
element as well as characteristic dimensions on the leading edge of
the face plate (see Table 1). Liquid oxygen is fed into the LOX posts
from a rear-mounted manifold, whereas the hydrogen is distributed
by laterally arranged orifices.

For film cooling investigations, the injector head face plate is
surrounded by a coolant injection segment (see Fig. 4). This
segment provides 10 cooling slots evenly distributed in the
circumferential direction, manufactured with high precision for
tangential (y = 0 deg) film coolant injection. Positions of these film
cooling slots are consistent with the angular positions of the outer
injector elements [10,15]. For each of the five identical injector
triangles, the film coolant injection slots and outer coaxial injector
elements are arranged in the angular positions £ = 0 and £ = 36 deg.
The inner coaxial element is located at £ = 18 deg, and symmetrical
boundaries of the injector triangle are at £ = —18 and & = 54 deg.
Table 2 gives an overview of the film cooling slot geometry.

Because high-precision knowledge of the injected film temper-
ature is essential for film cooling investigations, two thermocouples
have been attached in the film injection segment to measure the film
temperature just before the film coolant enters the combustion
chamber. For future research investigations, it is possible to change
slot geometry and slot number of the film coolant injection segment
in a very easy way because of the modular design.

Table 1 Data of the coaxial injector elements

Diameter ratio d,/d;, H, /LOX, — 1.67
LOX post wall thickness, mm 0.6
Recess length /.., mm 0
Tapering angle «, deg 10

Table 2 Data of the film coolant injection segment

Number of slots 10
Slot height s, mm 0.4 +0.015
Slot width 5, mm 3.5+ 0.015
Injection angle y, deg 0
Distance between two slots a, mm 12

Coaxial injector Igniter
element

Film injection Film coolant

\

Injector
triangle

=187

Face plate

£=0°
Fig. 4 Injector head and film coolant injection segment.

C. Operating Conditions

For experimental investigation of circumferential temperature
distribution and film cooling effectiveness in a high-pressure rocket
combustion chamber, a typical test sequence has been generated,
using LOX/H, as propellants [10,12]. Although the test facility P8 is
capable of combustion chamber pressures up to about 25 MPa when
using 50 mm subscale hardware, three major pressure intervals have
been performed, giving real enginelike hot gas conditions on the one
hand, with relatively moderate heat flux conditions on the other
hand: 11.5 MPa (intervals 1-3), 8 MPa (intervals 4-6), and 5 MPa
(intervals 7-9) with a constant mixture ratio ROF = 6 (see Table 3).
Each pressure interval was divided into three sections with differing
film coolant mass flow rates, which gave nine different operating
conditions for each hot run. Table 3 gives an overview of the hot gas
conditions, such as combustion chamber pressure p.., injector head
propellant mass flow rates rty,, ritg,, and propellant injection
temperatures Ty, and Ty, .

Notwithstanding typical injection temperatures of hydrogen in
rocket engines such as SSME and Vulcain 2 (T, ~ 100-120 K [1]),
hydrogen at ambient temperature has been used for the present
study. Ambient hydrogen is much easier to handle for first step
experimental investigations compared to a cryogenic fluid and is
suitable for obtaining a basic understanding of film cooling effec-
tiveness and injector-wall interaction. Furthermore, in most
empirical or semi-empirical film cooling models developed in the
past by numerous authors, film coolant (mostly air) with ambient
temperatures has been injected [16—19]. Comparability with existing
film cooling models and the possibility of modeling ambient
hydrogen as an ideal gas are further arguments for deviation from real
enginelike parameters for the time being.

Table 3 Hot gas conditions

Interval 1 2 3 4 5 6 7 8 9

Dee» MPa 11.9 11.8 11.6 8.3 8.2 8.0 52 5.1 5.0

ROF, — 6.02 6.00 5.99 5.99 5.99 5.99 5.99 5.99 5.99
iy, , kg/s 0.60 0.60 0.60 0.42 0.42 0.42 0.26 0.26 0.26
n'10;, kg/s 3.62 3.61 3.61 2.51 2.51 2.51 1.58 1.58 1.58
Ty,, K 287.9 285.5 283.1 278.8 278.4 271.3 277.1 276.2 274.9
To,, K 113.5 111.5 111.2 112.8 113.3 113.2 114.8 115.2 115.6




ARNOLD, SUSLOV, AND HAIDN

763

Table 4 Film cooling parameters

Interval 1 2 3 4 5 6 7 8 9
1y [ Mg, % 1.83 1.03 0 2.01 0.99 0 2.01 0.98 0
T,, K 287.5 287.5 —_— 288.3 289.2 —_— 289.6 290.4 —_—
M, - 2.85 1.61 0 3.13 1.56 0 3.15 1.56 0
U/ Uee, — 1.60 091 0 1.74 0.87 0 1.75 0.86 0
U,/ uy, 0.94 0.52 0 1.07 0.53 0 1.08 0.53 0

Table 4 features a summary of investigated film cooling parame-
ters like film blowing rate M, injection temperature 7, and velocity
ratio between hot gas and film coolant u,/u... As a reference for
comparison with film cooling conditions and to identify the thermal
footprints only due to the coaxial injector head without the influence
of a film coolant, the last section of each pressure interval has been
performed without the injection of a film coolant (r, =0 ).

III. Film Cooling

Film cooling is a widely used cooling method for rocket engines to
protect the combustion chamber walls from the impact of the hot
combustion gases, not only at the position of the film injection but
also farther downstream. It can be used either alone (e.g., in small
engines for satellite propulsion) or in combination with regenerative
cooling for very high heat fluxes, like it is applied among other
engines in the Vulcain 2 of the European launcher Ariane 5, the
SSME, or in the Russian RD-170-based family. For example, in the
Vulcain 2 engine, film cooling is used in combination with the
injector head and in the nozzle extension, where the turbine exhaust
gases and the dump cooling is injected [20,21].

With the application of film cooling, a significant reduction of
thermal and structural loads of the chamber walls as well as
mechanical strains of the turbopumps because of the pressure drop in
cooling channels can be obtained. Hence, the additional application
of film cooling in combination with aregeneratively cooled liner wall
in future high-pressure combustion chambers is the only possibility
to improve safety and enhance lifetime and reliability. In doing so, it
is fundamental to investigate the thermal heat load distribution,
created by the injector design, and film cooling effectiveness, not
only in the downstream direction but also circumferentially inside
the combustion chamber to avoid hot spots and temperature
asymmetry on the liner walls, which can cause serious limitations for
engine operation.

A. Film Cooling Effectiveness

Although there are a multitude of models describing film cooling
effectiveness, mostly heat sink models which assume complete
mixture of hot gas and coolant (for example, Tribus and Klein [22],
Kutateladze and Leont’ev [23], and Goldstein and Haji-Sheikh [18]),
most of them are not applicable in a high-pressure rocket combustion
chamber. High temperature gradients inside the boundary layer and
high combustion chamber pressures, turbulent flows, variable fluid
properties of the hot gas and film coolant [e.g., ¢, = f(T)], as well as
recombination effects in close proximity of the chamber walls,
giving an additional heat source, are not considered in existing film
cooling models. In addition, all models given in literature are not
designed for such high Reynolds numbers present in rocket
combustion chambers.

In the literature, nondimensional adiabatic effectiveness 7 is a
widely used parameter to describe and compare film cooling results
[16,18,23-27]. The difference between adiabatic wall temperature
T,q and hot gas temperature T, refers to the maximum difference
between coolant temperature at injection point 7, and hot gas
temperature:

_ Tad B ch

= 2
TZ_ch ( )

However, this definition of effectiveness cannot be applied in a
typical copper alloy rocket combustion chamber due to the extreme

high temperatures of the combustion gases and therefore extreme
wall heat fluxes. Adiabatic wall temperatures would exceed safe
operating temperatures of all known combustor materials. Hence, for
a high-pressure combustion chamber, regenerative cooling and film
cooling will be used in combination. Therefore, it is imperative to
establish a different temperature ratio to describe film cooling
effectiveness for a regenerative and film-cooled rocket combustion
chamber. This new temperature ratio can be used as a measure of
effectiveness for film cooling processes. The local temperature
difference due to the application of film cooling will be compared
with the maximal achievable temperature difference, where Ty,
designates the wall temperature without, and Ty , the wall
temperature with, film cooling:

o) = Ty (%) Tw,/‘(x) 3)
Tyo(x) =T,

According to Eq. (3), a circumferential film cooling effectiveness © £

can be defined using the local temperature reduction between wall

temperature without film cooling Ty (£, x) and wall temperature

with film cooling 7'y /(€, x):

Ty (5, x) — Ty r(§, %)

®§(x) - Tyo€,x)—T,

(C)]

In analogy to the description of the axial film cooling effectiveness
[see Eq. (3)], Eq. (4) can be used to characterize film cooling
effectiveness in the circumferential direction and the uniformity of
the injected film, as well as the film spreading. It is essential for
the development of thermally highly stressed rocket combustion
chambers to minimize the circumferential variation of the wall
temperature to avoid nonessential film mass flow rates. Local thermal
hot spots on the chamber wall as a result of injector design or
nonuniform film coolant injection can result in reduced engine
lifetime and reliability, whereas increased cooling of the chamber
wall due to high local variation of the thermal loads results in a loss of
specific impulse and engine performance.

B. Influence Parameters for Film Cooling Effectiveness

In general, film cooling effectiveness ® is dependent on a
multitude of geometrical (injection angle, slot height, slot width, and
number of slots), fluidmechanical (blowing rate, ratios of momentum
flux, boundary-layer thicknesses, and turbulence levels, and
Reynolds numbers), and thermodynamical parameters (pressure,
temperature, and ratios of pressure and temperature) [26,28,29]:

Ay 6
M2 72,72) 5)

The blowing rate M is a main parameter to characterize film cooling
and describes the ratio of the mass velocity of the coolant to the hot
gas stream mass velocity:

_ (pu),

- 6
(p1t)cc ©

In the past, experimental work has shown a clear connection between
blowing rate and film cooling effectiveness for M < 1 as well as for
M > 1 [30-32]. An increase of the blowing rate M up to M ~ 3

indicates a better film cooling effectiveness for tangential slot
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injection. This also applies for foreign gas injection in place of the
well-examined test case of air injected into air.

IV. Experimental Results

The experimental results consist of wall temperature distributions
in the circumferential direction, film cooling effectiveness relative
to an injector triangle, and circumferential and axial heat flux
distributions.

A. Circumferential Wall Temperature Distribution and Injector-
Wall Interaction

The circumferential temperature distribution inside the combus-
tion chamber wall material has been investigated to obtain
information about the uniformity of the propellant combustion and
therefore the circumferential thermal load distribution generated by
the coaxial injector head design. Assuming a uniform propellant
injection and atomization behavior of all coaxial injector elements, a
local maximum of the wall temperatures can be expected directly
downstream of the angular positions of the outer coaxial injector
elements (see Fig. 4). Figure 5 shows schematically the superposition
of the single flames in an injector triangle and the expected wall
temperature distribution 7'(§) with maximum values at £ = 0 and
& = 36deg, and a local minimum at the angular position of the inner
coaxial injector element (£ = 18 deg). Maximum hot gas temper-
ature inside the single flames occurs downstream of the point of
injection in the area of the flame axis, whereas, in the outer region
of the flame, a lower combustion temperature predominates
[33,34]. With a sufficiently dense arrangement of the coaxial injector
elements, the flame impact of the inner coaxial injector elements on
the wall temperature distribution can be neglected, and similar wall
temperatures will be expected for the positions £ = —18 (no inner
coaxial injector element) and & = 18 deg (inner coaxial injector
element) in the injector triangle (see Fig. 4).

By the use of the wall thermocouple ring (see Figs. 1 and 2),
located at the axial position x/s = 280 , a detailed distribution of the
circumferential wall temperature variation has been measured for
the pressure intervals 11.5, 8, and 5 MPa at various film blowing rates
M (see Fig. 6). Experimental results show a very good agreement
with the schematical description of the circumferential wall
temperature distribution following Fig. 5 for the angular positions
& =144-180deg and & = 324-360deg. A shifting of 8-10 deg
compared with the expected temperature maxima directly down-
stream the positions of the outer coaxial injectors occurs in the
interval £ = 0-108 deg. Nonuniform injection and atomization of the
propellants as well as swirl effects inside the combustion chamber
may shift the positions of the minimum and maximum wall
temperatures and also give different levels of the local minimum and
maximum wall temperature values. The application of a film
(M > 0 ) results in a significant reduction of the wall temperature at
all circumferential positions (see Fig. 6). However, maximum wall
temperature can be seen at the angular positions downstream of the
outer coaxial injector elements and film coolant injection slots
independent from the injection of a film coolant. Circumferential
temperature variation between local maxima and minima increases
with the combustion chamber pressure and is much more pro-
nounced at higher pressure levels. A relatively uniform temperature
distribution with about 50 K variation between different local

Ea N
PN
18° %:><\f\ﬁ;ﬁ k\—g{ >T(&)
SN AN
Injector triangle N \\"\k_/g /

Fig. 5 Superposition of single flame distribution.
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Fig. 6 Circumferential wall temperature distribution (d =1 mm,
x/s = 280).

temperature maxima and minima, respectively, at the upper pressure
interval of 11.5 MPa with hot gas temperatures of more than 3400 K
indicates the nearly symmetrical injection and combustion behavior
of the coaxial injector head. No experimental data have been
available for the interval £ ~ 180-220 deg.
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Injector head induced nonuniform circumferential temperature
distribution (see Fig. 6) results in a nonuniform heat flux variation
and additional thermal and structural loads. These injector footprints
can be observed inside subscale combustion chamber E from about
45 mm downstream of the propellant injection (see Fig. 7) and have
been found ~60 mm downstream of the face plate in engines like
Vulcain 1 and Vulcain 2. With the implementation of film cooling in
the proximity of the injector head, chemical impact of the hot
combustion gases (oxygen and radicals like OH) on the chamber
walls can be controlled. Besides a slight increase of the combustion
chamber pressure of Vulcain 2 (p. = 11.5 MPa) compared to
Vulcain 1 (p.. = 10.2 MPa [35]), protection from chemical impact
can be seen as a driving factor for the additional injection of a film
coolant in the region of the face plate in Vulcain 2.

Statistical variability due to injector geometry, injection and
propellant atomization, and combustion effects as well as
thermocouple implementation can be reduced by averaging the
experimental results presented in Fig. 6 and reducing them to a single
injector triangle, which covers the angular interval £ = —18-54 deg
(see Fig. 4). Figure § shows the circumferential wall temperature
distribution for the investigated pressure intervals p.. = 11.5, 8, and
5 MPa. As mentioned earlier, local maximum wall temperature
occurs straight downstream of the position of the outer coaxial
injector element and film injection slot, whereas local minimum wall
temperatures occur at the angular position of the inner coaxial
injector element. Levels of the local minima at £ = —18, 18, and

IPos‘ of injector
face plate

A

Injector footprints

Fig. 7 Injector footprints on chamber wall.

54 deg are the same order of magnitude with almost symmetrical
temperature characteristics compared with the inner coaxial injector
element. An influence of the inner coaxial injector element on the
wall temperature distribution cannot be ascertained in the present
investigation. Circumferential wall temperature variation as well as
wall temperature reduction due to film cooling are much more
pronounced at p.. = 11.5 and 8 MPa in contrast to the lower pressure
interval p.. =5 MPa.

B. Circumferential Film Cooling Effectiveness

An essential issue in the development of thermally highly stressed
rocket combustion chambers is the minimization of the circum-
ferential wall temperature variation to avoid unnecessarily high film
cooling mass flow rates. Local thermal hot spots on the chamber wall
as aresult of injector design or nonuniform film coolant injection can
result in reduced engine lifetime and reliability, whereas increased
cooling of the chamber wall will result in a loss of specific impulse
and engine performance, as mentioned earlier.

The wall temperature reduction ATy, due to the application of film
cooling is the first possibility for estimating the potency of the
injected film coolant and judging the uniformity of the coolant
spreading downstream of the injection:

ATW = TW.O - TW,f @)

Figure 9 presents the measured temperature reduction ATy, for the
11.5, 8, and 5 MPa pressure intervals. As expected, wall temperature
reduction is directly proportional to the film cooling blowing rate M.
However, the maximum temperature reduction occurs at the angular
positions between the film coolant injection slots and not directly
downstream of the coolant injection as might be expected.
Temperature reduction of the 11.5 and 8 MPa intervals are of similar
order of magnitude with a local temperature reduction ATy ~
10-45 K for the higher film blowing rate, and ATy, ~ 3-30 K for
the lower blowing rate step.

For the combustion chamber pressure of 5 MPa, only marginal
temperature reduction is achieved at this axial position with film
cooling. Because of a much higher velocity ratio between propellant
and oxidizer at the coaxial injector elements and a different
atomization behavior compared with the considerably supercritical
conditions at 8 and 11.5 MPa, as well as the much lower heat load,
mixing of the film coolant and the hot gas likely occurs at a position
more upstream and with less stratification effects. A clear connection
between temperature reduction and angular positioning of coaxial

020 —4+———TF——T T — T
J Pos. of the outer coaxial injector elements and J
0.19 4 film coolant injection slots i
4 OOOO 4
o] OO
0.18 no A ° A
' N 57670 =115 MPa
0.17 AN i 4 o M=0
o o, :
—_ j o 2 9 2 A M=161
- RGN YN ' o M=285
g 0.16 B g @D%A o Am_ o
&~ =8 O X5
\3 T % xa DD8 CCZSMPa
0.15 . M=0
B M=1.56
0.14 ¢ M=3.13
1 =5MPa
0.13 ¢
* M=0
1 + M=1.56
0.12 v _M=3.15
@)
Fig. 8 Circumferential wall temperature distribution relative to an injector triangle (d = 1 mm, x/s = 280).
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Fig. 9 Wall temperature reduction due to film cooling (d =1 mm,
x/s = 280).

injector element and film coolant injection slot is only visible at
certain angular positions (see Fig. 9).

The circumferential film cooling effectiveness presented in this
study is based on measurements at a wall distance d = 1 mm due to
the arrangement of the wall thermocouples in the thermocouple ring
(see Figs. 1 and 2). Consequently, a higher local film cooling
effectiveness has been measured compared with the film cooling

effectiveness at a wall distance d =0 on the hot gas side of the
chamber surface.

The conversion of the measured circumferential film cooling
effectiveness inside the chamber wall to the desired film cooling
effectiveness on the combustion chamber surface can be done with
the use of the wall heat flux densities inside the chamber wall without
and with film cooling, gy ¢ (§) and gy ;(§), respectively (see Fig. 10):

d
Two(&)a=0 — Two()as0 = qw.o(§) 1 (8a)

T /@ aco ~ Ty @0 = 65 (8b)

Combining Egs. (8a) and (8b),

(Tw.o ) = Tw.;E)luso = [Tw.0(E) = T s (§)la=o — Ai](&)% )

Aq(&) describes the local heat flux reduction due to the application of
film cooling:

AG(E) = Gwo(§) — 4w (10)

Because of the radial arrangement of the wall thermocouples with
a constant wall distance d, it is not possible to detect the local
circumferential heat flux density (&), though, for completing the
correction of the film effectiveness on the chamber wall surface
(d = 0 ), the knowledge of the local circumferential heat flux density
q(&) is essential [see Eq. (9)]. For this reason, an averaged, non-
angle-dependent heat flux density Ag = Ag(&) will be used instead
to calculate the circumferential film cooling effectiveness at d = 0.
In doing so, the resulting deviation is proportional to the circ-
umferential temperature distribution as a first approximation with
up to &~10 % of the local heat flux density. To identify the cir-
cumferential averaged heat flux density Ag(£), the results of the wall
thermocouple packages next to the axial position x/s = 280 have
been used (see also Fig. 1). Assuming a constant heat conductivity
inside the liner, the local heat flux density ¢ can be written as a
function of the temperature gradient Ty, — Ty, chamber radius r,
and wall distances d, and d, (gradient method):

2& Ty, — Ty»
rb[(r + hy)/(r + hy)]

q an

Figure 11 describes the corrected circumferential film cooling
effectiveness (d = 0 ) as well as the measured film effectiveness
(d = 1 mm) for the performed pressure intervals 11.5, 8, and 5 MPa,
each with both film coolant blowing rates M (see Table 4) for the
nondimensional position x/s =280 downstream the point of
injection (see Fig. 1).

Consistent with the circumferential wall temperature reduction
distribution with a minimum value at the angular positions of the
outer coaxial injector elements (§ =0 and 36 deg) (see Fig. 9),
circumferential film cooling effectiveness also shows a local
minimum at these angular positions. However, maximum local film
cooling effectiveness occurs at the position between the outer coaxial
injector elements and film injection slots at £ = 18 deg, independent
of the combustion chamber pressure or the film blowing rate. Film
cooling effectiveness at the upper pressure intervals 11.5 and 8§ MPa
show a similar behavior with a circumferential variation of about

Film coolant
dwy d=0 T T zzz;/
Wf | J—y
= l \ W{M Z2AT, /d_O/ Twy =0

T
d TW,OM d TW,/},>0
a) Without film cooling b) With film cooling

Fig. 10 Temperature distribution and heat flux inside the combustion
chamber wall.
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Fig. 11 Film cooling effectiveness in circumferential direction (x/s=
280).

15%, whereas, for the 5 MPa, a much smaller circumferential
variation of the effectiveness has been detected, especially for the
lower film blowing rate [15].

Characteristics of the effectiveness, such as the positioning of
maximum and minimum values in the circumferential direction,
remain for the wall distance d = 0 [corrected film effectiveness
following Eq. (9)]. However, as expected because of the assumption
of a constant, non-angular-dependent local heat flux density ¢, a

flattening of the effectiveness distribution can be observed in Fig. 11
for all pressure intervals and film blowing rates.

For analyzing the behavior of the circumferential variation of the
film cooling effectiveness, the averaged variation difference A®;
between the local maximum and minimum effectiveness has been
used:

AG)S = ®E<max|$=l8deg - ®E,min|$=0;36deg (12)

Figure 12 shows the variation of the film effectiveness A® £ based
on the maximum effectiveness © ., for the investigated pressure
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T 0.50 1 .
5 M=3.15
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™ 045 A « .
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Fig. 12 Variation of circumferential film cooling effectiveness (d=
1 mm, x/s = 280).
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Fig. 13 Superposition of single film cooling effectiveness.
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Fig. 15 Wall heat flux distribution.

intervals, using the results of the wall thermocouples at x/s = 280
with a wall distance d = 1 mm.

Circumferential variation is therefore not only a function of the
chamber pressure, but also of the film blowing rate and the injector
head design. However, results for the 11.5 and 8 MPa intervals
demonstrate a very similar behavior, although the decrease at
11.5 MPa for the higher blowing rate (M = 2.85 ) is a result of the
smaller blowing rate in comparison to the blowing rates at the other
pressure intervals M > 3. Circumferential variation is much smaller
at the 5 MPa pressure interval; an increase of the chamber pressure
suppresses the even distribution of the film coolant. Furthermore, the
temperature level inside the combustion chamber increases with
chamber pressure and may result in a higher circumferential variation
of the film cooling effectiveness.

For a constant film blowing rate, the increase of the chamber
pressure is linked with a higher film mass flow rate. Using an
ascertained film injection slot height s, it can be assumed that the
boundary-layer thickness of the injected coolant stays almost
constant at different combustion chamber pressure levels not too far
downstream the injection. When using a higher chamber pressure,
this may result in a more pronounced displacement of the film and
higher heat impact of the hot gas and therefore a more distinct
circumferential variation of the film effectiveness as well as the heat
load distribution.

C. Superposition of Film Cooling Effectiveness

effectiveness of the injected film at the angular position between the
slots (see Fig. 11), independent from investigated parameters like
combustion chamber pressure p.. or film blowing rate M, can be
explained using superposition of single slot effectiveness (see
Fig. 13). Because of turbulent hot gas flow behavior and large
temperature gradients between hot gas and secondary flow,
comparatively intensive heating up of the injected film coolant and
therefore a fast volume expansion of the coolant can be assumed.
This can lead to a much higher coolant spreading angle f in the axial
direction compared with the spreading angle of a freestream jet in a
nonturbulent flow. Because of the relatively high coolant spreading
angle B of the single coolant flows, downstream a certain film cooling
length x/s interaction and superposition of the single slot
effectiveness will result in a maximum effectiveness at the angular
position between the film coolant slots at £ = 18 deg and minimum
effectiveness at the positions £ = 0 and 36 deg in the injector triangle
(see Fig. 4) [36].

Besides the superposition and coolant volume expansion, the
momentum flux ratio / between injected propellant of an outer
coaxial injector element and film coolant of a single slot, assuming
uniform mass flow distribution of all injector elements and coolant
injection slots, also has a certain impact on the circumferential film

Table 6 Reproducibility of measured temperatures

e , ) x/s 925 1300 1675 2425 3175 3925
The occurrence of the minimum film cooling effectiveness Twa/Tw s 0994 0991 0991 1.005 0989  0.992
directly downstream of the film cooling slots and the maximum
Table 5 Reproducibility of hot gas conditions
Interval 1 2 3 5 6 7 8 9
Decn/ Pecn 0997 0996 0996 0996 0996 0.998 0996 0996  0.996
ROF,/ROF, 0.998 0.996 0.997 0.999 0.997 0.997 0.999 0.998 0.999
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Fig. 16 Measurement errors.

cooling effectiveness, whereas, for the injector head, the momentum
flux of the LOX can be neglected in comparison with the momentum
flux of the hydrogen:

S (13)

("W)HZ
Because of the considerably lower momentum flux of the film
coolant, especially at low film blowing rates M, a displacement of the
film mass flow because of the injector mass flow at the positions
& =0 and 36 deg in the injector triangle (see Fig. 4) toward the
position between the outer coaxial elements will occur (see Fig. 14),
with the result of a reduced film cooling effectiveness straight
downstream of the film coolant injection slots.

D. Circumferential Heat Flux Distribution

Figure 15 shows the normalized axial heat flux distribution §/ .«
for the angular positions £ =0 and 18 deg for the upper pressure
intervals 11.5 and 8 MPa. Analogous to the angular distribution of
the film cooling effectiveness (see Fig. 11), the heat load reduction
due to the application of a film coolant can be measured at the angular
position between the outer coaxial elements and film coolant
injection slots at & = 18 deg, especially in the near downstream
region up to a film cooling length x/s ~ 200, where the influence of
the film blowing rate is dominant. However, for the position
& = 18 deg, only aslight influence of the film blowing rate on the film
coolant related heat flux reduction can be detected. Results of the
11.5 and 8 MPa pressure intervals show very similar results for both
investigated angular positions, £ = 0 and 18 deg.

V. Error Analysis

The absolute accuracy of the measured data is just as important as
the reproducibility of the experiment. The heat load inside a rocket
combustion chamber is predominantly driven by the combustion
chamber pressure p. [see Eq. (1)] and the propellant mixture ratio
ROF. The comparison of two hot runs A and B with identical P8 test
bench conditions (see Table 5) shows the excellent reproducibility of
the test bench and therefore also the reproducibility of the hot gas
condition inside the combustion chamber.

Comparable good results have been achieved with the measured
temperatures (see Table 6 for maximum deviation at various axial
positions x/s). The deviation of the results of the wall thermocouples
is less than 2%. Assuming a hot gas side wall temperature of 800 K,
the maximum fluctuation range of the local wall temperatures
between two hot runs can be estimated with ~15 K if worst comes to
Wworst.

Taking into account measurement errors due to the application in
the chamber wall, the following estimation can be done to judge the
maximum wall thermocouple measurement errors as a function of
the thermal gradient Ty, — Ty, (see Fig. 16a). Maximum errors in

measuring and calculating [Eq. (11)] the wall heat flux density are
plotted in Fig. 16b. Finally, the following estimation can be done to
judge the film cooling effectiveness errors: A® ~ 0.002-0.025 and
A®; ~ 0.002-0.025.

In consideration of the large-scale tests with a Vulcain-2-like hot
gas situation, the errors in describing temperatures, heat flux
densities, and film cooling results in the subscale rocket combustion
chamber are good by way of comparison.

VI. Conclusions

Film cooling using tangential slot injection in close proximity of
the coaxial injector head has been investigated for rocket-engine-like
conditions with combustion chamber pressures of 11.5, 8, and 5 MPa
at various film blowing rates M. Experimental results have shown a
significant variation of circumferential wall temperature distribution
and film cooling effectiveness. Minimum wall temperature reduction
in the circumferential direction, independent of the combustion
chamber pressure and film blowing rate, has been detected down-
stream of the angular positions of the outer coaxial injector elements
and film injection slots. Maximum film cooling effectiveness has
been measured at the angular positions of minimum wall temperature
and vice versa. Circumferential variation of the film cooling
effectiveness is more pronounced at higher combustion chamber
pressures.

Because of the application of a film coolant, significant reduction
of the wall heat flux density in the vicinity of the film coolant
injection at the angular positions between the film coolant slots can
be reached. For the positions directly downstream the film injection
slots, only a slight reduction in wall heat flux density is visible.

Further experimental film cooling studies are planned at DLR
Lampoldshausen to identify the influence of film cooling parameters
like velocity ratio and slot height on circumferential film cooling
effectiveness and injector-wall compatibility.
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