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Film Cooling in a High-Pressure Subscale Combustion Chamber
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By the application of film cooling in addition to regenerative cooling, a considerable reduction in thermal and
structural loads of rocket combustion-chamber walls can be reached. This paper discusses important influence
parameters on film cooling in terms of efficiency of the injected film and wall temperature reduction. For the
experimental investigations a high-pressure subscale combustion chamber operated with the cryogenic propellant
combination LOX/GH, was used. A gaseous film with ambient tempered hydrogen was injected in the axial
direction at the face plate. Typical film-cooling parameters such as film blowing rate, velocity ratio between film
injection velocity and hot-gas velocity, circumferential slot positioning, and film injection slot height were
investigated systematically at the European Research and Technology Test Facility P8.

Nomenclature

film-cooling slot width, mm
specific heat capacity for constant pressure, J/ (kg K)
distance from hot-gas side, mm

lip thickness, mm

recess length, mm

film blowing rate

mass flow rate, kg/s

pressure, MPa

heat flux density, W/m?

heat flux vector, W/m?

Reynolds number

radius, mm

film-cooling slot height, mm
temperature, K

turbulence level

time, s

velocity, m/s

distance downstream of film injection, mm
angle of film-coolant injection, °
temperature error, K

film-cooling effectiveness error
boundary-layer thickness, mm
adiabatic film-cooling effectiveness
film-cooling effectiveness

thermal conductivity, W/mK
dynamic viscosity, kg/(ms)

angle in injector triangle, °

= density, kg/m3
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Subscripts

hot runs
adiabatic

A,B =
ad
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cc = combustion chamber; hot gas
f = with film cooling

H, = hydrogen

LOX = liquid oxygen

tot = total

w = wall

0 = without film cooling

2 = film at point of injection

1,2 = thermocouple number

LI = slotconfiguration

I. Introduction

OCKET engines are one of the most powerful machines ever
developed, featuring a thermal power of several gigawatts. To

provide the enormous high power density inside a combustion
chamber of a typical liquid rocket engine, highly energetic and
cryogenic propellants such as liquid oxygen (LOX) and liquid
hydrogen (LH,) are used. Herewith, hot-gas temperatures 7, >
3500 K arise with combustion-chamber pressures p . exceeding
10 MPa by far (space shuttle main engine is p. =19 MPa [1],
RD-0120 is p.. = 21.8 MPa [2], and Vulcain 2 is p,. = 11.5 MPa
[3]). Because of hot-gas temperatures and combustion-chamber pres-
sures, local wall heat flux densities ¢ of more than 100 MW /m? have
to be compensated by the cooling system of the engine. The throat
area with a maximum wall heat flux density especially needs precise
and extensive cooling efforts to survive during a hot run. A regen-
erative cooling system alone is insufficient in high-performance
rocket engines because of pressure drop in cooling channels as well
as manufacturing and structural limits [4]. A further improvement of
regeneratively cooled systems could be either done with a higher
velocity of the coolant in the cooling channels or by a further
reduction of the wall thickness between coolant and hot gas.
However, a higher coolant velocity would increase the pressure drop,
resulting in additional loads for the propellant feed system. A
reduced wall thickness, on the other hand, would increase manufac-
turing risks, since current wall thicknesses (for example, in the
Vulcain 2) are already far below 1 mm, and it would also reduce
safety and reliability of the combustion chamber. For higher
combustion-chamber pressures and heat flux densities, regenerative
cooling has to be augmented with an additional cooling system, such
as film injection, to guarantee a safe operation and long duration.

In the past, a variety of different cooling systems for short- and
long-duration applications were developed to guarantee a safe and
steady-state temperature distribution inside the chamber wall
material during a hot run [3]:

1) Ablative cooling is used especially for short-duration systems
such as booster engines with a limited operating time of about two
minutes.
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2) Featuring the radiation-cooling method, comparatively low heat
flux areas of liquid rocket engines such as nozzle extensions are
cooled.

3) With dump cooling, the coolant is pouring through cooling
channels inside the liner material and is dumped overboard at the end
of the nozzle skirt through sonic outlets, which provides some
additional thrust.

4) With regenerative cooling, the coolant flows through cooling
channels, but afterwards is injected into the combustion chamber.
Regenerative cooling is the standard cooling system for almost all
modern main stage, booster, and upper stage engines.

5) The film-cooling method can be used either alone for compar-
atively low heat flux areas or in combination with regenerative
cooling for very high heat flux densities.

Despite substantial progress in numerical simulation during the
last years, realistic experimental data at representative enginelike
conditions for further verification and development of numerical
film-cooling design tools still do not exist in open literature.
Although there have been only a few experimental investigations on
film cooling in rocket combustion chambers, the influence of typical
parameters such as blowing rate, velocity ratio, or circumferential
slot positioning at real enginelike conditions on film-cooling
effectiveness has been considered even less in the past [6-9].

In open literature, mostly for airbreathing application of high-
pressure turbine cooling, nondimensional adiabatic effectiveness 1 is
a widely used parameter for describing and comparing film-cooling
effectiveness [10-12]. The local temperature difference between
adiabatic wall temperature 7T,y and hot-gas temperature 7. is
compared with the temperature difference between film-coolant
injection temperature 7, and hot-gas temperature:

Tad (X) — ch

1
TZ_TCC ( )

n(x) =

However, due to hot-gas temperatures much higher than 3400 K
when using highly energetic and cryogenic propellants such as
LOX/H,, adiabatic wall temperatures would far exceed safe
operating temperatures of conventional copper materials. It is useful
to establish a new local temperature ratio ®(x) to describe film-
cooling effectiveness in a convectively and film-cooled combustion
chamber. The local temperature difference due to the application of
film cooling will be compared with the maximal achievable
temperature difference, where Ty o designates the wall temperature
without, and Ty ; designates the wall temperature with film cooling
[13-15]:

O(x) = Ty o(x) TWf(x) ?)
Tyo(x) —T,

The temperature ratio ®(x) can be used as a measure of the
film-cooling effectiveness downstream from the point of injection at
x = 0 within the parameters of ®(x) =0,..., 1. In the case of an
agreement of the wall temperature without film cooling and the wall
temperature with film cooling, Ty, o(x) = Ty, ;(x), the film-cooling
effectiveness becomes ®(x) = 0. A wall temperature identical to the
injection temperature of the film, Ty ((x) = T,, results in a film
effectiveness ®(x) = 1.

In terms of a preferably homogenous coolant distribution in a
lateral direction downstream of the slot, a continuous film injection

would be the best choice. However, due to constructional limitations,
this cannot be achieved in most cases. Single-injection slots will be
used instead to provide the best possible coolant distribution on the
chamber wall [16,17]. A detailed description of previous film-
cooling investigations at DLR Lampoldshausen using a high-
pressure subscale combustion chamber can be found in the literature
[13-15.18].

Typical velocity and temperature profiles for tangential two-
dimensional slot injection are depicted in Fig. 1. The film coolant
enters at the axial position x = 0 via a slot (slot height s, lip thickness
/) in the combustion chamber. The area downstream from the point
of film-coolant injection can be divided into three major sections
[19-21]:

1) Because of a clear separation of secondary flow and main flow,
the effect of the film is maximal in the core zone.

2) Accompanying a mixing of film coolant into the hot-gas flow, a
gradual reduction of the film-cooling efficiency with increasing
distance downstream of the point of injection is the result in the
mixing zone.

3) The mixing of the film coolant into the core flow is completed in
the boundary-layer region. Because of a fully turbulent core flow in
rocket engines, the mixing takes place very fast in comparison with
other film-cooling applications.

II. Experimental Setup and Measurement Technique

All investigations presented in this paper were performed at two
test campaigns (campaign A and campaign B) at the European
Research and Technology Test Facility P8 at DLR Lampoldshausen.
This test facility permits investigations with liquid or gaseous
hydrogen at typical rocket-engine-like operating conditions [22,23].

A. Subscale Combustion Chamber E

Subscale combustion chamber E (BKE), as depicted in Fig. 2, is
the newest development for high-pressure investigations at the test
facility P8 [16,17,24].

Stabile operation can be guaranteed for a chamber pressure up to
Pee = 15 MPa in combination with a very high mixture ratio of
oxidizer to fuel (ROF). Modular design of the experimental combus-
tion chamber ensures a maximum of flexibility for varied experi-
ments and chamber configurations. Subscale combustion chamber E
features a cylindrical 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 that is heated by streaming through axially arranged cooling
channels.

B. Film Injection Segment and Injector Head

The injector head (see Fig. 3) contains 15 coaxial injection
elements arranged in two different pitch circles, with 10 elements in
the outer circle, 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 coaxial element of the inner and two
elements of the outer pitch circle. Within one injector triangle, the
inner coaxial element is located at &= 18°, and symmetrical
boundaries of the injector triangle are at £ = —18 and 54° [16—
1824]

y
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Fig. 1 Velocity and temperature profiles for tangential slot injection.



430

ARNOLD, SUSLOV, AND HAIDN

Film injection
/ 7} segment
i

Cylindrical segment

Injector head =

a) BKE-overview

Injector Coolant injection Cylindrical — Nozzle
head segment segment segment

Ring of wall
thermocouples

g

7.

m coolant\\Surface thermocouples

Nozzle segment

_—Wall thermocou‘ples

. N
N \

390 S S S 0\
: D

b) BKE—sectional drawing
Fig. 2 Subscale combustion chamber E.
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Fig. 3 Injector head and film-coolant injection segment.
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Figure 4 shows the engineering design of a single coaxial injector
element as well as a close-up of the leading edge of the face plate.

The recess lengths were varied within the present study. Two
different recess lengths were applied: /... = 0 and 4 mm. Except for
the investigation of the influence of the recess length in Sec. IILF, a
constant recess length /.. = 0 was used.

For film-cooling investigations, the injector-head face plate is
surrounded by a coolant injection segment (see Fig. 3). This segment
provides 10 cooling slots evenly distributed in a circumferential
direction, manufactured with high precision for tangential (y = 0°)
film-coolant injection.

For most of the investigations, positions of these film-cooling slots
were consistent with the angular positions of the outer injector
elements. For each of the five identical injector triangles, the film-
coolant injection slots and outer coaxial injector elements have been
arranged in the angular positions £ =0 and 36°. However, for
investigation of the influence of the slot positioning (see Sec. IILE),
slot positions were arranged at the angular positions between the
outer coaxial injector elements at § = —18, 18, and 54°.

To ensure developed two-dimensional flow characteristics of the
injected coolant, a length-to-height ratio of the film-coolant slots of
about ~10 was arranged. Since high-precision knowledge of the
injected film temperature is essential for film-cooling investigations,
two thermocouples were attached in the film injection segment to
measure the film temperature just before the film coolant enters the
combustion chamber.

Because of the modular design, it is possible to change slot
geometry and angular slot positioning of the film-coolant injection
segment in a very easy way. Table 1 gives an overview of the film-
cooling slot geometry.

C. Instrumentation and Measurement Technique

Subscale combustion chamber E is equipped with a multiplicity of
measurement sensors for pressure, temperature, and mass flow rates.
Surface and wall thermocouples are integrated in the cylindrical
segment and in the nozzle segment in the subsonic part as well as in
the supersonic part [14-16,18,24].

The application of surface thermocouples at different axial
positions allows for the direct measurement of the local surface
temperatures inside the combustion chamber, whereas wall thermo-
couples can only measure the wall temperatures in the chamber mate-
rial at a certain distance d away from the surface. Thus, packages
with three wall thermocouples each, with differing distances d
(dy, ..., d;)from the hot-gas side are also located in axial direction
inside the combustion-chamber material, as depicted in Fig. 2. An
axial distance of only 1.5 mm between the thermocouples within a
package ensures that the measured temperatures are nearly at the
same location. From the measured thermal gradient almost
perpendicular to the chamber wall, it is possible to extrapolate the
surface temperature at d = 0 with the use of Fourier’s law of heat
conduction [25]:

§" =—AVT 3)

LOX Lh—ﬂ

a) Design of a coaxial injector element

LOX post

b) Close up of leading edge

Fig. 4 Coaxial injector element.
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Table 1 Data of the coolant injection segment

Slot number 10
Film injection angle y, ° 0
Slot height s for campaigns A and B, mm 0.40 £0.015
Slot height s for campaign B, mm 0.25 +£0.015
Slot width b, mm 3.5+0.015

With the assumption of a rotational-symmetry-constructed geom-
etry, and considering a combustion-chamber radius » = 25 mm, the
logarithmic temperature distribution as a function of the wall
distance d perpendicular to the surface inside the chamber wall
material can be written as (gradient method) [16,26,27]

0°T 1 oT
8(r+d)2+r+d8(r+d)
Twy — Twi Vﬂ("*'d)
{)W(H—d;) r+d,

r+d,

=0 T(r+d) =Ty,

+

“4)

By using the logarithmic temperature distribution following Eq. (4),
the local wall heat flux density can be calculated as (Ay=
350 W/(mK) [28])

. ATy =Ty,
=, )
()

Because of the high heat conductivity of the chamber wall
material, a uniform temperature distribution close to the hot-gas side
can be assumed. The small wall distances of the thermocouples allow
a precise determination of the local heat flux density and surface
temperature.

Sound levels, vibrations, and thermal material expansion and
contraction may cause a liftoff and loss of mechanical contact of the
thermocouples. A specially designed spring system was developed at
DLR Lampoldshausen to provide a constant force to ensure reliable
contact during hot-run tests [26].

D. Operating Conditions

To gain detailed information about film-cooling effectiveness with
a minimum of necessary hot runs and testing days, a special test
sequence with a test duration of 80 s was generated. Three major
pressure levels were performed: 11.5 MPa (intervals 1-3), 8§ MPa
(intervals 4-6), and 5 MPa (intervals 7-9), using a constant
propellant mixture ratio ROF = 6 (see Table 2). Typical hot-gas
parameters such as mass flow rates of injected hydrogen 7y, and
LOX i ox are also specified in Table 2 [24].

Each pressure interval was divided into three sections with
differing film-coolant mass flow rates 71,, which gave nine different
operating conditions for each hot run. To give a reference in
comparison with no film cooling, the last interval of each pressure
step was performed without film injection (112, = 0). Tables 3 and 4
feature a summary of film-cooling parameters such as film mass flow
rate n1,, injection temperature 7T,, film blowing rate M (see
Sec. IIL.A), and velocity ratios i, /u,. and u, /uy, (see Sec. IIL.C) for
the investigated film-coolant slot heights s = 0.4 mm (campaigns A
and B) and s = 0.25 mm (campaign B). Gaseous hydrogen with
ambient temperature was used as the film coolant for all tests.
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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
and boundary-layer thickness, turbulence levels, and Reynolds
numbers), and thermodynamical parameters (pressure, temperature,
and ratios of pressure and temperature) [9,29,30]:

@zf(f,M,ﬁ,ﬁ,&,T”z, Lp2 &38—2) ©)
S TCC uCC pCC TMCC Cp,CC MCC )\'CC 8CC

Experimental Results

In addition, film cooling in a rocket combustion chamber is also
influenced by injector design such as recess and tapering, LOX
injection temperature, and slot positioning relative to the injector
elements when considering a film injection in close proximity of the
injector head.

A. Influence of Film Blowing Rate

The film blowing rate M is a main parameter to characterize film
cooling. It describes the ratio of the mass velocity of the coolant to the
hot-gas stream mass velocity [9]:

_ (pu),
M=o

()]

Experimental work in the past has shown a clear connection between
film blowing rate and film-cooling effectiveness for M < 1 as well as
for M > 11[9,31,32]. An increase of the film blowing rate M up to
M = 3 indicates a better film-cooling effectiveness for tangential slot
injection. This also applies for foreign gas injection in place of the
well-examined case of air injected into air [9,31-33]. However, when
using a film injection following inclined holes or slots, a blowing rate
higher than M = 1.5-2 showed no further increase in film-cooling
efficiency [34,35]. An inclined cooling stream with high density and
high velocity can break through the hot-gas boundary layer without
showing an effective cooling [36,37].

For the present investigations in the cylindrical part of subscale
combustion chamber E, the influence of the film blowing rate M is
clearly visible for all pressure intervals (see Fig. 5). A higher film
blowing rate directly results in a more pronounced film-cooling
effectiveness ®. The impact of the coolant flow is not only noticeable
in close vicinity to the film injection point (x/s — 0), but also further
downstream. However, for an increasing nondimensional film-
cooling length x/s, differences between higher and lower film
blowing rates are reduced (see Fig. 5). Because of the turbulent
character of the hot-gas flow, a mixing of the coolant into the hot gas
takes place with increasing film-cooling length.

Although the influence of the film blowing rate M on film-cooling
effectiveness ® is dependent on the axial distance x/s, a clear
connection between film blowing rate M and film-cooling
effectiveness © can be stated regarding Fig. 5. A linear connection
between the film blowing rate and the film-cooling effectiveness can
be assumed in the investigated range of parameters:

O xM (8)

B. Influence of Combustion-Chamber Pressure

Figure 6 depicts the film-cooling effectiveness ® in the cylindrical
part of the combustion chamber (see Fig. 2) downstream of the
angular position £ = 18° (see Fig. 3) for the investigated pressure
intervals p.. = 11.5, 8, and 5 MPa, using a film slot height s =

Table 2 Hot-gas conditions

Interval 1 2 3 4 5 6 7 8 9
t,s 10-13 20-23 27-30 36-39 44-47 51-54 60-63 67-70 75-78
Dec» MPa 11.94 11.84 11.62 8.29 8.16 8.02 5.15 5.07 4.97
Ty, Kg/s 0.60 0.60 0.60 0.42 0.42 0.42 0.26 0.26 0.26
My ox, kKg/s 3.62 3.61 3.61 2.51 2.51 2.51 1.58 1.58 1.58
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Fig. 5 Influence of blowing rate M (§ = 18°).

0.4 mm (see Tables 2 and 3). Results of wall thermocouples located
at the angular position £ = 18° agree satisfactorily with data from
surface thermocouples positioned at £ = 20°. To ensure an identical
wall distance of d = 0 for both types of measurements, the gradient
method [see Eq. (4)] was applied to calculate the surface temper-
atures from the wall thermocouple measurements. The small angular
deviation between the arrangement of the surface thermocouples
compared with the position of the wall thermocouples is negligible in
the present study. Film-cooling effectiveness of the 11.5 and 8§ MPa
pressure intervals decreases similarly in the downstream direction.
Maximum efficiency appears directly downstream of the point of
injection, subsequently followed by the typical decay characteristics
except for the front area of the cylindrical chamber segment in close
vicinity to the injector head and film injection position, film-cooling
effectiveness of the lower pressure step of p.. = 5 MPais marginally
smaller than for higher pressure steps. Although the influence of
the combustion-chamber pressure on axial film-cooling effectiveness
is comparatively small for the wide range of combustion-chamber
pressures of 5—-11.5 MPa investigated within the scope of the present
study. Figure 6 also emphasizes the dominant influence of the
blowing rate on film-cooling effectiveness.

C. Influence of Velocity Ratio and Slot Height

Provided that the density ratio of hot gas and injected coolant can
be considered to stay constant, the film blowing rate M [see Eq. (7)] is
a direct function of the velocity ratio between coolant injection
velocity u, and hot-gas velocity u,.:

Mo ©)

Uee

Film-cooling effectiveness ® as a function of the velocity ratio
u, / u.. and the slot Reynolds number Re, is shown in Fig. 7, in which
coolant slot heights s = 0.4 mm (campaigns A and B) and s =
0.25 mm (campaign B) were distinguished for the investigated
pressure intervals p.. = 11.5, 8, and 5 MPa, respectively (see
Tables 2—4). For a slot height of s = 0.4 mm, an increase of the
velocity ratio u,/u.. results in a direct gain in film-cooling
effectiveness for all investigated pressure levels (see Figs. 7a, 7c, and
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Fig. 6 Influence of film blowing rate M and combustion-chamber

pressure p.. (§ =18°).

Table 3 Film-cooling parameters (s = 0.4 mm)

Interval 1 2 3 4 5 6 7 8 9
N 1.83 103 0 201 0.99 0 2.01 0.98 0
7, K 2875 2875 - 2883 2892  —— 2896 2904 @ —
M 2.85 161 0 313 1.56 0 3.15 1.56 0
Uy /e 1.60 091 0 174 0.87 0 1.75 0.86 0
1y, 0.94 052 0 107 0.53 0 1.08 0.53 0
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Fig. 7 Influence of velocity ratio u,/u. . and slot Reynolds number Re, (§ = 18°).

7e). Downstream of the point of injection, the influence of the
velocity ratio is more pronounced for small film-cooling lengths
x/s =92.5-130.0, whereas for an increased distance (x/s > 242.5)
the influence of the velocity ratio on film-cooling effectiveness
decreases considerably.

Investigations with a reduced slot height s = 0.25 mm showed a
similar connection between film-cooling effectiveness and velocity
ratio (see Figs. 7b, 7d, and 7f) for the pressure intervals 11.5, 8, and
5 MPa, respectively. However, a slight flattening of the effectiveness
increase can be reported for very high slot Reynolds numbers Re,.

For the 5 and 8 MPa pressure steps (see Figs. 7f and 7d), the flattening
of the increase of the film-cooling effectiveness starts at Re, ~ 3x
10°. Because of high turbulence levels and shear effects between
film and hot-gas stream at very high slot Reynolds numbers Re,>
6.5 x 10°, resulting in a faster mixing of the coolant into the main
stream, a reduction of the film-cooling effectiveness can be detected
in Fig. 7b for the 11.5 MPa pressure interval.

With the assumption of a linear connection between single
measurement points of film-cooling effectiveness ® and velocity
ratio u,/u.. in Fig. 7, Fig. 8 displays the correlation between film
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Table 4 Film-cooling parameters (s = 0.25 mm

Interval 1 2 3 4 5 6 7 8 9
1y [ Mg, % 1.49 0.50 0 1.50 0.51 0 1.47 0.49 0
T,, K 288.4 288.4 —_— 288.6 288.9 —_— 289.3 290.1 —_—
M 3.68 1.29 0 3.72 1.29 0 3.68 1.21 0
s/ Uee 2.07 0.73 0 2.08 0.72 0 2.04 0.67 0
U,/ uy, 1.21 0.43 0 1.27 0.44 0 1.26 0.41 0
1y [ Mg, % 1.59 0.99 0 2.00 0.99 0 2.01 0.99 0
T,,K 287.7 287.8 —_ 288.9 290.2 —_— 290.4 290.6 —_—
M 391 2.58 0 4.99 2.49 0 5.05 2.49 0
Uy [ Uee 2.20 1.46 0 2.78 1.39 0 2.81 1.38 0
Uy [ uy, 1.29 0.85 0 1.71 0.84 0 1.73 0.84 0

effectiveness ® and film-cooling length x/s for a velocity ratio
u,/u.. = 1.4. As aresult, it may be stated that the local film-cooling
effectiveness ©(x/s) depends in the first instance on the velocity
ratio and slot Reynolds number, respectively. Results of the upper
pressure steps 11.5 and 8 MPa clarify this for a wide range of
nondimensional film-cooling lengths x/s = 92.5-628. For a small
film-cooling length not too far downstream of the injector-head face
plate and film-coolant injection slots, the film-cooling effectiveness
of the 11.5 MPa pressure step (see Fig. 8a) shows higher values
compared with the lower pressure step (see Fig. 8b). For both
depicted pressure steps, the velocity ratio u,/u.. = 1.4 results in a
film-cooling effectiveness ® ~ 0.12 for an axial position 200 slot
heights downstream of the point of injection, independent of the slot
heights s = 0.25 and 0.4 mm of the film-coolant injection segment.

Results of Figs. 7 and 8 display the importance of the velocity
ratio, unlike the coolant injection slot height s, on axial film-cooling
effectiveness ©. The film-cooling effectiveness can be expressed as a
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Fig. 8 Influence of slot height s (¢ = 18°).

function of the film blowing rate, which is mainly a function of the

velocity ratio:
(O] (—) =f(M) = f(—u2 )
s Uee

Influence of Injector Geometry

Figure 9 depicts the measured film-cooling effectiveness and the
range of circumferential varieties for the angular positions & = 0 and
18°. The film was injected at the angular positions of the outer coaxial
injector elements, located at £ = 0 and 36° in the injector triangle (see
Fig. 3).

For all investigated pressure steps (11.5, 8, and 5 MPa) a clear
difference in film-cooling effectiveness between a position straight
downstream of the slots (§ = 0°) and a position between the film
injection slots (¢ = 18°) is visible. For a high blowing rate, as
depicted in Fig. 9a, the influence of the injector geometry can be
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Fig. 9 Circumferential film-cooling variety.
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neglected downstream of x/s &~ 220-240. From this position an
evenly distributed film in the circumferential direction can be
ensured. Almost the same behavior can be seen for a low film
blowing rate (see Fig. 9b). However, a higher combustion-chamber
pressure results in a slight downstream shifting of the position
where the differences in film effectiveness between £ = 0 and 18°
disappear. The investigation shows that almost independent of
combustion-chamber pressure and film blowing rate, an equalization
of the circumferential film-cooling effectiveness can be detected
downstream of a film-cooling length of x/s ~ 220-270.

Previous investigations at DLR Lampoldshausen provided
evidence that this behavior with a higher film efficiency between
the slots can be explained by superposition effects and displacement
of the coolant because of a relatively low momentum ratio compared
with the injector flow [13,14].

E. Influence of Circumferential Slot Positioning

To investigate the influence of circumferential slot positioning,
two different slot configurations applying a constant slot height
s = 0.4 mm were compared in terms of wall temperature and film-
cooling effectiveness. In addition to the standard slot positioning
with film injection at the angular positions of the outer coaxial
injector elements (slot configuration I), a second configuration II
with film injection between the outer injector elements was applied
(see Fig. 10). Film injection slots are located at £ = 0 and 36° in the
injector triangle for configuration I (see also Fig. 3) and are located at
& = —18, 18, and 54° for configuration II.

Figure 11 depicts the comparison of the film effectiveness using
film injection configuration I (®;) and film effectiveness using slot
configuration II (®y). The influence of the slot positioning on film-
cooling effectiveness was investigated for positions downstream of
the outer coaxial injector elements at £ =0° and for positions
between the outer coaxial elements at £ = 18° in the injector triangle.

Investigations showed a significant increase in film-cooling
effectiveness at the position & = 18° for film injection using config-
uration II in comparison with configuration I, especially in close

g a—
30 18 e
540 -18°
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Bl 11

Fig. 10 Slot positioning in the injector triangle.
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Fig. 11 Influence of slot position.

proximity to the film injection point. With increasing film-cooling
length x/s an equalization between ®; and ®y; can be determined.
However, when injecting a film at the angular position & =0°
following slot configuration II, a significant reduction of film-
cooling effectiveness ®y;, especially close to the injection, was
measured. Because of the high momentum of the propellants injected
at the position £ = 0° compared with the low momentum of the
injected film at the same angular position with configuration I, a
displacement of the film is most likely. This displacement of the film
coolant results in a steep reduction of the film effectiveness

0.22
0.21
0.20
0.19
0.18

e )

L0171

=" 0.16

- )

F 0.151

0144 &/,
0134 4/
0.12-

[, =0mm
--m--  M=285
--A-- M=161

]re

=4 mm
<

—0—
A u

011 e M=0 =

T T T T T T T
100 150 200 250 300 350 400
x/s (=)

a)p.. =11.5 MPa

0.22 ' ' ' ' ' ]
0.21 1
0.20 ]
0.19
0.18
. 1
0174
=" 0.16
2 ]
> 0154
0.14
0131 ¢ M=3.13
0124 %/ A~ M=156 —— A
0.11 e M=0 —o—

T T T T T T T T T T T T T
100 150 200 250 300 350 400
x/s (-)

b)p.. =8 MPa

0.22 [
021 —-m- M=315 —o— ]
0.20 - M=156 —— ]
0.19 i
0.18 1

. 1

Z 0174 1

&~ 0.16

Ny 1

o 015
0.14
0.13
0.12
0.1

T T T T T T T
100 150 200 250 300 350 400
x/s (<)

¢)p..=5MPa
Fig. 12 Influence of recess (¢ = 0°, s = 0.4 mm).



436 ARNOLD, SUSLOV, AND HAIDN

Table 5 Reproducibility of hot-gas conditions

Interval 1 2 3 5 6 7 8 9
Deca/ Pec.B 0.997 0.996 0.996 0.996 0.998 0.996 0.996 0.996
ROF, /ROF, 0.998 0.996 0.997 0.997 0.997 0.999 0.998 0.999

Table 6 Reproducibility of measured temperatures

x/s 925 1300 167.5 242.5 317.5 392.5
Tya/Twps 0994 0991 0991 1.005 0989 0.992

downstream of the outer coaxial injector elements and film-cooling
slots, as depicted in Fig. 9 [13,14]. When the film is injected at
the positions between the coaxial injectors, the high propellant
momentum hinders an effective cooling at the positions downstream
of the injector elements even more. This can cause both a signifi-
cant increase in thermal load and the requirement of a higher film
mass flow rate to compensate for this effect when using slot
configuration II.

In terms of a preferably uniform temperature distribution in the
circumferential direction, slot configuration I is preferable to
minimize circumferential thermal variations in the chamber wall
material.

The influence of combustion-chamber pressure and film blowing
rate was found to be negligible during the present investigations for
the ratio of ©y /).

F. Influence of Injector Recess

Figure 12 depicts the comparison of axial wall temperature
distribution for two different injector recess lengths: /.. =0 and
4 mm. The influence of the injector recess length is clearly visible for
all pressure steps p.. and film-cooling blowing rates M.

A recess length /.. = 0 mm results in both comparable low wall
temperatures in close proximity of the injector head and in a steep
temperature increase with increasing axial distance x/s. The
maximum wall temperature is reached approximately 250 film
injection slot heights (s = 0.4 mm) downstream of the injector-head
face plate. Further downstream from this position, the combustion
process is completed and a reduction in wall temperature is
noticeable. The application of a film injected at position x/s =0
gives a lower wall temperature, especially close to the point of film
injection, butis also perceivable at the end of the cylindrical segment.

The axial wall temperature distribution when featuring a recess
length /... = 4 mm yields a higher wall temperature T, close to the
injector head. However, the following temperature increase with
increasing axial distance is much smoother. The maximum axial wall
temperatures were also measured at the position x/s =250,
independent of the recess length. The values of the maximum
temperatures are significantly reduced due to the application of an
injector recess, as depicted in Figs. 12a—12c for the different pressure
steps 11.5, 8, and 5 MPa, respectively.

The influence of film cooling (M > 0) is visible for all investigated
pressure steps. In close proximity of the injector head and film
injection point, a recess length /., =4 mm gives a much more
pronounced influence of the injected film than for a recess length
lee =0 mm, as shown in Fig. 12. Farther downstream the wall
temperature reduction due to film cooling shows no connection to the
injector configuration anymore.

The comparison of the measurements with and without injector
recess shows a much more balanced temperature distribution in the
case of a recess.

IV. 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. and the propellant mixture ROF. The

comparison of two hot runs A und 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 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 approximately £15 K.

Taking into account measurement errors due to the application of
thermocouples in the chamber wall, the following estimation can be
done to judge the maximum wall thermocouple measurement error as
a function of the radial thermal gradient Ty, — Ty, (see Fig. 13).

Figure 14 depicts the x-ray of two different wall thermocouples.
The different arrangement of the thermocouple wires inside the
thermocouples and the different formation of the tip is clearly visible.
Not only does the application of the thermocouples in the chamber
wall have an influence on the measurement error, but so does the
manufacturing variation of single thermocouples. A low deviation of
arrangement and fabrication of the thermocouple tip is essential for
high-accuracy temperature measurements, especially with high-
temperature gradients inside the chamber wall material close to the
hot-gas side in the range of 100-300 K/mm.

Finally, film-cooling effectiveness errors can be judged with
A® ~ 0.002-0.025 [13,14,18]. In consideration of the large-scale
tests with a Vulcain 2-like hot-gas situation, the errors in describing
wall temperatures and film cooling in the subscale rocket combustion
chamber are small by way of comparison.
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Fig. 14 X-ray photographs of wall thermocouples.




ARNOLD, SUSLOV, AND HAIDN 437

V. Conclusions

The present study gives a detailed overview of a variety of
influence parameters on film-cooling effectiveness. Tangential slot
injection was investigated for real enginelike conditions with
chamber pressures of 5, 8, and 11.5 MPa using a LOX/GH, fired
subscale combustion chamber. GH, with ambient temperatures was
applied as a film coolant. The experimental investigations confirmed
the dominant influence of the film blowing rate on film-cooling
effectiveness. An increase of the film blowing rate results in a direct
improvement of the local film-cooling effectiveness. An almost
linear relationship between film blowing rate and film-cooling
effectiveness was measured downstream of the point of coolant
injection. The velocity ratio between film and hot gas as well as the
slot Reynolds number are also main parameters for characterizing
film-cooling effectiveness. Generally speaking, an increase in slot
Reynolds number results in a direct enhancement in film-cooling
effectiveness. However, an increase in slot Reynolds number
produces higher turbulence effects and higher mixture of secondary
and main fluids, which leads to a decrease in film-cooling effective-
ness for slot Reynolds numbers exceeding 6.5 x 10°. The influence
of the film injection slot height s is emphasized to be secondary in the
investigated range of slot heights s = 0.4 and 0.25 mm, since a
change in slot height also results in a different velocity ratio when
assuming constant film mass flow rates. By the application of an
injector recess, the axial temperature distribution in the cylindrical
chamber segment is much smoother than without a recess. The
maximum temperature is reduced significantly. The influence of film
cooling is more pronounced close to the point of injection when
featuring a recess length. The circumferential film injection slot
positioning is a significant parameter for a uniform coolant distri-
bution in the chamber. A much more uniform temperature distri-
bution can be reached by film injection at the angular positions of the
outer coaxial injector elements instead of an injection between these
elements.

Further experimental film-cooling investigations are planned at
DLR Lampoldshausen. This includes not only the use of green
propellants (LOX/CH,), but also film cooling in a convectively and
film-cooled Vulcain 2-like subscale nozzle [39].
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