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ABSTRACT:

To evaluate the impact of sea-level transitioning
dual bell nozzles on the payload mass delivered
into geostationary transfer orbit by Ariane 5 ECA, a
detailed study was conducted. For this purpose, a
multitude of Vulcain 2 and Vulcain 2.1 nozzle
extension contours were designed. The two
variation parameters were the position of the wall
inflection and the constant wall pressure of the
nozzle extension. Considering these parameters
an approved analytical method was applied to
predict the impact of the dual bell nozzles on the
payload mass. The payload gain into geostationary
transfer orbit was evaluated to be up to 219 kg.

1. INTRODUCTION

The configuration of launch vehicles changed in
the last decades from tandem to parallel staging.
Europe's Ariane 5 is the well-established
representative of this launcher group. Its liquid
propulsion main stage is surrounded by two solid
rocket boosters

To ensure the reliable operation of the main stage
engine during flight, it is ignited prior to the booster
stages. Therefore, the engine operates during
flight over a wide altitude range, from sea-level up
to vacuum conditions.

As flow separation inside the main engine nozzle
causes undesired side loads with an amplitude of
up to several percent of the engine thrust [1], it has
to be avoided during sea-level operation. This
constraint limits the nozzle area ratio. But, as the
ambient pressure decreases during ascent of the
launcher, a higher nozzle area ratio without flow
separation would be possible. This would enable a
higher specific impulse, leading to an increase of
payload mass.

The Ariane 5 main stage engine Vulcain 2
illustrates the limitation of the nozzle area ratio. For
a better overall engine performance during ascent
of the launcher, an altitude adaptive nozzle with a
higher area ratio for altitude conditions would be
promising. The dual bell nozzle is such a desirable
nozzle concept [2]. The nozzle consists of two bell
shaped nozzle parts, linked by an abrupt wall

contour inflection (Fig. 1). The inflection enables a
controlled flow separation with low side loads
during sea-level operation. The second bell, or
nozzle extension, is designed following a constant
or slightly positive wall pressure gradient profile [2].
This design ensures an immediate transition to
altitude mode operation, for an increased nozzle
performance.

During ascent of a launcher the ambient pressure
decreases and the nozzle pressure ratio (NPR,
ratio of total over ambient pressure) increases [2].
When reaching a certain altitude, the flow suddenly
attaches to the nozzle extension wall down to the
exit plane and the transition to altitude mode takes
place. Due to the further expansion of the nozzle
flow, the vacuum performance of the engine with
full flowing dual bell nozzle extension is increased
compared to a conventional engine. Figure 2
illustrates the operation modes of the dual bell
nozzle.

A nozzle with an abrupt change of the wall contour
angle in the diverging portion was first introduced
by Foster and Cowles [3] in 1949, as a possibility
to induce a controlled flow separation. In 1967,
Fischer [4] identified the potential of such a wall
inflection for a one-step altitude adaption, resulting
in an increased overall nozzle performance.

First tests with cold flow models where conducted
in the early 1990's by Horn and Fisher [5], to verify
the flow behaviour and the existence of two distinct
operation modes. Within the report it is mentioned,
that a not otherwise specified single stage to orbit
space vehicle (SSTO), targeting low earth orbit
(LEO) by using 3 space shuttle main engines
(SSME), would benefit from a dual bell application.
A potential payload gain of 12.1 % is stated.

At that time, SSTO configurations considering dual
bell nozzles were also of interest in Europe and
Japan. Cold and hot flow nozzle tests were
performed by Haidinger et al. [6], in cooperation
with Keldysh Research Center.

Manski et al. [7] analyse a SSTO vehicle where the
application of a dual bell could reduce the lift-off
mass for 4.5\%. In Japan, Kumakawa et al. [8] and
Kusaka et al. [9] conducted hot flow tests on dual
bell nozzle flow. Miyazawa et al. [10] stated a
specific impulse gain of 10 s for a SSTO vehicle to
LEO, based on a LE-7A engine.
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Figure 1. Dual bell nozzle concept [39]

Numerous system analysis were performed within
FESTIP (Future European Space Transportation
Investigation Programme). Immich and Caporicci
[11, 12] as well as Hagemann et al. [13] analysed
the FESTIP concept vehicle FSS-1 [14]. The
studies revealed payload gains of 1235-1446 kg,
depending on the selected dual bell design.
Hagemann et al. [15] pointed out that during sea-
level operation mode of the dual bell a 3%
performance loss has to be considered, caused by
the nozzle extension drag.
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Figure 2. Sea-level mode (top) and altitude mode
(bottom) [39]

In the following one and a half decades the work
mainly focused on the dual bell flow behaviour
itself. Experimentally, the performance [16-18], the
transition/sneak transition [19-24], the
hysteresis/buffeting effect [18, 21, 25], the side
loads [26], and the heat loads [27] were studied.
Numerically, the transition/sneak transition [24, 28-
34], the hysteresis/buffeting effect [30, 35], the side
loads [30, 33], the heat loads [24], and the jet
oscillation [36] were studied as well. An overview
of various altitude adaptive nozzle concepts is
given by Hagemann et al. [37, 38].

The presented performance studies focused on
SSTO applications, targeting low orbits. Currently
and for the near future such systems are out of

consideration. Nevertheless, the dual bell nozzle
also offers a performance gain for today's
operating launch systems. These successful
commercial launch systems usually are targeting
geostationary transfer orbit (GTO) and an
assessment of the benefit of a dual bell nozzle
application was missing.

2. PRIOR STUDIES

To study the impact of dual bell nozzles on the
payload capacity of such a GTO launcher, a
generic Ariane 5 ECA was defined and the
conventional nozzle of its Vulcain 2 like main stage
engine was replaced by a set of dual bell nozzles
[39].

The generic Ariane 5 ECA launcher was modelled
as a three stage rocket (see Tab. 1). The first
ascent phase was in addition subdivided into a
sea-level and an altitude part to reproduce the two
dual bell operating modes.

Table 1, Generic Ariane 5 ECA

Parameter Value
payload 9.7t

main stage EPCH 173
lift-off mass 188t
engine Vulcain 2
fuel type LOX/LH2
vacuum spec. impulse 429 s
engine mass flow 323 kgls
operating time 540 s
upper stage ESCA
total mass 19.2 t
engine HM7B
fuel type LOX/LH2
vacuum spec. impulse 446 s
engine mass flow 14.8 kg/s
operating time 970 s
Booster stage EAP P241
Lift-off mass 278t
engine EAP P241
fuel type AlI/HTPB/AP
vacuum spec. impulse 275s
operating time 140 s

Using the characteristic values presented in Tab. 1
the velocity capacity of Ariane 5 ECA was
calculated as a reference state to be approximately
12.3 km/s.

An analytical method was applied to evaluate the



effect of different dual bell nozzle designs on the
launcher's performance. The method is based on
the Tsiolkovsky rocket equation and iterates the
payload mass increment for a given specific
impulse increase while considering the additional
structure mass of the nozzle. The iteration is
stopped if the reference velocity capacity is
achieved. The calculations yield a nearly linear
correlation between additional engine mass,
specific impulse increase and payload gain:

Mpr+ [kg] =-035" mV2+[kg] + 257 - Isp,vac+ [%] (1)
The correlation can be applied to any sort of

Vulcain 2 nozzle modification. It is illustrated over a
wide range of input parameters in Fig. 3.
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Figure 3. Payload gain by modified Vulcain 2 [39]

In addition, a detailed launch trajectory simulation
was performed [39]. It validated the suitability of
Eq. 1.

The study revealed a new group of dual bell nozzle
extensions that has not been identified before. Its
operation mode transition takes place during the
transient engine start-up, i.e. hy = 0 km and the
dual bell nozzle extensions are already full flowing
under sea-level conditions. Therefore, this group of
nozzles was classified as sea-level transitioning
dual bell (SLT-DB). This characteristic was a
consequence of the specific geometrical design
where the resulting constant wall pressure within
the dual bell extension was below the exit wall
pressure of Vulcain 2, but for an enlarged exit area
ratio. Subsequently, this resulted in an increased
vacuum impulse.

Although the group of SLT-DB achieves not the
optimum payload gain within the prior study, it
represents a set of possible nozzle modifications
that can be easily applied with current
manufacturing capacities.

3. DESIGN OF DUAL BELL NOZZLE
EXTENSIONS

Based on the Vulcain 2 like main stage engine [39]
several dual bell nozzle contours were designed.
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For this purpose the original nozzle was shortened
and considered as the base nozzle. Nine different
wall inflection positions, corresponding to divergent
nozzle lengths of 0.8 to 2.4 m, with steps of 0.2 m,
were chosen. The configuration Ly = 1.4 m
corresponds to the position directly downstream
the turbo pump exhaust gas (TEG) injection
manifold. For each wall inflection position three
extensions were designed, corresponding to
transition pressure ratios NPRyans = Pec/Pa Of 82,
100, and 114, respectively. The pressure ratio of
82 assures a safe and reliable transition during
transient engine start-up. The pressure ratio of 114
delivers all hot gas expansion reserves given by
Vulcain 2. The dual bell hysteresis, where
NPRetrans<NPRyans, Will enable a stable transition.
As an intermediate approach a transition pressure
ratio of 100 was chosen.

The design of the extension contour was realized
using a DLR in-house code based on the method
of characteristics (MOC) [21]. The last point of the
specified base nozzle marks the inflection point of
the dual bell contour. Starting from the last right-
running characteristic a Prandtl-Meyer expansion
of the supersonic nozzle flow is calculated. As the
intended extension wall pressure is reached, the
expansion is stopped and the resulting inflection
angle ¢ introduces an isobaric streamline that
defines the extension contour.

The obtained nozzle section is a so called CP
extension, yielding a constant wall pressure along
the nozzle extension length. This type of dual bell
nozzle extension has proven to ensure a fast and
defined transition from one operation mode to the
other [2]. Under full operation of Vulcain 2 the
resulting extension wall pressures are 240, 280,
and 352 mbar, respectively, where 352 mbar is the
wall exit pressure of the reference nozzle. Table 2
gives the three transition pressure ratios, and the
resulting extension wall pressures.

Table 2, Extension wall pressures

NPRyrans Pwext» Mbar Performance
(Pec/Pa)  (Pec: = 115.5 bar)
114 240 high
100 280 intermediate
82 352 safe

Two constraints were made. The first was based
on the wall angle, i.e. the angle between the
isobaric contour extension and the nozzle centre
line. The design process was stopped if the angle
reached 5.5 degrees. This value corresponds to
the Vulcain 2 wall exit angle and it limits the length
of the dual bell nozzle extension.

The second constraint is given by the nozzle exit
area ratio & = AJAw, that should not exceed a
value of 100, due to existing guiding tubes [39].



Figure 4 displays the designed SLT-DB contours
for different wall inflection positions and a transition
pressure ratio of NPRy,,s = 114. Figure 5 illustrates
as an example the three studied dual contours
starting at a nozzle length of Ly = 1.8 m.
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Figure 4. Dual bell contours for transition pressure ratio
NPRyans = 114, starting at various wall positions
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Figure 5. Dual bell contours starting at wall inflection
position Lis = 1.8 m, for different transition ratios

The flow conditions in the generated contours, e.g.
the wall pressure, and the specific impulse for
altitude conditions, were calculated applying a
similar method based on the MOC.

The resulting characteristic parameters are listed in
Table 3. The designation of the different nozzles is
a combination of the wall inflection position L; and
the transition pressure ration NPRy.ns. FOr example
L1.8-114 indicates a dual bell nozzle extension
beginning at a divergent length of Ljs = 1.8 m, with
a transition pressure ratio of NPRy,,s = 114.

The redesigned Vulcain 2 reference impulse,
marginally differs from the literature data given in
Tab. 1. But for the study, the percentage impulse
increase is of importance.

4. ESTIMATION OF PAYLOAD GAIN

To determine the potential payload gain using
Eqg.°1, the nozzle mass increment is needed. The
Vulcain 2 reference nozzle mass was determined
in [39] to be 461 kg. For this purpose the nozzle
was subdivided in five sections (see Fig. 6). The
mass of the interface ring and the TEG manifold
were considered as constant values. For the base
nozzle, the upper and the lower part of the film
cooled extension a mass per nozzle surface area
was assigned.

Interface ring - m=11kg.
Base nozzle - m = 85 kg.
TEG manifold - m=65kg

Upper part of film cooled
extension : m=110kg

Lower part of film cooled
extension - m = 180 kg

Figure 6. Estimated Vulcain 2 nozzle mass [39]

This approach was also used within the presented
study, and in addition, the mass of a completely
dump cooled sandwich nozzle, passing on film
cooling, was calculated. This version is indicated
Vulcain 2.1. Its base nozzle part was estimated to
share the same mass per surface ratio as the
reinforced Vulcain 2 base nozzle. This estimation
relies on an outer jacket thickness of 3 mm [40].
Starting at an area ratio of approximately 20,
additional stiffener rings are considered, increasing
the mass per surface ratio in the range of 45%.
Assuming an identical nozzle contour, the Vulcain
2.1 reference nozzle mass can be estimated to be
393 kg. But, it has to be considered that the two
TEG pipes do have to be elongated, causing an
additional mass of approximately 45 kg.

For the mass calculation of the dual bell nozzle
extensions the same method and material were
applied. The resulting nozzle masses and payload
gains are listed in Tab. 4.

5. RESULTS AND DISCUSSION

The payload gain that can be achieved by
replacing the film cooled Vulcain 2 nozzle section
with a SLT-DB is presented in Fig. 7. It appears



that the maximum payload gain of 219 kg is
achieved with the high performance configuration
L1.8-114. Its length is extended about 0.54 m and
its diameter increases about 0.4 m.
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Figure 7. Payload gain Vulcain 2

The generation of the performance gain is
illustrated in Fig. 8. Given are the nozzle contours
and related wall pressures of the reference nozzle
and configuration L1.8-114, as a function of the
nozzle area ratio A/Ay. In this way, the thrust can
be determined graphical. Initially, the SLT-DB
causes thrust losses (AF,;) as the hot gas is
expanded towards a lower constant value of 240
mbar. But, this loss is more than compensated by
the additional thrust (AF,) that is gained due to the
additional nozzle surface area. In total a
performance gain is achieved.
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Figure 7. Thrust gain L1.8-114 (pcc = 115.5 bar)

For the safe transition pressure ratio NPRya,s = 82
only three SLT-DB were considered, as for
inflection positions Ly > 1.8 m the inflection angle

e is to small and the additional flow expansion is
negligible. This set of nozzles achieves nearly no
payload gain. The thrust generation of
configuration L1.8-82 is shown in Fig. 9. The
additional surface area is too small for a distinct
thrust gain. Nevertheless, this set of nozzles offers,
due to its contour inflection, the possibility of
stabilized flow separation under reduced
combustion chamber pressure conditions, with
moderate side loads.
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Figure 8. Thrust gain L1.8-82 (pcc = 115.5 bar)

The intermediate transition pressure ratio of
NPRyans = 100 reveals a set of SLT-DB nozzles
that offers a payload gain of more than 100 kg. Its
lengths and exit diameters (see Tab. 3) are in the
range of the original Vulcain 2 design, before the
nozzle was shortened.
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Figure 9. Payload gain Vulcain 2.1

Figure 9 illustrates the calculated performance gain
of the alternative Vulcain 2.1 design. The
characteristics are comparable and the difference



in performance is mainly caused by different
nozzle masses. A maximum payload gain of 261
kg was obtained.

As the wall inflection position L of the dumped
cooled nozzle is not restricted by a TEG position,
additional SLT-DB nozzle -configurations were
studied. Here, configuration L1.0-114 is striking. Its
performance is below the configuration L1.0-100.
As the nozzle exit area ratio was restricted to be
below ¢, < 100 the obtained wall exit angle («.=8°)
of L1.0-114 causes a divergence loss of Alg,=-2.7s,
resulting in the performance decrease.

In addition, the comparison of the two reference
nozzles, presented in Tab.4, points out that
switching from a film cooled nozzle extension to a
dumped cooled sandwich nozzle seems not to
offer a remarkable payload gain.

6. CONCLUSION

The study reveals that the application of a SLT-DB
has the potential to increase the Ariane 5 ECA
payload up to 10 t.

The concept is simple, easy to implement and has
a retrofit capacity. As the operation mode transition
takes place during transient engine start-up no
concept qualification under altitude conditions
becomes necessary. The wall inflection still offers
a controlled flow separation position if reduced
thrust operations are of future interest.
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Table 3, Characteristic parameters and performance gain

Type Lint (Mm) Eint it Ltot (MM) €e Frac (KN)  lspvac (S)  lsp+ (S)  lsp+ (%0)
Vulcain 2 2593 58 1346 424.8 0.00

L0.8-82 800 18.04 13.53 2705 81.39 1345 424.5 -0.35 -0.08
L1.0-82 1000 23.71 9.91 2625 72.94 1346 424.8 -0.03 -0.01
L1.2-82 1200 29.37 7.30 2625 67.74 1348 425.3 0.43 0.10
L1.4-82 1400 34.82 5.36 2620 64.16 1348 425.4 0.56 0.13
L1.6-82 1600 39.94 3.85 2610 61.64 1348 425.3 0.51 0.12
L1.8-82 1800 44.62 2.70 2605 59.97 1347 425.2 0.40 0.09
L0.8-100 800 18.04 16.17 2800 100.09 1349 425.7 0.90 0.21
L1.0-100 1000 23.71 12.55 2915 89.99 1353 427.1 2.23 0.52
L1.2-100 1200 29.37 9.94 2940 86.08 1356 427.9 3.10 0.73
L1.4-100 1400 34.82 7.99 2935 77.02 1357 428.2 3.32 0.78
L1.6-100 1600 39.94 6.49 2920 72.55 1357 428.1 3.29 0.77
L1.8-100 1800 44.62 5.34 2910 69.19 1356 428.0 3.15 0.74
L2.0-100 2000 48.79 4.42 2900 66.54 1355 427.7 291 0.68
L2.2-100 2200 52.40 3.68 2885 64.37 1354 427.4 2.58 0.61
L2.4-100 2400 55.41 3.08 2875 62.70 1353 427.1 2.24 0.53
L0.8-114 800 18.04 17.90 2420 100.04 1330 419.6 -5.23 -1.23
L1.0-114 1000 23.71 14.28 2890 100.03 1352 426.6 1.80 0.42
L1.2-114 1200 29.37 11.67 3155 95.12 1361 429.5 4.63 1.09
L1.4-114 1400 34.82 9.72 3160 87.80 1362 429.8 4.99 1.17
L1.6-114 1600 39.94 8.22 3150 81.89 1362 429.9 5.03 1.18
L1.8-114 1800 44.62 7.07 3135 77.12 1362 429.7 4.87 1.15
L2.0-114 2000 48.79 6.15 3120 73.26 1361 429.4 4.59 1.08
L2.2-114 2200 52.40 541 3105 70.03 1360 429.1 4.22 0.99
L2.4-114 2400 55.41 4.81 3090 67.32 1358 428.6 3.77 0.89




Table 4, Nozzle mass and payload gain

Vulcain 2 Vulcain 2.1

Type lsp+ (%6) | Myozzv2 (KG)  Miozzve+ (KQ) Mprva+ (KY) | Myozzvza (KG)  Myozzvaa+ (KY)  Mpryvzas (KQ)
w/o DB 462 393 -24 8
L0.8-82 -0.08 479 44 -36
L1.0-82 -0.01 433 -4 0
L1.2-82 0.10 419 -18 32
L1.4-82 0.13 538 76 8 410 -31 45
L1.6-82 0.12 510 48 14 402 -38 44
L1.8-82 0.09 485 23 16 398 -49 41
L0.8-100 0.21 533 100 20
L1.0-100 0.52 534 102 99
L1.2-100 0.73 518 87 157
L1.4-100 0.78 661 199 131 502 67 177
L1.6-100 0.77 624 162 142 488 49 182
L1.8-100 0.74 592 130 145 479 36 178
L2.0-100 0.68 566 104 139 472 25 167
L2.2-100 0.61 557 96 122 465 15 151
L2.4-100 0.53 552 90 104 461 11 132
L0.8-114 -1.23 432 -8 -314
L1.0-114 0.42 542 110 70
L1.2-114 1.09 595 168 221
L1.4-114 1.17 759 297 198 576 145 251
L1.6-114 1.18 717 255 215 558 123 261
L1.8-114 1.15 678 216 219 543 105 258
L2.0-114 1.08 646 184 213 532 89 247
L2.2-114 0.99 634 172 195 523 77 228
L2.4-114 0.89 624 162 171 515 65 205
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