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Scalability for Rocket Nozzle Flows Based
on Subscale and Full-Scale Testing
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When � ow separation and side-load behavior is investigated for different nozzle concepts or when design con-
siderations for advanced nozzle concepts are experimentally screened, the initial experimental effort is generally
limited to subscale experiments with high-quality diagnostics. However, one fundamental question always arises:
How should these test results be scaled to a potential full-scale design or application? Different approaches exist,
including the use of characteristic numbers for normalization and analytical and numerical models. It is shown
that analytical models, being based on physical origins and dominated by inviscid � ow phenomena, may result in
high accuracy for full-scale prediction. In contrast, it is shown that for � ow regions dominated by viscous effects
signi� cant differences between cold- and hot-gas experiments are observed, which makes a direct scaling from
cold-gas subscale to hot-gas full-scale dif� cult. For scaling, an intermediate step in the scaling rationale with hot-
� ring tests is foreseen. Demonstrated by results from hot-� ring tests with Vulcain subscale nozzles, it is shown that
a geometrical scaling is possible for similar hot-gas � ow properties. These test results, obtained with a 40-kN thrust
chamber at representative combustion chamber operation conditions, are presented and discussed in detail.

Nomenclature
F = side-load force
H0 = time, instant of ignition
M = side-load torque, Mach number
m = mass
o= f = mixture ratio
PR = pressure ratio
p = pressure
r = radius
T = temperature
x; y; z = coordinate
± = boundary-layerthickness
" = area ratio, A=Athroat

Subscripts

a = ambient
c = combustion chamber
e = exit
i = incipient
p = plateau
SL = side load
sp = speci� c
sep = separation
throat = throat
w = wall

Introduction

W ITH the need to evolve the European launcher family Ari-
ane 5 to meet the future market requirements, its propulsion

systems � rst have to be improved.Measuressuch as the introduction
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of the new core-stageVulcain 2 engine or the new cryogenic upper
stage with the HM-7 gas generator engine as a � rst step and the
Vinci expander cycle engine in a next step are examples for these
ongoing activities.

In the development of future launcher propulsion systems, the
performance increase is, apart from the cost-reduction aspect, the
most demanding and promising issue. Therefore, in rocket propul-
sion technology programs such as the 1996–2000 German tech-
nology program, “Nationales Technologieprogrammfuer kryogene
Antriebe” (TEKAN), or the 2000–2003 German technology pro-
gram “Ausgewaehlte Systeme und Technologien fuer zukuenftige
Raumfahrt-Anwendungen”(ASTRA), different topics are being in-
vestigatedto evaluatetheir potentials.1;2 The spectraincludesengine
cycles, new manufacturingprocesses, new materials, and advanced
concepts for the engine’s main components injector, combustion
chamber, and nozzle. Investigations include analytical, numerical,
and experimentalwork.

In Europe, high area ratio nozzle concepts are envisaged for the
next generation Vulcain engine to increase thrust chamber per-
formance. In this context, a European working group has been
set up to investigate the technological aspects covering separation
and side-load characteristics of such nozzle concepts with � ow
separation control devices, FSCD. Within the framework of this
FSCD program,partnersfromEuropeanindustry(SNECMA, Volvo
Aero Corporation, and Astrium), from space research establish-
ments in France (ONERA, LEA Poitiers), Germany (DLR, German
Aerospace Research Center), from the European Space Technology
and Research Center (ESTRC), and from the French Space Agency,
Centre National d’Etudes Spatiales (CNES), have tested different
nozzle concepts at various facilities.

With respect to advanced rocket nozzle concepts, these type of
experiments are typically conducted � rst at the cold-gas laboratory
level, which allows for most cost-effective research and compari-
son of different con� gurations. An example for this is the screen-
ing of the various design considerations.3¡6 Obtained cold-gas test
results are also used for model development and validation. How-
ever, with regard to full-scale engine development, the differences
in both gas composition and in scale do not allow for a direct scal-
ing of subscale test results to full scale. Different approaches for
prediction from subscale to full scale may be followed, including
the use of 1) subscale test data normalized by characteristic num-
bers also representative of full scale (based on Mach or Reynolds
number analogy), 2) analytical models describing the underlying
physical processes being responsible for speci� c � ow phenomena,
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Fig. 1 Scalability logic.

3) numerical methods accounting for physical processes being in-
volved, or 4) subscale hot-gas tests at similar operation conditions
and representative geometric scale. This paper deals with the scal-
ability discussion, speci� cally addressing rocket nozzles.

Each approach comprises speci� c characteristics. The differ-
ences in gas composition and geometric scale make it dif� cult to
base the scaling rationale on a single dimensionless number for
normalization.

Reliable analytical and/or numerical models may be used to ac-
count for the different physical phenomena involved. It has been
shown in various publications that for some � ow phenomena, such
as the side loads due to a change in separation pattern for speci� c
types of conventional rocket nozzles, analytical models allow for
an accurate prediction toward full scale. However, the reliability
of analytical models is currently questionable, especially for � ow
phenomena in advanced rocket nozzles including highly transient
processes, such as the side loads induced by the transition process
in dual-bell nozzles.

Therefore, for an accurate and reliable extrapolation toward full
scale, the test logic at Astrium, foresees subscale hot-� ring tests
at representative conditions as the most promising concept ini-
tially evaluated at the laboratory level. Experience gained in in-
dustry shows that these subscale hot-� ring tests at typical full-scale
operational conditions, that is, identical injection elements, simi-
lar element patterns, and oxidizer/fuel injection conditions as in
full-scale, can be used for representative geometric scaling to full
scale. (The Astrium, subscale injector head includes three injec-
tor rows with a total of 19 injectors,1;2 leading to a combustion
chamber diameter of 80 mm with a close to one-� fth, geomet-
ric scale when compared to full scale. Similar hardware sizes are
also used at Aerojet; Pratt and Whitney, United Technologies Cor-
poration; and Rocketdyne for subscale thrust chamber technology
tests.7;8)

These hot-� ring tests are useful for further model development
and validationbecause they close the gap in the uncertaintyof mod-
els developedexclusivelyfromcold-gaslaboratorytests anddirectly
applied to full scale. This test philosophy is illustrated in Fig. 1. It
is discussed for conventionalparabolic nozzle extension, for which
the entire spectra of test results from cold-gas subscale to full-scale
engine test data, analytical models for side-load behavior, and nu-
merical � ow� eld simulations are available. Before this scalability
discussion, a brief summary of characteristic � ow phenomena for
parabolic rocket nozzles is given.

Flow Phenomena in Parabolic Nozzles
In general, the exit wall pressure pw;e of a rocketnozzleoperating

from sea level to high altitude is chosen high enough to prevent � ow

separationinsidethenozzle.9¡11 The additionalrequirementof high-
vacuum performanceleads to an overexpanded,but attached nozzle
� ow at takeoff, that is, sea-level condition.

At the nozzle exit, the lower pressure of the exhaust gases is
adapted to the higher ambient pressure by means of an oblique
shocksystem. Mainly as a result of the exit pressure ratio pe=pa and
exit Mach number Me, threedifferentplume patternsare observed:a
regular re� ection, a Mach re� ection with a Mach disk, or a so-called
cap-shock pattern. The latter shock pattern exists in the plume of
thrust-optimizedrocketnozzlesand nozzleswith paraboliccontours
featuring an internal shock induced in their throat areas. Recent
investigationon the cap-shockpattern have shown that this speci� c
plume pattern is an inverse Mach re� ection of the internal shock
at the centerline.12 As an example, this cap-shock pattern is clearly
visible in the plume of the Vulcain engine. In Fig. 1, the top right
side shows the running Vulcain engine at two different operational
conditions,showing the cap-shockpattern (left), and the Mach disk
(right). A more detailed investigation on the cap-shock pattern is
given in Ref. 12.

If the pressure ratio of the exit wall pressure to the ambient pres-
sure is below a certain level, that is, pw;e=pa » 0.3–0.4, the � ow
regime within the nozzle is different from vacuum conditions be-
cause the � ow separates from the nozzle wall upstream of the exit
plane. Two different separation patterns may exist, the free shock
separation(FSS), where the � ow separatesfrom the wall and further
propagates as an annular freejet, or the restricted shock separation
(RSS), where the � ow reattaches to the nozzle wall downstream of
the initial separationpoint. Figure 2 shows the phenomenologyand
wall pressure pro� les for FSS and RSS. Numerical and analytical
studies of nozzle � ows have shown that the existence of the cap-
shock pattern is responsible for the transitionfrom FSS to RSS.9¡12

The transition process itself is impulsive and highly three dimen-
sional. Consequently, severe lateral forces are induced.

A further side-load origin is the � nal retransition from RSS to
FSS. Recent investigation have shown that these transitional side-
loads are much higher than sideloads due to random pressurepulsa-
tions at the separation point as well as in the separated � ow region
being typical for conical or truncated ideal nozzles.13

The quantitativepredictionof both the � ow separationcharacter-
istic during start-up and shut-down, and the maximum side loads
expectedduringtransientengineprocessesis of importanceto de� ne
the thrust chamber structure and to ensure its mechanical integrity
underworst-caseconditions.Therefore,predictionmethodsmust be
accurate. These methods may be based on analytical or numerical
models, or simply on subscale test data. In the following, different
approaches highlighted in the “Introduction” will be discussed us-
ing the transition process in separation pattern from FSS to RSS
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a)

b)

Fig. 2 Phenomenologics a) FSS and b) RSS.

as an example. This discussion will include the speci� c cap-shock
structure and the transitional side loads for subscale cold-gas, sub-
scale hot-gas,and for full-scaleengine tests.The Vulcainnozzlewill
serve as a full-scalereference test hardware and is brie� y described.

Full-Scale Engine Tests

The engine of the Ariane 5 cryogenic core stage, Vulcain, was
developed under the responsibility of SNECMA in France, which
shares the activitieswith more than 30 partners in Europe. Astrium,
is responsible for the thrust chamber consistingof gimbal joint with
cross-type cardan, injector, combustion chamber, and nozzle ex-
tension. The injector and combustion chamber are manufactured at
Astrium, the nozzleextensionis manufacturedat Volvo Aero Corpo-
ration. The nozzle extension itself is of parabolic type, with an exit
area ratio of " D 45, which allows for full-� owing operation at sea
level for nominal combustion chamber conditions, that is, a mix-
ture ratio o= f D 5:89 and a combustion chamber pressure around
pc D 100 bar. Because of its parabolic contour, a transition from
FSS to RSS and vice versa occurs during start-up and shut-down.
A detailed descriptionof the transient � ow processes in the Vulcain
nozzle is given in Ref. 10. The initial transition from FSS to RSS
during start-up is considered in more detail later. Test results have

shown that this transition occurs at a chamber pressure of pc D 35–
40 bar. The maximum side load measured in Vulcain quali� cation
tests is caused by this transition.Figure 3 illustrates the � ow asym-
metry during the transition from FSS to RSS that is responsible for
this side-load peak.

Cold-Gas Laboratory Test Campaign

Within the framework of the European FSCD program, several
nozzle concepts were tested at various facilities.4¡19 For example,
at DLR, German Aerospace Research Center, Lampoldshausen,
a thrust-optimized parabolic (TOP) and a truncated ideal contour
(TIC) nozzle with equal vacuum performance were tested. See
Ref. 13 for a detailed description of the test campaign and results.
Table 1 summarizes geometric design values.

Figure 4 shows both plume patternsobserved in the experiments,
the classical Mach disk for the truncated ideal nozzle, and the cap-
shock pattern for the parabolic nozzle. Test results in Fig. 5 clearly
indicate that side loads in the parabolic nozzle extension due to the
transition from FSS to RSS and vice versa are much higher than
side loads measured in the truncated ideal nozzle. Despite this clear
trend, the cold-gas test results cannot be reliably used for direct
extrapolation to full-scale due to two main differences.
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Table 1 Design dataa for cold-gas nozzles with TIC and TOP

Geometric
design data TIC TOP

Throat radius, mm 10 10
Area, ratio 20.66 30
Nozzle length, mm 148.3 125

aDriving gas pressure ratio nitrogen, · = 1.4 and PR 1 < pc /pa < 60.

a)

b)

c)

Fig. 3 Video analysisofVulcainthrust chamber start-up atpc/pa » 40,
three subsequent images with time interval of 0.04 s: a) full FSS, b) RSS
in upper nozzle part, FSS in lower nozzle part, and c) full RSS.

1) Geometric scale with respect to full-scale is only of the order
of 1/30th–1/10th.

2) Gas composition is signi� cantly different from typical full-
scale test conditions.

Compared to hot-� ring results, the shock positions are different
in cold-gas testing for differences in speci� c heat ratios. Further-
more, the energy balancediffers signi� cantly due to the combustion
process, which leads to different momentum values as well.

Table 2 Quantitative comparison of experimental and model data
for transition FSS to RSS and resulting side-load torque

Transition Side-load torque
FSS–RSS due to tansition

Tests (experiment/model) (experiment/model)

DLR P6 TOP 0.97 0.92
Volvo FOI S1 0.94 1.09
Volvo FOI S3 1 0.93
LEA TOC 0.85 0.99
C/SiC subscale 1.03 Experiment value

not available
Vulcain full-scale 1.03 1.02

a) b)

Fig. 4 Different plume pattern in P6.2 subscale nozzles, visualized by
color schlieren technique: a) Mach disk in plume of TIC and b) cap-
shock pattern in plume of TOP (courtesy DLR, German Aerospace
Research Center).

Fig. 5 Comparison of averaged side-load torque for the truncated
ideal and the thrust-optimized nozzle for simulated start-up (courtesy
DLR, German Aerospace Research Center).

As a consequence,models to predict the full-scale transitionpro-
cess and the resulting side-load had to be developed. In Refs. 9, 12,
14 and 16 details are given for this model developmentbased on an
analyticalpredictionof the cap-shockstructureat a prescribedpres-
sure ratio.A comparisonof thecap-shockstructurepredictionshown
for the P6.2 thrust-optimized parabolic contour (TOP) nozzle at a
pressureratio of pc=pa D 68 is given in Fig. 6 (Ref. 14). In the model
it isassumedthat, at the instantof transitionwhere themaximumside
load occurs, one-half of the nozzle featuresFSS while the other half
features the RSS. The � nal side-load calculation results from a wall
pressure integrationas shown in Figs. 7 and 8 and takes into account
the momentum of the initially separated jet hitting the wall at the
nozzle exit for that part of the nozzle featuring RSS. In Table 2, ex-
perimental test data are comparedwith model results.A fairly good
agreement is observed, including the full-scale Vulcain test case.
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Fig. 6 Analytical prediction of cap-shock structure, P6.2 TOP nozzle,
PR pc /pa = 68.

Fig. 7 Control surface for momentum balance for side-load model:
. . . . , control surface for momentum balance and ——, shocks.

The transitional side-load is mainly governed by inviscid � ow
phenomena,that is, the momentumbalanceacross the obliqueshock
system of the cap-shockpattern and the resultingwall pressure inte-
gration.From the agreement shown in Table 2 between the cold-gas
test data and model results, it can be concluded that models primar-
ily based on physicalphenomenadominatedby inviscid effectsand,
therefore, independentof geometric size have the potential for serv-
ing as an accurateand reliablepredictiontool. [Note that for inviscid
hot-gas � ows the geometric size in� uences the chemical reaction
rates. However, it has been shown that for hydrogen/oxygen sys-
tems, as consideredhere, these chemical nonequilibriumeffects are
regarded as a second-ordereffect and can be neglected for chamber
pressures above 50 bar (Ref. 20).]

In contrast, it is well documented in the literature that analyti-
cal approaches for � ow phenomena dominated by viscous effects,
for example, the prediction of the � ow separation itself, still lack
suf� cient accuracy.9;12;16;17

Hot-Firing Test Campaign

Within the framework of the TEKAN and ASTRA programs,
two ceramic nozzle extensions were designed, manufactured, and
tested at the F3 test bench in Ottobrunn, Munich, and at the Euro-
pean P8 facility at DLR, Lampoldshausen.21 Key objectives for the
choice of a ceramic subscale nozzle demonstratorwere 1) to ensure
thermal and mechanical integrityof the radiation-cooledC/SiC noz-
zle extension at representative ground-stage operation conditions;

Fig. 8 Wall pressure distribution alongcontrol surface for momentum
balance.

2) to examine the � ow� eld in the expansion regime by video im-
ages, thermography, and pressure measurement devices; and 3) to
demonstrate geometric scalabilityof these subscale tests directly to
full scale.

The thrust chamber hardware test setup consists of 1) 19-element
injectorhead, 2) cylindricalcombustionchamberwith 80 mm diam-
eter, 3) pro� led throat section with scaled Vulcain contour and with
50.6-mm throat diameter (one-� fth geometric scale), 4) graphite
interface section for mounting of ceramic nozzle extension, and
5) ceramic nozzle extension with scaled Vulcain contour.

The subscale test specimen is shown in Fig. 9. The combus-
tion chamber’s design pressure for the presented hardware setup
is pc D 100 bar at a mass � ow rate of @m=@t ¼ 9 kg/s, resulting in a
40-kN vacuum thrust level. The ceramic nozzle extension starts at
an area ratio of " D 5. Two different extensionswere tested with exit
area ratios of " D 30 and 45, the latter being the same as for Vulcain.
The objective for the shorteneddesign with " D 30 was to allow for
an operation under full-� ow conditionsdown to a chamber pressure
of pc D 40 bar and thereby avoid the transition to RSS. Within the
design process, it was shown that a steady-state operation under
restricted shock separation with its characteristic reattached super-
sonic � ow exposes the nozzle wall to tremendous heat loads. The
long nozzle extensionwith " D 45 was designedfor steady-stateop-
eration at a minimum chamber pressure of pc D 75 bar to avoid any
long duration, steady-state operation under RSS. Detailed analysis
and calculations were conducted to design the nozzle extensions
to cope with both thermal and structural loads. Mechanical design
load cases were 1) maximum side-load case at pc D 40 bar (side-
load value geometricallyscaled down from Vulcain test experience)
and 2) buckling load case at pc D 65–70 bar with maximum integral
pressure difference between highly overexpanded nozzle � ow and
ambience.

For the long nozzle extension, � ve stiffeners were installed pro-
viding the structural stability against buckling, that is, the nozzle
load case with signi� cantly lower pressure inside the nozzle com-
pared to the ambient pressure. Figure 10 illustrates both nozzle ex-
tensions.A total of seven high-frequencypressure transducerswith
ceramicadapterswere installedin the shortnozzle,with four in a row
as shown in Fig. 10. The remaining three transducers are mounted
at the axial positionof PNE1, correspondingto x=rthroat D 8:6, but at
90,180,and270deg in thecircumferentialdirection.(Herethe throat
radius rthroat is applied for normalization.) The ceramic adapters
were � ush mounted to the hot-gas side inner wall to avoid any step
formation.

Hot-Firing Tests with Short Nozzle Extension

The short nozzle extension was tested in various test sequences,
with steady-stateoperationalpoints at pc D 35, 60, and 70 bar cham-
ber pressures. Mixture ratio was varied between o= f D 5, 6, and 7.
Figure 11 shows a typical test image in which steady-state wall
temperatures are not yet achieved. Reference 21 includes a detailed
discussion on the different test sequences and test objectives.

Figure 12 shows details of averaged wall pressure data measured
with the short nozzle extension. For comparison,Vulcain full-scale
test data at different pressure ratios (PR) are also included, but
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Fig. 9 Astrium, 40-kN subscale thrust chamber assembly with radiation-cooled ceramic nozzle extension.

Fig. 10 Design of ceramic nozzle extensions(axialpositionsofpressure
taps measured from throat).

Fig. 11 Short ceramic nozzle extension at load point with pc = 60 bar.

limited to valuesat which FSS was observed.The comparisonof ex-
perimental and numerical data, the latter extracted from a turbulent
TDK vacuum � ow� eld simulation including chemical nonequilib-
rium effects,22 shows good agreement for attached � ow conditions.
In fact, in conventional nozzles the viscous effects in� uenced by
geometric scale are limited to the thin near-wall boundary layer; the
wall pressure itself is dominated by inviscid core � ow evolution.
In conclusion, the geometric scale has no in� uence on vacuum wall

Fig. 12 Wall pressure measured in Vulcain full-scale nozzle and in
short subscale nozzle.

Fig. 13 Wall pressure data and corresponding rms values across sep-
aration region.

pressurepro� le, under the conditionof similar core gas composition
(excludingtheaforementionedsecond-ordereffectof geometricsize
on chemical reaction rates).

The comparisonof the four circumferentialdistributedhf-sensors
in the most downstreamplane indicatesattached� ow duringall load
points except the pc D 35 bar case. The hf analysis reveals further
interesting results for the nozzle � ow behavior. Figures 13 and 14
show typical rms levels across the incipient separation zone.
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In the incipient separation zone between xsep and xp , the � ow
physically detaches from the nozzle wall. The location of the sepa-
ration point is the subject of hf oscillationsbetween xsep and x p . The
shock/boundary layer interactioncauses the pressure increase to the
plateaupressurevalue pp . Fartherdownstreamof xp , the � ow is fully
separated, and ambient air is entrained into this separated region.

During steady state with fully attached � ow, the rms value is very
low, with prms < 5 mbar. This is the case for PNE1 and PNE2 for a
chamber pressure of pc D 60 bar, corresponding to 13 < t < 13:7 s
in Fig. 13. For PNE1, pressure values clearly indicate separated
� ow during down ramping and the subsequent pc D 35 bar load
point. The rms values for this time interval approach a value of
¼ 50 mbar, which is 10 times higher than for the fully attached
case, but approximately 4 times lower than for PNE2, which is just

Fig. 14 Pressure signal across-separation region rms level.

Fig. 15 Long C/SiC subscale nozzle extension at H0 + 10 s; exhaust
plume with cap-shock pattern and shock re� ection.

Fig. 16 Details of the transition process from FSS to RSS in the long Vulcain C/SiC subscale nozzle at pc = 40 bar (from left to right and top to
bottom).

at the beginningof the incipient separation region during the lowest
operational point with pc ¼ 34 bar, at 14 < t < 14:3 s. In between,
the rms value is ¼ 200 mbar. These levels are in agreement with
published data.23

According to studies reported in Refs. 23–25, the length of the
incipient separation region is of the order of two to three times
the local boundary-layerthickness. For the correlation of these test
data, a TDK � ow� eld simulation22 was performed assuming the
following conditions: chamber pressure pc D 35 bar, mixture ratio
o= f D 6, and radiation-cooledwall for nozzle extension.

As a result, a normalized boundary-layer thickness of
±=rthroat D 0:55 was calculatedat x=rthroat D 7, the positionof PNE2.
[The boundary-layer thickness is de� ned as the distance normal to
the wall where .u=u1/ D 0:995 is reached.The nozzle throat radius
rthroat is applied for normalization.] Thus, the incipient separation
thickness would result in the following:

1xi;sep D x p ¡ xsep D .2–3/ ¢ ± D .1:11–1:66/ ¢ rthroat

The experimental data reveal an incipient separation length of
1:58 ¢ rthroat , which correlates well with the earlier estimated values
based on literature. However, recent cold-gas experiments19 have
revealedan incipient separationthicknessof the order of (10–20) ¢ ±
and, thus, one order of magnitude larger than for these hot-gas tests.
This discrepancy has to be further investigated. However, it may
indicate that for � ow regionsdominated by viscous effects, as is the
case for the incipient separation region, cold-gas test data must be
treated with care for direct comparison.

Analyticalmodels for side loads due to pressurepulsationsunder
FSS condition, as presented in Refs. 23 and 26, include this incipi-
ent separationthickness.A direct extrapolationfrom these subscale
cold-gas results to full scale without further exploiting the reason
for observed discrepancies with the presented hot-gas test results
would result in far too high side loads predicted for full scale.

Hot-Firing Tests with Long Nozzle Extension

The long nozzle extension was tested in two test sequences, one
with a maximum chamber pressure of pc D 40 bar to investigate the
transition process from FSS to RSS and a second that comprised
only a single load point with pc D 80 bar and o= f D 6 for the entire
test duration of 32 s. The latter load point was suf� cient to have a
full-� owing nozzle extension (Fig. 15).

Figure 16 shows the transition process with a view from down-
stream looking back into the nozzle extension. The reattachment
occurs � rst at the nozzle exit, visible by the sudden and intensive
onset of radiation. Once the reattachmentbubble is closed over the
entire exit plane, the reattachment line shifts upstream to its sta-
ble position. The nozzle extension withstood the transition process
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Fig. 17 Comparison of predicted and measured nozzle surface temperatures for long Vulcain C/SiC subscale nozzle, test CRC 02; Tp and Ti.

a) b) c)

Fig. 18 Comparison of Vulcain type full-� owing nozzles at nearly identical operational conditions: a) full scale, b) long C/SiC subscale, and
c) numerical simulation for full scale.

a) b) c)

Fig. 19 Comparison of Vulcain type nozzles featuring RSS a) full-scale, b) long C/SiC subscale, and c) numerical simulation for full scale, pc /pa = 40.

without structural damage. It must be stressed that the transition it-
self took place at the PR predicted by the analyticalmodel and also
as expected from full-scale engine test data as shown in Table 2.
Again, the transitionand the resultingside force is mainly governed
by the inviscidmomentum balance across the oblique shock system
of the cap-shockpattern.This oblique shock structure is practically
the same for the subscale and full-scale nozzle � ow� eld, due to the
similar contours and core gas properties. (This will also be demon-

strated subsequently.) It is not surprising that � ow structure and
phenomena observed subscale and fullscale are practically equal.
However, this does demonstrate that only subscale tests with simi-
lar hot-gas � ow propertieswill allow for direct extrapolationtoward
full scale.

Figure 15 shows the high chamber pressure test with pc D 80 bar
at H0 C 10 s. The exhaust plume with the typical cap-shockpattern
is clearly visible. Additionally, the thermographical imaging lens
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Table 3 Characterization of various in� uence parameters on � ow phenomena associated with
� ow separation and characterization of its representativity with respect to full-scalea

Representative
In� uence with respect to full-scale

Effect Viscid effects Gas composition Size Cold tests Hot tests

Shock shape X ¡ C
Shock pattern (e.g., cap-shock pattern) x X o C
Momentum balance across x X C C

shock/shock interaction
Separation point location, including X X x ¡=o C

shock/boundary-layer interaction

aSymbols: x, in� uence of secondary order; X, in� uence of � rst order; C, fully representative, ¡, not representative; and
o, limited representative.

Fig. 20 Cap-shock structure in the Vulcain nozzle; analytical model result, experimental, and numerical result: pc/pa = 40 with RSS � ow condition
and pc/pa = 90 with full-� owing nozzle.

systemis shown,orientatednearlyperpendicularto theoutersurface
of the nozzle. The measurementdata indicated that the temperature
distributionreached steady-stateconditionsat about H0 C 24 s. For
this steady-statecondition,a numerical wall temperatureprediction
was calculated with the Astrium, Navier–Stokes code ROCFLAM.
(See Ref. 27 for further details.) This simulation included the � ow-
� eld prediction,the modeledhot-gasside-wallheat transfer,the heat
conductionin a wall of � nite thickness,and the heat � ux transferred
by external radiation. The code has been extensivelyvalidated with
wall heat � ux data measured in a calorimeter combustion chamber
in the regime up to pc D 70 bar (Ref. 27).

The steady-statepredictionfor this operationalpoint is presented
in Fig. 17. Both solid lines represent the nozzle temperature predic-
tion: the upper one, Ti is the inner wall value and the lower one, To

is the outer wall temperature. The symbol-marked line is the noz-
zle’s outside temperaturemeasured by the thermographicalimaging
method. Although the values differ in the � rst graphite interface re-
gion (2:5 < x=rthroat < 4) where the measurement signal is disturbed
due to mirror effects, the predicted temperature values agree very
well with the measured ones. The shape of the measurement curve
is caused by the stiffeners installed on the nozzle. These stiffeners
nearly double the wall thickness and, thus, change the heat trans-
fer pro� le. The stiffeners were not modeled here for simulation
simplicity.

Comparison of Flow Pattern in Sub- and Full Scale

Figure 18 compares the � ow pattern of the subscale nozzle with
the Vulcain full scale and a computational � uid dynamics predic-
tion. Details on the numerical method are included in Refs. 11
and 12. The cap-shock pattern is clearly visible in all three im-

ages and shows nearly identical shape. As mentioned before, this
plume pattern results from the interaction of the recompression
shock and the inverse Mach re� ection of the internal shock. (Also
see Ref. 12 for further details.) This shock interaction is prac-
tically not affected by viscous effects (except within the inner
core recirculation). If viscous effects are not important, then the
Euler theory tells us that the geometrical scale of the nozzles
should have no in� uence. This is clearly demonstrated by the sim-
ilar structures of the cap-shock pattern exhibited by the subsale
and full-scale nozzles shown in Fig. 18 (similar gas composition
presumed).

As discussed in detail, RSS was observed during start-up and
shut-down in both nozzle extensions (Fig. 19). The transition in the
C/SiC subscalenozzle extensionoccurredat exactly the same PR as
observed on the full-scale Vulcain. The key driver for the transition
process is the momentum balance of the � ow across the oblique
shock system of the cap-shockpattern (Ref. 12). Because of similar
core gas properties and contour shapes, the cap-shock structure is
nearly identical. At a given PR and presuming identical separation
positionsin both nozzles, the momentumbalanceis, therefore,prac-
tically not in� uenced by viscous effects. Thus, as demonstrated in
the tests, no signi� cant difference between both nozzle sizes was
observed for the transition PR.

To demonstrate the capability of the discussed analytical model
for the cap-shock structure prediction in hot-gas plumes, Fig. 20
shows a comparisonof the model results with the Vulcain full-scale
plume pattern shown in Figs. 18 and 19. The experimental full-
scale plume shock structure at the nominal PR is extracted from
photograph.However,no suchimageexistsfor thecap-shockpattern
in the RSS condition because of the shock position being far inside
the nozzle extension. As a consequence, the analytical results are
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comparedto thenumericalsimulationfor theRSS structure.Because
of its inviscid character, the model prediction of the corresponding
cap-shock structures for the C/SiC subscale nozzle yields exactly
the same shapes.

The prediction for the transitionalside load of the Vulcain C/SiC
subscale nozzle at the PR of pc=pa D 40 yields a value of 1=25th of
the correspondingfull-scale value:
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The transitional side load predicted with the model was close of the
maximum measured Vulcain full-scale side load (within an inaccu-
racy of 2%, Table 2).

No side-load measurement was installed during the C/SiC sub-
scale test campaign. Consequently, that experimental reference is
not available. However, the predicted transitional side load just de-
scribed was used as the load case for the mechanical design of
the C/SiC subscale nozzle. That the nozzle withstood the transition
without structuralfailure is an indirectcon� rmation that the model’s
transition side-load prediction was correct. Table 3 summarizes the
essential � ndings from these comparisons.

Summary
Principle � ow phenomena observed in full-scale engine testing,

such as the cap-shock pattern in the plume of parabolic nozzles,
or FSS and RSS during start-up and shut-down, may also be ob-
served in subscale cold-gas experiments. Because of the low cost
and ease in access for sophisticateddiagnosticmethods, this class of
experimentsis preferred for fundamentalresearchaspects including
screening of design aspects. The prediction of subscale test results
as the basis for a potential full-scale design may be achieved by
characteristicnumbers used for normalization and analytical or nu-
merical models. It was shown that for the transition in separation
characteristicfrom FSS to RSS high accuracymay be achievedwith
analyticalmodels that are based the physicalprocessresponsiblefor
the speci� c � ow behavior. This also includes the analytical predic-
tion of the resulting side force. However, note that both effects, the
transitionand the resulting side load, mainly depend on the inviscid
momentum balance across the cap-shock system.

Numerical methods are a fundamentalhelp for understandingthe
� ow physics, for example, for the cap-shock pattern. Furthermore,
predictionof � ow phenomenadominatedby viscouseffects, such as
the wall heat � ux predictions,have reached a high con� dence level.
This was demonstrated with a numerical scheme being carefully
validatedby test results that are relevantfor the speci� c application.
The comparison of experimental hot-gas test results with results
from numerical simulations showed fairly good agreement for the
heat transfer in the purely radiation-coolednozzle extension.

A further quality in full-scale prediction accuracy may be
achievedwith subscaletests under representativecombustioncham-
ber operational conditions.This implies hot-gas � ow with identical
propellants, chamber pressures, and mixture ratios. The similarity
between full-scale and subscale � ow patterns was clearly demon-
strated for the Vulcain nozzle, for which subscale test results at a
one-� fth geometric scale were discussed in detail.For both nozzles,
the plume pattern was the same, and the transition from FSS to RSS
occurred at exactly the same PR.

This result strongly supports the importanceof doing representa-
tive subscale hot-� ring tests during development in general, espe-
cially for advanced nozzle concepts featuring highly transient sep-
aration characteristics. For example, to characterize the transition
behavior from sea-level to vacuum operation in a dual-bell nozzle,
the use of the same hot-gas � ow properties would remove any un-
certainty with respect to gas compositions, leaving the geometric
dependency as the only remaining item of uncertainty. Currently it
is questionable if the time required for transition and the resulting
side force can be predicted with suf� cient accuracy by analytical
and/or numerical models that have only been validated by cold-gas
test results.

Finally, the hot-� re test campaign of the advanced 40-kN thrust
chamber entirely ful� lled the expectationsin giving valuableexper-
imental data to improve both the theoretical prediction and design
tools.
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