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Abstract

The experimental campaign at Technische Universität Dresden tests the performance of annular-aerospike,

dual-bell and expansion-deflection nozzles compared with conventional nozzles in various subsonic counter-

flow regimes and atmospheric conditions. This manuscript offers comparative results between advanced

nozzles (aerospike and expansion-deflection) and conventional nozzles, insights on the methods of anal-

ysis, the processing of the experimental data and the interconnections with the numerical simulations on

advanced nozzles in retro-flow configuration by the institute. As final outcome, the experimental campaign

delivers early results on the feasibility of adopting advanced nozzles as solution for the main propulsion

system of the upcoming class of reusable launch vehicles.
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COLD-GAS EXPERIMENTS ON ADVANCED NOZZLES IN SUBSONIC COUNTER-FLOWS

1. Introduction

In recent years, there has been growing interest in Advanced Nozzle Concepts1 (ANCs), such as Aerospike Nozzles

(ANs), Dual-Bell (DB) and Expansion-Deflection (ED) nozzles, and their application to Reusable Launch Vehicles

(RLVs). This is ascribable to their intrinsic altitude compensation properties, which could mitigate the additional

propellant cost resulting from the vertical landing manoeuvres based on retro-propulsion2. Additionally, design solu-

tions recently investigated, such as film-cooling transition control for DB nozzles3 and Additive Layer Manufacturing

(ALM) techniques for regenerative cooling of aerospike engines4, could overcome the current technical limitations

of these architectures. Despite of a relatively low technology readiness level w.r.t. conventional bell nozzles, further

investigations on ANCs in retro-flow scenarios could improve the understanding of the physics of retro-propulsion.

Eventually, the adaptation of ANCs to the upcoming class of reusable launchers could advance the technology for full

recovery of the main stage, thus increasing competitiveness of Europe by lowering down costs of access to space.

This manuscript offers an overview on the experimental activities at Technische Universität Dresden (TUD)

that involve advanced nozzles in retro-propulsive scenarios. More specifically, small-scaled additively manufactured

nozzles are tested with cold-flows and invested by various subsonic free-stream regimes5. These scenarios, namely

counter-flows (free-stream only) and retro-flows (nozzle-jet and free-stream interaction), are described in terms of both

aerodynamic performance and nozzle performance. In order to do so, a brief recap about the methods of investigation

(extended by references to previous publications5) is offered to the reader in Section 2, together with an overview of

the test-facility, a detailed description of the latest updates to the setup and the adopted nozzle-models in Section 3.

Subsequently, in Section 4 it is presented a preliminary test-campaign to characterise the subsonic free-stream, followed

by an overview of the experimental activities and results for nozzle performance and aerodynamic performance of the

extended body in Section 5 and Section 6, respectively. A discussion on the results, together with a comparison with

parallel CFD studies is given in Section 7. Eventually, the limits of the given methodology and envisaged improvements

are identified, concluding with an outlook on future research activities in Section 8.

2. Methods

The proposed methodology aims to simulate conditions in analogy to landing-burn manoeuvres for Vertical Take-Off

and Landing (VTVL) RLVs such as SpaceX’s Falcon 92, 6–8, during which the reusable main-stage decelerates through

the denser layers of the atmosphere through a powered-descent, namely retro-propulsion. During this manoeuvre, both

descent-velocity and ambient-pressure along the trajectory vary drastically (starting from altitudes of 5 − 10 km to sea-

level, from low-supersonic to low-subsonic/motionless2). The Vacuum Wind Tunnel facility in TUD (see Fig. 1) offers

free-stream velocities up to a maximum of ∼ 100 m/s and a minimum of ∼ 7 kPa for ambient-pressure. This is suffi-

cient to study in Mach and Reynolds analogy9, 10 (refer Section 6) a wide portion of external conditions experienced

during a typical landing-burn manoeuvre.

The analysis of phenomena treats both nozzle performance and aerodynamic performance: the first are described

in terms of thrust (T ), specific-impulse (Isp) and nozzle-thrust-coefficient (or simply thrust-coefficient, CF)11 by follow-

ing a method of analysis in agreement with their definitions5, 11; the analysis of aerodynamic performance distinguishes

between nozzle contribution and aerodynamic contribution to the overall drag (D) and drag-coefficient (CD)10, 12. More

specifically:

CD =
D

q∞ Are f

=
τ + Daero

q∞ Are f

(1)

where τ is the effective thrust resulting from the interaction between nozzle-jet and free-stream, Daero is the contribution

of the aerodynamics to the drag (i.e., viscous-drag, induced-drag, wave-drag), q∞ is the dynamic-pressure of the free-

stream and Are f is a reference-area, commonly the cross-sectional area of the vehicle (AB). The Eq. 1 can be split in

its main contributions:

CT =
τ

q∞ AB

(2)

CDaero
=

Daero

q∞ AB

(3)
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COLD-GAS EXPERIMENTS ON ADVANCED NOZZLES IN SUBSONIC COUNTER-FLOWS

The Eq. 2 and 3 define the aerodynamics-thrust-coefficient10 (CT , not to be confused with CF) and the aerodynamics-

drag-coefficient (CDaero
), respectively. These values describe the contribution of propulsion and aerodynamics to the

overall drag for various regimes of dynamic-pressure during a retro-propulsion manoeuvre. An analogous approach for

the lift is plausible but it is not treated in this manuscript, as only cases for a null Angle-Of-Attack (AOA) and absence

of Thrust-Vectoring-Control (TVC) are reported.

For as intuitive such methodology might appear, indeed it hides the complex interconnections between the ef-

fective nozzle performance and the aerodynamics of the vehicle in terms of τ and CDaero
, which depend on a multi-

tude of factors and still constitute the greatest unknowns in the physics of retro-propulsion. Formerly, thrust-induced

drag and aerodynamic-drag should not be separated. Nevertheless, in the specific case of subsonic free-streams in

incompressible-flow regimes (M∞ < 0.3), the influence of the counter-flow on the nozzle performance is expected to

be relatively small, thus it is temporarily assumed that the effects of the interaction are negligible (τ ≈ T ). This comes

as a first step of investigation, in order to provide valuable estimates of the performance before adopting a more realistic

approach for future research activities. Nevertheless, this assumption will be re-discussed in Section 7, by quantifying

the actual impact of the subsonic free-stream through comparison with numerical results.

For comparing the aerodynamic performance between counter-flows and retro-flows (for identical free-stream

conditions), it is useful to study the increment/decrement (in percentage) of drag-coefficients. So, here are defined:

∆CD =
CDRFL

−CDCFL

CDCFL

× 100 % (4)

∆CDaero
=

(CDaero
)RFL −CDCFL

CDCFL

× 100 % (5)

Generally, one expects the overall CD to increase in retro-propulsive phases as it now includes the contribution of the

thrust. Indeed, the vehicle tends to slow-down faster for high thrust-to-weight ratios, as a strong decrement of the

ballistic-coefficient occurs (β = M/(CD AB), with M as the total mass of the vehicle and a generally higher CD due to

retro-propulsion). On the other hand, the aerodynamic contribution to CD is expected to diminish drastically, as the

nozzle-jet essentially behaves as a blunt-body in the Aerodynamics Interference (AI) area. In re-entry manoeuvres for

reusable-rockets, the latter is generated by the interaction between rocket-engine exhaust-plumes and the asymptotic

free-stream10, which is replicated by the experiments as the interaction between nozzle-jet and counter-flow (refer

Section 6). The AI region establishes in front of the baseplate, and it scales with CT (a clear correlation is verified

for supersonic free-streams10 if CT > 1.0 and nozzle-jet is under-expanded, with a strong discontinuity in the range

1.0 < CT < 2.0 when switching from jet-penetration-mode to blunt-mode).

3. Setup & Test-bench

This section focuses mostly on the latest iteration of the setup (refer Section 3.2) and the nozzle-models involved in

the experimental activities (refer Section 3.3). A more detailed description of the test-facility as well as a detailed

list of types/technical-characteristics of the sensors mounted on the test-bench is provided in a previous publication5.

Nevertheless, some recalls are included in Section 3.1 in order to facilitate the reading.

3.1 Test facility

In Fig. 1 a schematics of the Vacuum Wind Tunnel at TUD is provided. Its main sub-components of interest for the

experimental activities here reported are the test-chamber (or experimental-room), the evacuation-units activated for

the performance tests at near-vacuum conditions (see Section 5), the fan/driving-motor for the generation of the conical

free-stream and the pre-chamber (here total-pressure is measured to provide a reference velocity for the counter-flow,

more details in Section 4). Additionally, the test-chamber hosts a Background-Oriented Schlieren13 (BOS) optical

system for the flow-visualisation. The evacuation units are a Bush RU 0025E and a Bacon V95-GRD-35, which allow

the generation of near-vacuum conditions (∼ 7 kPa), while the asynchronous driving-motor is an ABB M2QA-II 180

speed-controlled in 0.1 Hz steps from 0-50 Hz (coupled to a radial fan with a diameter of 650 mm, it provides free-

stream velocities up to ∼ 100 m/s)14.

3
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(a) Schematics of the Vacuum-Wind-Tunnel14.
(b) Schematics of test-bench and feed-system.

Figure 1: Details in Figure 1a: (1) fan, (2) experimental room, (3) ring line, (4) pre-chamber (calming boiler), (5)

cooling chambers, (6) evacuation units, (7) doors with observation window, (8) shifting device of the pre-chamber, (9)

drive motor for free-stream generation. Modified picture, courtesy of M. Leonhardsberger et al.14.

3.2 Current Setup (latest adaptations)

The concept of the setup is the combination of a pressure chamber hosting interchangeable nozzle-models (additively

manufactured with polymeric resins) and a 1-DOF sliding system that allows force measurements through an S-shaped

load-cell mounted at the bottom. The previous version of the setup5 has been modified to reduce the impact of the

support structure on the aerodynamic performance evaluation and, more in general, to adapt better to retro-flow tests.

More specifically, now it includes an aluminium body-extension that brings the original configuration to an Aspect-

Ratio (AR = LB/DB, where LB is the body-length and DB is the diameter of the cross-sectional area) closer to a

real-case of interest such as Falcon 9. Additionally, it mounts 3D-printed interfaces and frames, together with an

add-on to the support-structure to reduce vibrations and bending during retro-flow experiments (see Figures 2).

(a) Picture of the final setup. (b) Schematics of the final setup.

Figure 2: Final setup after the latest adaption for testing in retro-flow. Details in Figure 2a: (1) pressure-chamber and

nozzle-model, (2) chamber/body interface or support-ring, (3) external body-extension, (4) S-shaped load-cell.

It is due to mention that to realise an AR = 11.6 (as Falcon 9 Block 5) would have been not-practical for

the installation inside the test-chamber, as well as for the stability of the setup against vibrations induced by the

high-density free-streams. Thus, any direct scalability of results to a heavy-lift launcher case-study is limited, as a

compromise to advantage the feasibility of the experiments. Nevertheless, the body-extension is long enough to anchor

4
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the reattachment-point of the asymptotic stream-current along the side-walls (previous CFD studies15 confirmed that

before the finalisation of the design) and to host a distribution of pressure-probes with sufficient resolution to identify

its position through direct measurement of the pressure-coefficient along the wall.

3.3 Nozzle Models

The specimens selected for this manuscript are divided in two categories: continuous altitude-compensating nozzles

(i.e., annular aerospike and expansion-deflection concepts) and Rao-parabolic nozzles. The conventional nozzles serve

as reference models for the advanced nozzles in terms of performance in both near-vacuum (RAO-bell_VAC, see Fig.

3c) and SLS (RAO-bell_8KM, see Fig. 3d). The ANCs are designed to provide a thrust level at near-vacuum conditions

that is comparable (or identical, at best) to the one of the RAO-bell_VAC on design. This was originally planned to be

achieved by sharing identical Nozzle-Pressure-Ratio (NPR, see Table 1) at on-design conditions and same expansion-

ratio (ε = Ae/At = 4.82, with = Ae as geometrical nozzle-exit-area) but, differently from the conventional nozzle, their

altitude-compensation properties allow the ANCs to adapt also to SLS conditions. In this case, their performance are

compared to the RAO-bell_8KM instead (same NPR on design, smaller ε = 13.852), as analytical results predict the

RAO-bell_VAC to experience high over-expansion and flow-separation11 in SLS. Additionally, the comparability would

be supported even more by the nozzles sharing the same throat-area (At), thus also sharing the same mass-flow (ṁ)

in ideal-case, as direct consequence of identical chamber-pressure and gas-properties. Eventually, the iterative design

process on AN and ED nozzle slightly deviated from this approach, as their expansion-ratios converged to ε = 4.778

and ε = 6.427, respectively. For the AN, the ε is practically identical to the one of the RAO-bell for vacuum (0.7

% difference), as the At is c.a 4 % smaller in order to achieve the desired thrust or, alternatively, to realise the same

exit-mach-number and total mass-flow (as iterative result of the design-tool). On contrary, the ED nozzle needs to

adopt a larger ε so to take into account the smaller effective-exit area due to the presence of the pintle. Instead, the

other design-parameters left in Table 1 are the same between all the specimens.

(a) Exp.-Defl. (ED) nozzle

(ε = 6.427, NPR = 45.0).

(b) Aerospike nozzle (AN)

(ε = 4.788, NPR = 45.0).

(c) RAO-bell_VAC nozzle

(ε = 4.82, NPR = 45.0).

(d) RAO-bell_8KM nozzle

(ε = 2.328, NPR = 13.852).

Figure 3: CAD models of advanced (a)(b) and conventional (c)(d) nozzles. In (a)(b)(c)(d) is specified the geometrical

expansion-ratio (ε) and NPR at their respective design-point.

More details are here provided for the different design approaches identified for each specimen. For the AN the

C. C. Lee ideal-contour design-method16 is adopted, with a truncation length to 45 % of the ideal profile and sonic-

conditions at the exit (external supersonic-expansion). The performance losses due to truncation should result below

5 %, but next iterations on this design might increase the efficiency by including a 1-2 % of ṁ for the base-bleed17.

The ED nozzle is designed by Sapienza University by adopting a modified version of the original Angelino’s design-

method17 for ideal-contouring of ED nozzles. These nozzles are known for their high aspiration-drag at sea-level for

high expansion-ratios18. Nevertheless, the ED nozzle was originally included in the comparative also to investigate its

effective altitude-compensation against free-streams. The conventional nozzles adopt a classic Rao-parabolic-contour,

in agreement with the design parameters suggested in literature11. They both share a 80 % length w.r.t. their equivalent

conical nozzles (in terms of ε, throat-geometry and chamber-conditions for each), but differ for their design point:

the RAO-bell_VAC is adapted for near-vacuum operations, its purpose is to verify the performance on-design of the

ANCs (same design-point) through a relatively simple design; the RAO-bell_8KM presents a lower NPR on-design

(c.a 30 % of ANCs’), as it is optimised at the same altitude-point in standard conditions of a Merlin 4D engine). This

approach allows to quantify the performance-gains of ANCs adapted for vacuum if operating in Sea-Level-Standard

(SLS) conditions, also in combination with subsonic free-streams. To better clarify the similarities between the nozzle

specimens, an overview of the design-parameters chosen for the nozzles adapted to vacuum operations (i.e., all ANC-

models & RAO-bell_VAC nozzle) is offered in Table 1.

5

DOI: 10.13009/EUCASS2023-638



COLD-GAS EXPERIMENTS ON ADVANCED NOZZLES IN SUBSONIC COUNTER-FLOWS

Table 1: Reference design-parameters for nozzle-specimens for vacuum operations5.

Parameter Symbol Value Unit

Nozzle pressure ratio (on design) NPRo.d. 45.0 -

Chamber total pressurea pc,0 0.48 MPa

Chamber total temperature T0 293.15 K

Chamber cross-sectional area Ac 5541.8 mm2

Isoentropic exponent γ 1.4 -

Specific gas-constant (air) R 287 J/kg K

Nozzle throat-area At 58.5 mm2

Mass-flowb ṁ 67.3 g/s

Thrustb T 41.6 N
aAssumed NPR ≈ pc/pamb, as pc ≈ pc,0 (for Ac/At ≥ 4)11.
bIdeal values, derived analytically for isoentropic nozzle-flow11.

Originally, also a DB nozzle (optimised at NPR = 45.0) was meant to be part of this comparative study. Unfortu-

nately, the load-cell sensor lost its accuracy due to deterioration/usage during the performance-tests of the DB nozzle,

which shall be included in future publications.

4. Counter-flow Characterisation Campaigns

This preliminary test-campaign is carried out without the setup inside the test-chamber, in order to generate counter-

flow regimes with a high-level of confidence on the local values of air-speed (together with a verification of the oper-

ating conditions of the wind-tunnel after few years of it being not-operational). Indeed, as the conical-flow generated

by the wind-tunnel is not uniform (nor laminar) within the full-extension of the test-chamber, it is necessary to locally

measure the air-speed in order to determine Mx,y and Rex,y. These are evaluated by measuring the stagnation conditions

and the distribution of local flow-velocity, by assuming the counter-flow-nozzle diameter as reference length for eval-

uating Re. It should be noted that to measure ux,y during the experiments (e.g., by using Pitót tubes) would influence

the flow-field with the presence of other bodies, instead of having a clear area for the Aerodynamics Interference (AI).

Additionally, this disturbances would compromise the distribution of air-speed in the laminar-core of the counter-flow,

as well as the aerodynamic performance on the body-extension.

For these reasons, this test-campaign aimed to characterise the counter-flows by mapping a velocity-distribution

in the test-chamber, for various u0 regimes. The free-stream is assumed as an axial-symmetric conical-flow (see

Figure 4), characterised by a laminar-core (AI-area), a mixing-region towards turbulent regimes and a fully-developed

turbulent area (pressure-chamber and body-extension areas).

Figure 4: Geometric parameters of the conical free-jet (counter-flow). Modified picture, courtesy of M. Leonhards-

berger et al.14.

The geometrical parameters in Figure 4 are: u0 (maximum air-speed at free-jet-nozzle-exit), ux (axial-velocity

component of the free-jet at axis-of-symmetry), ux,y (general axial-velocity component in hypotesis of axial-symmetric

6
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development of conical-flow). For incompressible flows (M∞ < 0.3) the Bernoulli’s equation is valid, thus the maxi-

mum counter-flow speed at nozzle exit (u0) is calculated from the difference between absolute stagnation pressures in

the pre-chamber (ppre−ch.,0) and test-chamber (ptest−ch.,0 ≡ pamb) (see Figure 1). Intuitively, in presence of a free-stream

the first is higher than the ambient-pressure (as the mechanical action of the fan increases the total enthalpy of the

flow). In absence of losses, the u0 (at the free-jet-nozzle-exit) would measures exactly:

u0 =

√

2(ppre−ch. − pamb)

ρamb

(6)

where ρ is evaluated before starting the tests and comes from ideal-gas law (preliminary evaluation of pamb and Tamb).

Differently from Figure 4, the ux=0 = (ux)MAX rarely equals the u0 at the free-jet nozzle-exit, because of additional

losses during the subsonic-expansion in the pre-chamber, so u0 loses its physical connotation and assumes meaning of

an ideal maximum air-speed value, dependent only on the fan frequency and the ambient conditions, here adopted to

describe the flow-field in dimensionless air-speed terms.

This methodology allows to derive the linear relationship f − u0, where f is the fan-frequency, constructed by

interpolating four detections at different frequencies ( f = 22.9, 30.4, 35.7, 39.5 Hz) in close-to-SLS conditions. This

relationship is dependant on ambient conditions, thus it is corrected by a factor
√

ρS LS /ρexp to obtain more accurate

results (with ρexp being the value of density at the time of the test), in agreement with Eq. 6.

The following step is to derive a normalised air-speed map, that can deliver values of ux,y for different u0 (see

Figure 5a). The dimensionless air-speed values remain constant over the velocity ranges of interest14, thus the flow-

characterization data remain valid for various u0. Up to 20 measurement points were selected (x/D = 0.0, 2.0, 4.0, 6.0

and y/R = 0.0, 0.5, 1.0, 1.5, 2.0, excluding points (0.0,1.5) and (0.0,2.0) due to zero average-velocity. An additional

measurement at (2.0,0.75) was added to better characterize the curve at x/D = 2.0. The measurements were taken

twice for each point and averaged over a 10-second interval. The final result is the average air-speed of the values in

Figure 5a. In closure, a Matlab script was used to interpolate the data using cubic splines and the measured data were

mirrored for negative values of y/R in hypothesis of axial-symmetric conical-flow.

(a) Experimental-map of averaged-values (ux/u0). (b) Experimental-map of standard-deviation (ux/u0).

Figure 5: Counter-flow characterisation (velocity flow-field) in hypothesis of axial-symmetric distribution19.

The 2D-map in Figure 5a allows to predict the ux,y for different values of u0, while the Standard-Deviation map

in Figure 5b gives a qualitative indication of the extension of the laminar-core. This reaches up to x/D = 5 ÷ 6, thus

providing an indication about the maximum distance where to place the setup (baseplate-distance-from-freestream-

nozzle, namely d). The laminar-core hypothesis (sufficiently verified for (ux)S D/u0 < 0.3 in Figure 5b) ensures a

compatibility of AI fluid dynamics between experiments and CFD simulated in uniform free-streams. The same cannot

be said for the aerodynamic performance on the body, which on contrary is invested by a free-jet that is transitioning

to a fully-developed turbulent regime. This limitation is discussed in further details in Section 8.

7
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5. Performance Campaign

The performance evaluation of the nozzle-specimens is carried out in order to verify their design and effective altitude-

compensation in absence of counter-flows (refer Section 5.2). Moreover, in hypothesis of τ ≈ T (refer Section 2), the

performance can also be used to estimate CT and CDaero
during retro-flow experiments. Such assumption is necessary

in absence of a dedicated sensor for an isolated measurement of T during retro-flows operations and its limitations

are further discussed in Section 8. In order to achieve reliable nozzle performance at on-design and SLS conditions, a

multiple-step approach and corrections to the experimental values are needed (refer Section 5.1 and 5.3).

5.1 Calibration Tests

Before proceeding to the performance tests, it is necessary to define a corrective-curve due to the parasite-forces

generated by the pressurised flexible-tubes. The magnitude of such correction depends on the pressure of the feed-line

w.r.t. the external pressure, defined as ∆p = pc − pa. Additionally, further corrections come from the calibration of the

load-cell, by verifying variations of sensor’s characteristics (SLOPE [N/A]) from fabric-settings. The total-correction

on thrust-measurements by the DAQ is expressed by the following:

F[N] = SLOPE [N/A] · (F[A] − a∆p2 − b∆p − OFFSET[A]) (7)

where a and b are coefficients of a 2nd-grade polynomial curve derived from calibration-tests and change between

near-vacuum and sea-level environment, while OFFSET[A] is the off-set at the beginning of each test so to cancel-out

any pre-loads on the sensor (here set as null/compressive due to the arrangement of the setup). The maximum cor-

rection applies at near-vacuum conditions (where the effect of parasite-forces is higher as the flexible-tubes expand in

a low-pressure environment) and never exceeds a ∆F [A] = 4 × 10−5 A (corresponding to c.a 0.5 N). This result was

achieved through an accurate location and shortening of the section-of-influence of the tubes on the final setup. Instead,

the correction at sea-level results in the range of the measurement error of the sensor (below 0.1 N).

Last element left to discuss of Eq. 7 is the SLOPE [N/A], namely load-cell characteristics, which could vary

with time from the original fabric-settings by the provider. This is mainly due to sensor-integration on the final-setup,

together with degradation of its response due to multiple uses during the tests (see Figure 6). As noticeable from Figure

6b, the sensor correctly operates in a linear-response interval. Nevertheless, its characteristics changed (it increased,

meaning that on the sensor the same applied-load is translated to higher amperage w.r.t. to Figure 6a). The exact reasons

for this are not yet clear (as mentioned, it could be due to sensor-integration on the setup, or more plausibly to sensor-

degradation during usage, due to vibrations during tests with active free-streams). Nevertheless, the process has been

monitored carefully and its impact on the measurements embed through a linear correction via a dedicated corrective-

factor (S LOPEcalibration/S LOPE f abric) that accounts for any gain-deviations between experiments and fabric-settings.

Further discrepancies from the original SLOPE, up to loss of linearity or strong hysteresis, surely imply a substitution

of the load-cell (this was the case during the tests on DB nozzle). Generally, this can be verified through the analysis

of repeatability of results for performance tests (see Section 5.2).

(a) Sensor’s Characteristics before setup-adaptation. (b) Sensor’s Characteristics after setup-adaptation.

Figure 6: Verification of characteristics of the load-cell (i.e., SLOPE [N/A]) before and after the adaptation of the setup.
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5.2 Performance Tests

This section is dedicated to test campaigns that deliver the nozzles performance at specific NPRs of interest in absence

of free-streams. More specifically, the nozzles are tested in "static-fire" (on-design steady-state conditions in the

pressure-chamber, see Table 1) but at different ambient conditions (pamb). The performance obtained for all the nozzles

are reported in Figure 7. As the measurements of each experiment are averaged over 1 s intervals and over a minimum

of three tests per NPR-of-interest, the standard deviation reported in Figure 7 is an indicator of the reproducibility of

the results. These values are subsequently scaled if the experimental condition deviates from the NPR target (within a

maximum of ∆NPR = ±2.0). Further details on this scaling procedure can be found in Section 5.3.

(a) Thrust (T ) at NPR = 45.0. (b) Thrust (T ) at NPR = 4.737.

(c) Specific Impulse (Isp) at NPR = 45.0. (d) Specific Impulse (Isp) at NPR = 4.737.

(e) Nozzle Thrust Coefficient (C f ) at NPR = 45.0. (f) Nozzle Thrust Coefficient (C f ) at NPR = 4.737.

Figure 7: Comparison on performance (averaged & scaled) between the different nozzle models at ANC’s design-point

(NPR = 45.0) and SLS (NPR = 4.737).

In Figure 8, the BOS pictures at NPRs of interest are available. The results in both Figure 7 and Figure 8 are

discussed in detail within the dedicated Section 7.1. In particular, the quantitative results here reported are analysed in

terms of performance-gains between the different models and losses w.r.t. their respective ideal-case.
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(a) RAO-bell_VAC nozzle at NPR = 45.0 (DP). (b) RAO-bell_VAC nozzle at NPR = 4.737.

(c) ED nozzle at NPR = 45.0. (d) ED nozzle at NPR = 4.737.

(e) AN nozzle at NPR = 45.0 (DP). (f) AN nozzle at NPR = 4.737.

(g) RAO-bell_8KM nozzle at NPR = 45.0. (h) RAO-bell_8KM nozzle at NPR = 4.737.

Figure 8: Background-Oriented Schlieren (BOS) outputs from Performance Curves tests.
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5.3 Performance Curves Tests

This test campaigns delivers the NPR-Thrust characteristics for each nozzle, through a series of sub-tests at variable

ambient-pressure and constant chamber-conditions. The reasons for this come as: a qualitative visualisation tool of

the individual behaviour of each nozzle, including altitude-adaptive characteristics; method to scale the experimental

results of performance-tests to their NPR target (NPRre f ) through a corrective-factor, depending on the deviation of

the experimental NPR (NPRexp) from the original target value during the experiment. By this solution, it is possible

to evaluate a corrected-thrust value (Tcorr) also for NPRs not exactly correspondent to the target value (but still close).

This situation could happen quite often during tests at SLS or in counter-flow/retro-flow configurations, where it is more

challenging to control the ambient conditions. Of course, such corrections have limits of validity, estimated on sensor-

accuracy and repeatability of the experiments (confidently, within a maximum ∆NPR = NPRexp − NPRre f = ±2.0).

The interval of interest for the performance-curves starts from the design-point of ANC’s and RAO-Bell_VAC,

then down to SLS (NPR = 4.737 ÷ 45.0). It is divided in four sub-intervals in order to always operate at steady-state.

This comes as the compressed-air tank cannot provide a constant chamber-pressure during a single-run along the entire

span-of-interest of NPR. Then, the data acquired during these tests is extracted in its steady-state interval, then merged

and plotted against the corresponding NPR. A clarifying example for the RAO-Bell is provided in Figure 9.

Figure 9: Example of experimental Performance Curve (here, normalised Thrust T for a RAO-Bell nozzle designed

for vacuum operations).

The performance curves are derived for T , Isp and CF (refer Section 2), and are always reported in dimensionless

terms (e.g., normalised thrust, in case of Figure 9). This is obtained by dividing the experimental values by their

maximum average-value (NPR = 45.0) obtained during the performance-curve campaign for each nozzle, as this

approach preserves the validity of the curves despite of small deviations over their maximum-values). Then, it is

derived for each curve a 6th-grade polynomial and their coefficients are used to correct the performance (refer Section

5.2). This procedure applies to each nozzle, depending on its own curve respectively. The correction of the experimental

thrust follows Eq. 8:

Tcorr = T (NPRre f ) = Texp +

N=6
∑

k=1

ck (NPRk
re f − NPRk

exp) (8)

where Tcorr is the final value searched for the NPRre f (e.g., NPR = 4.737 at SLS for a pc = 4.8 bar), while Texp

and NPRexp are the Thrust and NPR measured during the experiments, respectively. An equivalent procedure applies

also to specific-impulse and thrust-coefficient. As for the performance-tests, the standard deviation is a measure of

the reproducibility of the tests and their results. By following this approach, it is still possible to have a realistic

prediction of the performance at any target NPR, based on experimental-data and numeric-correction within the interval

of confidence specified.
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6. Retro-propulsion Campaign

This series of tests aims to characterise the aerodynamic response of the extended body while invested by a sub-

sonic free-stream, through a combination of counter-flow and retro-flow tests, together with earlier results from the

performance-evaluation campaign (refer Section 5). The reference condition chosen for this campaign takes into ac-

count the methodology proposed by Nonaka et al.9 to define the combination of ambient conditions, free-stream

regimes and relative distance (d) between counter-flow nozzle and baseplate. Additional scaling factors from Korzun

et al.10 are also considered for this study (further details on these are not reported in this manuscript, but can be found

in the referenced publication). Ultimately, the aerodynamics of a real-case landing-burn and of a retro-flow experiment

are comparable in case that the following parameters coincide:

• Mach and Reynolds numbers of both the nozzle-jet at the exit-area and of the free-stream (M j, M∞, Re j, Re∞);

• ratio of the nozzle-exit-pressure to the atmospheric-pressure (pe/pamb);

• scaling parameters for gas-species of the jet (γ j, MW j T j,0) and free-stream (γ∞, MW∞ T∞,0);

• ratio of mass-flow of the jet (ρ j v j Ae) to the free-stream mass-flow (ρ∞ v∞ AB);

• ratio of the momentum-flux of the jet ( f j = ρ j v2
j
Ae) to the free-stream momentum-flux ( f∞ = ρ∞ v2

∞ AB);

It is due noticing that the latter (namely, momentum-flux-ratio) could be alternatively described in terms of CT
10,

which is more suitable for studies on advanced nozzles to include the effects of altitude-compensation.

In order to realise a satisfying study in Mach and Reynolds analogy, the M j and Re∞ should be as close as

possible to the real-case9. Nevertheless, it is clear that the limitations of the test-bench, due to the cold-gas and the

lower free-stream velocities, pone some insurmountable technical-limitations. In particular, the Re∞ results at least one

order of magnitude lower than in the real-case, while the M j for cold-gas could barely reach 2.5 at these expansion-

ratios (higher values could generate condensation, in absence of pre-heating of the gas). Nevertheless, as suggested by

Nonaka et al.9, in order to achieve a comprehensive flow-structure around the testing model that results comparable

to the real-case, it is sufficient that the Re∞ is high enough to ensure turbulent-flow on the body (as in the real-case,

but with larger vortex-structures) and the separation-point resulting fixed at the edge of the baseplate. This was duly

verified through CFD studies15 (see Figure 16a). Therefore, by adopting a Mach analogy in terms of M j/M∞ ratio

(instead of M j, as suggested by Nonaka et al.9), the experimental results can still include information useful to under-

stand at qualitatively level the characterization of the aerodynamic force acting on the body in retro-flow configurations.

As reference real-case, the Falcon 9 - Block 5 (NROL-85) mission is chosen (single-engine, 80% throttling,

2.34 oxidiser/fuel ratio), in correspondence of a trajectory-point at u∞ ≈ 80 m/s during its landing-burn. The scaling-

parameters for this case are numerically estimated from available telemetry-data20 and various simulations through

Rocket Propulsion Analysis© tool. Instead, for the test-case the parameters for the experiments are evaluated prelim-

inarily as ideal values for the reference RAO-bell nozzle designed for near-SLS operations, derived analytically in

hypothesis of isoentropic nozzle-flow11. Eventually, a trade-off between different combinations of pamb, u0 and d led

to a choice of ux=d ≡ u(d, 0) = 60 m/s (at pa = 1 atm) as a good compromise between comparability of results and

practicality of the experiments. A summary of the parameters for such combinations are available in Table 2.

Table 2: Comparison between real-case and test-case, based on ambient/free-stream-conditions, gas properties and

other scaling parameters.

NROL-85a Test-caseb ∆[%]

pe/pamb 0.342 0.342 0.0%

M j 3.915 2.366 −40.3%

M j/M∞ 15.938 13.490 −15.4%

γ j 1.250 1.400 +12.0%

ρ j v j Ae/ρ∞ v∞ AB 0.189 0.103 −45.5%

f j/ f∞ 7.164 0.995 −86.1%

CT 14.921 1.441 −90.3%

MW j T j,0/MW∞ T∞,0 10.053 0.996 −90.1%

A more detailed discussion on the high deviations from the real-case (∆) in Table 2 are provided in Section 8,

together with additional aspects/limitations for the chosen test-configuration and foreseeable improvements.
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6.1 Counter-flow Tests

This series of tests delivers the aerodynamic performance of the extended body in presence of an ux=d ≡ u(d, 0) equal

to 60 m/s. Alternatively, this corresponds to a Mx=d ≡ M(d, 0) = 0.175 for the same air-speed at the baseplate in SLS

conditions. In order to maintain the desired ux=d at the baseplate, the u0 varies for each d = 500mm, 550mm, 600mm

according to the methodology adopted in Section 4. The results are provided in terms of CD in Figure 10.

Figure 10: Experimental results on drag-coefficient (CD) of the extended body in counter-flow scenario, while invested

by a subsonic conical free-stream at Mx=d = 0.182.

Due to notice that the standard-deviation in Figure 10 provides information on the repeatability of the tests.

Unfortunately, this category of test provides the higher dispersion, due to the strong vibrations induced by turbulence

on the setup and, in general, a very high sensitivity to the evolution of the macro-vortexes structures at the shear-layer

of the conical flow. A more detailed analysis of results is provided in Section 7.

6.2 Retro-flow Tests

This series of tests delivers the performance of the different nozzle-models and the aerodynamic performance of the

extended body in a retro-flow configuration (M(d, 0) = 0.175 in SLS for the same air-speed). The d = 500mm has been

excluded after a pre-evaluation on the minimum distance from the free-stream nozzle in order to avoid any impingement

of the counter-flow in the pre-chamber19.

Figure 11: Experimental results on drag-coefficient (CD) of the extended body in retro-flow scenario, while invested by

a subsonic conical free-stream at Mx=d = 0.181.

The Tcorr from performance-tests (refer Section 5.2) is scaled to the NPR of the retro-flow experiments in agree-

ment with Eq. 7, then adopted to evaluate the CT and CDaero
contributions. Again, the standard-deviation in Figure 11

provides information on the repeatability of the tests. A detailed description of the results is provided in Section 7.
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7. Discussion of Results

This section reviews the results of the experimental campaigns for nozzle performance and aerodynamic performance

in static-fire and counter-flow/retro-flow configurations, here reported in Section 7.1 and Section 7.2, respectively.

Additionally, in Section 7.3, more insights are provided on the interactions with parallel CFD studies for both the

design-process of the setup and definition of the test-procedures, together with preliminary results from CFD that offer

insights and suggest further improvements for research activities to follow.

7.1 Discussion of Performance Results

Before providing a discussion of the results presented in Section 5, the design of the nozzles w.r.t. their expected

performance from analytic calculation is verified at both design-point and SLS. It is reported in Table 3 and Table 4 by

following the definitions of performance-correction-factors (alternatively, efficiencies) as provided by Sutton et al.11.

Table 3: Verification of performance at Design Point (losses w.r.t. 1D-Ideal-Case of each nozzle, ideal-values are

derived analytically in hypothesis of isoentropic nozzle-flow11).

ζF = T/Ti Isp/Ispi
CF/CFi

a ζd = ṁ/ṁi
b ζv = ve/vei

RAO-bell_VAC 0.924 0.870 0.923 1.001 0.923

ED 0.930 0.860 0.932 0.993 0.937

AS 0.936 0.907 0.972 0.949 0.985

RAO-bell_8KM c 0.913 0.820 0.913 1.042 0.876
a Expected ζd > 1 for real-case.
b ζv =

√
e = ζF/ζd.11

c NPRo.d. = 13.852, ε = 2.328.

From the analysis at design point, the three nozzles designed at near-vacuum (NPRo.d. = 45.0) lose between

6.4 % and 7.6 % of their ideal-thrust, while the RAO-bell_8KM (NPRo.d. = 13.852) goes down c.a 8.7 %. This be-

haviour can be easily explained: the 3D-printing process in polymeric-resins has a resolution limit of 25 µm per layer,

which can be minimised by increasing the printing-angle. The latter is the user-defined orientation of the model w.r.t.

the printing-plane. In particular, the printing resolution increases if the same contour is distributed through a higher-

number of layers by changing this angle. Inevitably, the printing-process can generate deviations from the original

contour, thus incomplete expansion, higher viscous-effects and divergence/a-symmetry of the flow. In particular, this

effect for AN is enhanced (see Figure 8e, 8f). As the specimens are printed as a single piece, the printing at not-null

angles could result in the central bodies (i.e., spike or pintle for AN and ED nozzle) to lose their axial-symmetry to

some extent due to gravity. In general, these deviations from the original contour are limited at high NPRs, while they

become more evident in case of high over-expansion as the flow tends to separate earlier in presence of imperfections,

sometimes causing a-symmetric flow-deviations as for the RAO-bell_VAC at SLS (see Figure 8b). Moreover, liquid

droplets (e.g., moisture or condensation) in cold-flows can also reduce the performance, even though such phenomena

do not appear from the BOS pictures (see Figure 8). Overall, the close gap in losses between all the nozzles designed

for near-vacuum exclude that the lower performance constitute a case of incorrect design (even though the nozzles

could always be further thrust-optimised), while for the specific case of the RAO-bell_8KM the higher losses (still

within a 10 % total margin) suggest that the design of its contour might be improved by reducing the exit-angle at the

throat11 (θi < 30 o), at cost of a longer nozzle.

Then, the verification process proceeds for SLS conditions, with the exclusion of the RAO-bell nozzles (as both

of them experience flow-separation according to Summerfield-criterion21). It is due noticing that the ideal-case for

the ANCs considers an "optimum-adaptation" to the ambient pressure (pei
= pamb)11, which is quite plausible to be

an over-estimation for any real-case, even with the best design achievable. Nevertheless, previous analyses6 showed

that c.a 50 % of pressure-compensation already provides more than 90 % of the performance-gains achievable by the

adaptation to ambience. From this preliminary verification, it is already clear that the AN surpasses with no doubts

the ED in terms of efficiency at SLS, thus verifying the sensitivity of the ED nozzle-concept to the effects of wake-

evacuation (or aspiration-drag)18. Interestingly, the aerospike achieves a higher efficiency also w.r.t. the on-design

case in Table 3, suggesting that the adaptation along the spike might reduce some divergence losses (see Figure 8f).

14

DOI: 10.13009/EUCASS2023-638



COLD-GAS EXPERIMENTS ON ADVANCED NOZZLES IN SUBSONIC COUNTER-FLOWS

Table 4: Verification of performance at SLS (losses w.r.t. respective 1D-Ideal-Case, ideal-values are derived analyti-

cally in hypothesis of isoentropic nozzle-flow11).

ζF = T/Ti Isp/Ispi
CF/CFi

a ζd = ṁ/ṁi
b ζv = ve/vei

ED 0.745 0.672 0.727 1.049 0.710

AS 0.945 0.894 0.959 0.996 0.949
a Expected ζd > 1 for real-case.
b ζv =

√
e = ζF/ζd

11.

The final step is to proceed with a direct comparison of the nozzle performance between the specimens designed

for near-vacuum (ANCs and RAO-bell_VAC) and the nozzle designed for near-SLS operations (RAO-bell_8KM). An

overview is provided in Table 5. The behaviour of the conventional nozzles is in agreement with the basics of nozzle-

theory11: the RAO-bell_VAC performs better than RAO-bell_8KM at NPR = 45.0 (only +2.5 % in thrust for an ε

that doubles the one of RAO-bell_8KM, but almost +7.5 % in Isp), while at SLS the unavoidable flow-separation

dramatically compromises its flow-expansion. In this case, additional losses are addressable to asymmetric flow-

development for low NPRs (see Figure 8b). On contrary, the ANCs preserve a relatively high-thrust at SLS (NPR =

4.737) despite of their high expansion-ratios, with the aerospike outperforming all the other nozzles with a +15.3 %

(value in perfect agreement with literature1, 11, 17, 22). Curiously, the ED nozzle fits right in between the two conventional

nozzles in terms of thrust at SLS, thus under-performing w.r.t. the RAO-bell_8KM. At near-vacuum (NPR = 45.0),

both the ANCs offer higher performance than the RAO-bell_VAC despite of sharing identical chamber-parameters and

design-point. One plausible explanation is that both the C. C. Lee and Angelino’s design-methods, for AN and ED

respectively, as based on ideal-contouring, might reduce the impact of viscous-losses. In the case of the ED nozzle,

this comes with a longer nozzle, but for the AN (truncation at 45 % of ideal-length) the form-factor is less penalising

than for the ED, thus providing higher performance at a reduced volumetric-encumbrance. Moreover, a +24 % of Isp

implies higher efficiency and far-less propellant-consumption, not to mention that by including a base-bleed (1-2 %

of the total mass-flow) the performance-gains could increase even more17. The AN exhibits an asymmetric flow in

both ambient conditions (see Figures 8e and 8f) for the reasons addressed before in this section, suggesting that an

optimisation of the printing angle (alternatively, lightening of the spike) could increase the performance further.

Table 5: Performance comparison w.r.t. RAO-bell_8KM operating at same NPR.

NPRre f ∆F ∆Isp ∆CF

RAO-bell_VAC a 45.000 2.5 % 7.4 % 2.29 %

RAO-bell_VAC 4.737 -18.1 % -14.2 % -18.61 %

ED a 45.000 3.2 % 6.2 % 3.34 %

ED 4.737 -9.1 % -6.4 % -9.12 %

AS a 45.000 3.8 % 12.0 % 7.79 %

AS 4.737 15.3 % 24.5 % 19.78 %
a Design-point (NPRo.d. = 45.0).

In closure, more details (so far, not yet addressed) come from the BOS pictures (see Figure 8): the nozzles

designed for near-vacuum operate close to an optimum expansion, with the exception of the ED nozzle that results

slightly over-expanded. This is a consequence of the higher expansion-ratio, that was a deliberate design choice to

limit the impact on performance of the reduced effective exit-area due to the presence of the pintle. The presence of

internal-shocks for the RAO-bell_VAC at near-vacuum (see Figure 8a) is a consequence of its parabolic-contour. On

contrary, at near-vacuum the RAO-bell_8KM operates highly under-expanded, this is clearly depicted by the diverge

of the flow at the nozzle-exit (see Figure 8g) and is a consequence of its smaller expansion-ratio. This nozzle exhibits

over-expansion at SLS but no flow-separation, as originally intended by design. Further details on the BOS analysis

will be delivered in future publications in comparison with validated outcomes from the CFD studies.

7.2 Discussion of Counter-flow/Retro-flow Results

In the following section, the outcomes of counter-flow and retro-flow experiments reported in Section 6.1 and 6.2 are

discussed. In particular, the results provided in Figure 10 are plotted here in Figure 12 in function of the normalised

distance (d/D) of the baseplate from the nozzle of the free-stream (where D = 100.0 mm is the diameter of such noz-

zle). From the results reported in Figure 10, the extended body exhibits a higher aerodynamic-drag for longer distances
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(note that the Mach number at the baseplate, or Mx=d, does not change between the tests at different d/D), due to the

development of the conical free-stream towards a full-turbulent regime (refer Figure 4). In general, a turbulent free-

stream is closer to a realistic case-study of a VTVL-RLV9. Nevertheless, it is always necessary for the experiments to

find a compromise on d/D, in order to: contain the nozzle-jet within the laminar-core for the retro-flow tests (closer to

case-study, refer Section 2); reduce the dispersion of velocity-profiles in radial-direction due to a non-uniform distribu-

tion (refer Section 4). The last point emerges from the development of conical-flows in still-ambience and it constitutes

a feature of the TUD vacuum-wind-tunnel that at current state cannot be avoided (refer Section 4 for clarifications). In

particular, such dependency is more visible in Figure 12. This is addressed to the variation of the radial-distribution of

ux,y and Rex,y, in hypothesis of axial-symmetric flow and for identical Mx=d at various d/D (different u0 values5, 14).

Figure 12: Experimental results on drag-coefficient (CD) w.r.t. normalised distance (d/D) of the extended body in

counter-flow scenario, while invested by a subsonic conical free-stream at Mx=d = 0.182.

As the Mx=d does not change for different d/D, the only contribution that could influence the differences in CD

and its behaviour with d/D is the form-factor of each nozzle for different Rex,y over the extended body. In particular,

the ED nozzle offers the widest exit-area, while the aerospike reduces the stagnation of the free-stream to the baseplate

thanks to its peculiar geometry (a higher average-velocity at the baseplate-tip is verified numerically15). It is quite

plausible that such tendency would reduce asymptotically once that the extended body is invested by a fully-developed

turbulent free-stream for x/D > 7.0. Nevertheless, it is quite interesting to quantify how different nozzle-types be-

have differently for higher Rex,y distributions, depending on their form-factor. In particular, for applications to RLVs

of aerospike engines at high expansion-ratios, this effect could strongly affect the aerodynamics (thus, vehicle sta-

bility) of the RLV during an aerodynamic descent, due to the additional viscous-drag along the spike and the higher

stream-velocity at the baseplate2. More research in this regard could be pursued for different combinations of ε an

truncation-lengths for ANs at various Mx=d (consequently, different Rex,y distributions over the extended body).

Further discussions involve the results presented in Section 6.2 (see Figure 11) on the impact of retro-propulsion

on the total-drag. As expected, the contribution of the aerodynamic-thrust-coefficient (CT ) to the total-drag is dominant

w.r.t. the residual aerodynamic-drag (CDaero
), even though the increments in total-drag are strongly limited due to the

low-thrust w.r.t. the dynamic pressure (1.15 < CT < 1.52). In order to better visualise this result, in Figure 13 are

reported the individual contributions to the total-drag, reviewed in terms of increment/decrement of the aerodynamic-

drag-coefficients (namely, ∆CD for total-drag and ∆CDaero
for aerodynamic-drag). The dramatic drop in the contribution

of the aerodynamic-drag suggests that the counter-flow is strongly altered by the nozzle-jet. Unfortunately, there is

not a definitive way to verify if this reflects a collateral effect of operating with a conical counter-flow (instead of a

uniform one), but comparatives from literature can offer some additional insights: in general, the experimental CDaero

always drops by 75 % (up to an order of magnitude for CT > 1.5), in agreement with Nonaka et al.9 for comparable

M j and f j/ f∞. This confirms a strong dependency from these parameters, while the dependency from pe/pamb (as

for supersonic-retro-propulsion10) seems strongly reduced in subsonic retro-flows. An additional confirmation for

CT > 1.5 comes from a real case-study on a RLV model (RETALT1, refer Marwege et al.23), as the CDaero
exhibits a 90

% drop for M∞ = 0.5 and CT = 3.34. Though, in this specific case the comparative comes only on a qualitative level,

as the tests on the RLV model adopts hot-gas and a much higher M j. Nevertheless, the correlation between CDaero
and

CT (better highlighted in Figure 15) encourage the results obtained through the proposed methodology.
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Figure 13: Experimental results on increment/decrement of drag-coefficients (∆CD, ∆CDaero
) of the extended body in

retro-flow scenario for NPR = 4.603 (invested by a subsonic conical free-stream at Mx=d = 0.181).

Figure 14: Increment/decrement of drag-coefficient (∆CD) of the extended body w.r.t. aerodynamic-thrust-coefficient

(CT ) in retro-flow scenario for NPR = 4.603 (invested by a subsonic conical free-stream at Mx=d = 0.181).

Figure 15: Increment/decrement of aerodynamic-drag-coefficient (∆CDaero
) of the extended body w.r.t. aerodynamic-

thrust-coefficient (CT ) in retro-flow scenario for NPR = 4.603 (subsonic conical free-stream at Mx=d = 0.181).

17

DOI: 10.13009/EUCASS2023-638



COLD-GAS EXPERIMENTS ON ADVANCED NOZZLES IN SUBSONIC COUNTER-FLOWS

In Figure 14 it is offered an overview on the variation of total-drag (∆CD) depending on CT . In general, all

nozzles exhibit an increment in total-drag that increases with CT at the same Mx=d. In particular, the AN exhibits the

highest increment as it also presents the highest thrust at SLS. Curiously, the effect of the Rex,y on the extended body

inverts the second-derivative of the fitting curves. Further analysis in this regard might be of interest. In closure, a final

comment regards the dependency of ∆CDaero
on CT and, more specifically, in Figure 15 it is shown a linear dependency

on this latter, which is not necessarily the case for any subsonic counter-flow (refer Nonaka et al.9). Nevertheless, such

behaviour finds similarities with the scaling of the normalized bow-shock height with the square root of the momentum

ratio (case 1.0 <
√

CT < 2.0) for studies on supersonic retro-propulsion10, 24.

7.3 Preliminary Results from CFD Simulations

The role of CFD simulations for the methodology of investigation, definition of test-procedures and comparative on

results, constitutes an important element for the retro-flow experiments with subsonic free-streams, as the BOS visual-

isation cannot provide information on the flow-topology of the AI region. Additionally, it provided information on the

distance of reattachment point of the free-stream in both counter-flow and retro-flow experiments, in order to size the

body-extension15. Further details on the validation of CFD models are delegated to future publications. Nevertheless,

some useful insights can be provided to the reader. Preliminary results on the nozzle performance in retro-flow con-

figuration show a common behaviour between the models: the local static-pressure (at nozzle-exit) is lower than the

pamb without counter-flows, as the the nozzle-jet expands in an low-pressure AI region that partially presents a not-null

velocity (stagnation conditions only at the baseplate, see Figure 16). In general, this results in a +2 % in the effective

NPR and a +1 % in the nozzle performance (higher for ED) as the nozzles perform in a better adapted operating con-

dition than in absence of counter-flows. This result is presented in Table 6 and further details will be provided in a

following publication. For the interest of the experimental activities, if such effect is confirmed after the validation of

CFD models, it might be necessary to update the effective NPR in retro-flow configurations.

(a) Counter-flow at SLS (uniform free-stream). (b) Retro-flow at SLS (uniform free-stream).

Figure 16: CFD post-processing of velocity-profiles for RAO-bell_8KM nozzle in counter-flow and retro-flow config-

urations (NRP = 4.737, u∞ = 60.0 m/s)15.

Table 6: CFD preliminary-results on variation of nozzles performance between static-fire and retro-flow configurations

at SLS (NPR = 4.737)15.

Fx CF Isp NPR

EDa +2.22 % +2.26 % +2.26 % +2.07 %

ASa +0.82 % +0.84 % +0.84 % +2.13 %

RAO-bell_8ka +0.98 % +1.02 % +1.11 % +2.18 %
a The indicated values refer to a uniform asymptotic free-stream.

As mentioned, the CFD constitutes also a visualisation tool for the AI region, which allows to correlate the

distance of the stagnation-point (AI-region extension) to the CT (alternatively, to momentum-flux-ratio f j/ f∞). More

studies will follow on the dependency of the penetration of nozzle-jets in subsonic counter-flows on this parameters,

based on the methodology provided by Jarvinen et al.25, 26 .
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8. Limitations & Outlook

In general, the proposed methodology provides outcomes in good agreement with results already available in literature

(refer Section 7). Additionally, the presence of the laminar-core (verified in Section 4) ensures a flow-field compat-

ibility of AI-region between experiments in conical-flow and CFD in uniform-flow. Unfortunately, the same cannot

be said for the aerodynamic performance on the extended body, as the test-bench inherits important limitations from

the conical-flow. Further improvements could envisage the adoption of a wind-tunnel for uniform-flows. Moreover,

solutions to reduce the parasite aerodynamic drag of the support-structure of the setup are envisaged, as well as the

integration of characteristic geometries designed for VTVL-RLVs on the body-extension, such as: clustered-nozzles

(e.g., octa-web configurations as Falcon 9); 3D-printed control-surfaces (e.g., planar fins); other disturbances (e.g.,

landing legs). On contrary, it would be necessary to re-design the pressure-chamber in its entirety in order to increase

the aspect-ratio. Nevertheless, a parametric study on the form-factors10 (i.e., nozzle-exit-to-baseplate, nozzle-throat-

to-baseplate, aspect-ratio) could provide additional information in this regard. In order to better achieve a precise

calculation of u0 and ρ, the temperature should be read through a dedicated sensor mounted directly inside the pre-

chamber. Moreover, the pressure-probes along the body-extension (not yet investigated for this publication) could read

the differential-pressure in parallel, for the evaluation of the pressure-coefficients Cp(x) at the side-walls. This would

provide useful information on the location of the reattachment-point of the free-stream and more in general of CD.

Another foreseeable improvement involves the reduction of the propagation of measurement-errors (e.g., aero-

dynamic coefficients are calculated, not direct measurements) and general methods to improve the repeatability of tests

(i.e., to reduce the dispersion of data between different ambient conditions). Despite of the standard-deviations on

the direct measurements being relatively low (with the exception of the total-drag in counter-flow experiments, refer

Section 6), the error-propagation on the derived parameters still tends to grow fast when calculating the aerodynamic

coefficients (affected from both measurement-errors and not-negligible standard-deviations between tests for total-drag

and dynamic-pressure). A better solution could be to de-couple the thrust from the total-drag during retro-flow ex-

periments, by acquiring direct-measurements of the first. By such approach, the contribution to the aerodynamic-drag

on the extended body (due to the viscous-drag at the side-walls and induced-drag of the aft-body) could be ignored

by measuring the thrust directly at the baseplate. Thus, the introduction of a load-cell between chamber-pressure and

body-extension should ensure reliable measurements of the thrust in retro-flow configuration for free-streams within

incompressible-regimes. Additionally, the integration of such sensor could improve the evaluation of nozzle per-

formance even in absence of counter-flows, as the load-cell would be placed directly behind the pressure-chamber.

Nevertheless, it should be clear that such alternative setup cannot de-couple thrust and aerodynamic-drag completely

(as it would be still present the contribution of aerodynamics at the baseplate), but preliminary results from CFD show

that the aerodynamic-drag at the baseplate is relatively low for the scenario of interest15. In definitive, a plausible way

to validate this methodology would be to perform tests by adopting both sensors and then comparing their results.

A final remark regards the comparability of results between the real-case (Falcon 9 - Block 5 (NROL-85)) and

the test-case selected for the counter-flow/retro-flow experiments (refer Section 6). Indeed, this study is limited to a

qualitative analysis without direct comparability of results for the description of the AI area and its flow-topology, due

to some high deviations of parameters of investigation w.r.t. the real-case. More in detail, the range of momentum-flux-

ratios selected for this study is c.a one order of magnitude lower than for the real-case, as well as the scaling parameter

for the different gas-species. The parameter for mass conservation is closer, but still far from the best case. This are

typical limitations of cold-gas experiments at low-thurst ranges. Nevertheless, the analogy achieved for pe/pamb and

M j/M∞ ratios already provides insights for a first qualitative comparison with the real-case. Foreseeable solutions in

order to increase the comparability of results include: higher expansion-ratios for the nozzles; pre-heating of the gas

(also beneficial to mitigate condensation); higher thrust-levels w.r.t. the momentum of the free-stream. Additionally,

other methods of comparability proposed for supersonic retro-propulsion by Marwege et al.27 could be addressed.

A general outlook of this study envisages the investigation of step-wise altitude-compensating nozzles (e.g., DB

nozzles), together with the adoption of some of the proposed improvements. Moreover, further studies on models

that integrate geometries of interest for VTVL-RLVs (e.g., clustered-nozzles, landing-legs, etc.) will be considered.

The most envisaged follow-up study is a comparison between an octa-web configuration and an annular-aerospike.

This comes as the aerospike engines present clear advantages in terms of performance, expected to increase thanks

to a combination of higher expansion-ratios and continuous altitude-compensation properties. Their application to a

future class of RLVs still constitutes an enormous technical challenge, but further studies in retro-propulsive scenarios,

together with advancements in manufacturing techniques, system-engineering and simulations, could fill the TRL gap

with reinvigorated motivation and better achievements than in the past.
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9. Conclusions

This manuscript presents a novel methodology for investigating advanced and conventional nozzles in subsonic retro-

flows. The methods defined in previous publications by the research group have been extended to the analysis of the

aerodynamic performance in counter-flow/retro-flow configurations. First, the behaviour of both continuous altitude-

compensating nozzles (i.e., annular-aerospike and expansion-deflection nozzles) and conventional RAO-bell nozzles is

provided through "static-fire" tests with cold-gas (dry-air) at ambient conditions spreading from near-vacuum to SLS.

At their design point, the ANCs exhibit performance comparable to a RAO-bell designed for near-vacuum operations

(∼ 16 km), while preserving them during SLS-operations thanks to their intrinsic capabilities of altitude-compensation.

The annular-aerospike confirms performance gains at SLS up to 15 % w.r.t. the RAO-bell designed for near-SLS

(∼ 8 km), thanks to a higher expansion-ratio. On the other hand, the ED nozzle presents major losses at SLS due to its

known sensitivity to the wake-evacuation and, in general, low-efficiency in open-wake regime. The analysis includes

the verification of the design of each nozzles: most of their losses at design-point have been addressed to viscous effects

and printing imperfections. In addition, a dedicated study on aerodynamic performance of the extended body against

a subsonic counter-flow for a M∞ < 0.2 (incompressible-flow) is included. In the latter, a sensitive dependency on the

nozzle type and Re∞ emerged. This reveals the importance of a correct Re∞ in order to achieve a realistic simulation of

a real-case of interest and promotes further investigations on the impact of different nozzle types on aerodynamics and

stability of the vehicle. In closure, the nozzle performance and aerodynamic performance studies have been extended

to the retro-flow configurations (at same M∞): the increments in total-drag are limited due to the low-thrust w.r.t. the

dynamic pressure (CT slightly above 1.0, thus limited comparability with the real-case). Nevertheless, the correlation

between aerodynamic-drag and CT results in good agreement with literature and envisages further applications of the

provided methodology to nozzles and body geometries that better simulate the real-cases of VTVL-RLVs of interest.
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