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Abstract. Satellite thruster plume constituents pose a challenge when it comes to 

estimating their potential to degrade or contaminate spacecraft surfaces. 

Therefore, ESA has commissioned a study that covers the characterization of two 

European bi-propellant attitude control thruster plumes and their potential 

contamination impact. In this regard, a freely expanding 10 N MMH/MON bi-

propellant thruster plume is investigated in this ground-based experimental 

campaign. Methods of investigation include quartz-crystal microbalances (QCM), 

material sample impingement, high-speed imaging of the nozzle exit and mass 

spectrometry (MS) measurements. QCM experiments supply data on mass flux as 

well as desorption rates at temperatures ranging from 80 to 300K, which help to 

estimate the impact of plume gas on surfaces of different temperatures. The optical 

and chemical analysis of actual spacecraft surface material witness coupons that 

were exposed to the plume under a wide range of angles, spanning from plume 

centreline to the backflow region, complements this study. Furthermore, high-

speed imaging of the thruster nozzle supports the interpretation of results with 

information on ejected droplet velocities, trajectories and size distribution, 

especially regarding potential droplet impact features which were identified on 

witness materials in the first part of this on-going study. 

1. Introduction 

One of the main goals of this study is the identification of plume species and their general 
capability for redeposition on spacecraft surfaces, as well as their specific behaviour when 

impacting surface material types that are typically present on a spacecraft. Bi-propellant thrusters 

are of high interest in this regard, as they are widely used and require shielding mechanisms or 

sensible material selection in their vicinity due to the emission of gaseous and liquid species. 

These emitted species bare the potential to alter or damage sensitive surfaces by mere 

condensation, mechanical impact or chemical reactions. A thorough understanding of the 

contaminant’s composition, quantity, spatial distribution and surface behaviour is therefore 

crucial to satellite design. 

State of the art European plume expansion models and contamination models are based on 

past experimental findings which were all limited in their ability to replicate space-like vacuum 

conditions throughout the entire length of a pulse. Technically speaking, the DLR CCG facility 

https://creativecommons.org/licenses/by/4.0/
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sampled by Dettleff rises in background pressure up to the 10-1 mbar range for typical 500 ms 

pulses [1] and the Hamburg-Chamber-1 used by Trinks at Hamburg University of Technology was 

able to sustain a background pressure of 10-4 mbar only for pulses as short as 50 ms [2]. Especially 

the backflow region could not be well represented, as a built-up of chamber background pressure 

during thruster firing produces a so-called barrel shock, a compression shock system which 

confines the plume gases to a region in the near-field around the plume axis [3]. Collected data 

were therefore only covering a freely expanding plume within a confined region, mostly within 

60° off-axis or less [1, 4]. 

In contrast to the aforementioned limitations, the experimental work in this project is 

performed at the DLR high-vacuum plume test facility Go ttingen for chemical thrusters (STG-CT) 

[5], which is able to sustain a background pressure level of 10-6 mbar during firing of approx. 500-

5000 ms pulses, depending on thruster type. This paper focuses on plume composition analysis 

and material sample impact under free expansion conditions realized with a 10 N MMH/MON bi-

propellant thruster at STG-CT. Gathered data help to improve plume expansion models as well as 

contamination models in the future, especially with regard to novel backflow information. 

2. Facility 

STG-CT is a cryogenic high-vacuum facility that replicates space-like conditions for plume testing 

of small reaction control thrusters (<20 N). It is unique in the sense of creating vacuum conditions 

for free plume expansion which allow for representative plume parameter collection, even in the 

backflow region. The operating principle of STG-CT is based on a cryogenic, LHe cooled copper 
cylinder, Fig.1, which instantly freezes out any impacting plume molecules and therefore prevents 

the chamber background pressure from rising above 10-6 mbar. Given that the surface is at a 

temperature below 4.5 K, even hydrogen, a plume exhaust gas present in most combustion 

reactions, is captured in this process. 

The longest feasible single pulse duration at STG-CT is dictated by the heat load that the 

cryopump of the facility can take up without an excessive throughput of evaporating helium and 

always depends on the type and size of thruster in use. Moreover, the accumulated firing time for 

 

Figure 1. High-vacuum plume test facility for chemical thruster (STG-CT) at DLR Go ttingen. The LHe-

cooled copper shroud encloses the test section and is the innermost cylinder, thermally protected 

from the outer stainless-steel vessel by a LN2-cooled radiation shield. Image credit: DLR. All rights 

reserved. 
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one test cycle is governed by the total available amount of liquid helium, typically in the range of 

20-40 pulses. 

3. Experimental setup 

3.1 Thruster operation 

A 10 N bi-propellant reaction control thruster operated with MMH (mono-methyl hydrazine) and 

MON3 (mixed oxides of nitrogen containing 3% of nitric oxide) as propellant and oxidizer 

respectively. A constant regulation of feedline pressures ensures a stable mass flow rate to operate 
at nominal conditions for all test cases of this experimental campaign. 

In the interest of improving numerical modelling of thruster plume flow fields, the project 

covers near-field plume characterisation with a pitot probe for impact pressure and a thin film 

thermometer for heat flux estimations [6]. The aforementioned methods are not discussed in this 

paper. 

As the thruster is sitting on a rotatable mount (+/-120°), angular profiles can be achieved for 

all below mentioned methods. Additionally, thruster pulses modes are varied from single pulse 

durations between 20 and 500 ms, to pulse trains with 100 ms and five repetitions. However, with 

material samples installed, 26 pulses of 500 ms, identical to the best possible extend with regard 

to feedline pressure and thruster temperature, are fired while the thruster is held in a fixed 

position. This allows for the deduction of an average mass deposit or damage per pulse from the 

post-test analysis of materials. Thruster temperatures are recorded from a Pt200 platinum 

resistance thermometer mounted to the outer surface of the combustion chamber, along with a 

type K thermocouple (Ni-Cr-Ni) attached to outside of the nozzle lip.  

3.2 High-speed imaging 

A high-speed camera (Phantom UHS Series, Model v1210) equipped with an Infinity K2 DistaMax 

Long-Distance Microscope and a tele-lens (AF-S DX NIKKOR 55–200 mm) images the thruster 

nozzle from an angled viewport (55°) on top of STG-CT. A DC operated LED light blurred by a 

diffusor plate is positioned beneath the nozzle, producing a backlight for shadowgraphy imaging 

at frame rates between 100 and 6000 frames per second (fps). 

3.3 Material samples 
A multitude of different material samples were distributed inside the chamber for plume 

impingement across a wide angular range from +124° to -66°, including centreline (3°) and two 

backflow positions (114° and 124°), Fig.2. Samples were of circular shape with a diameter of 

 

Figure 2. Schematic setup of material testing, including three QCMs and a mass spectrometer (MS). 

Author’s own work. 
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25,4 mm and were held on a supporting ring by a retainer ring in order to facilitate contactless 

pre- and post-processing, Fig.3. All specimens were assembled in a clean-room tent and protected 

with a Teflon® cover during their installation inside the chamber. After plume exposure, the 

vacuum chamber was slowly vented once back at room temperature and the samples were 

recovered, transported to the clean-room tent in closed boxes, briefly inspected and 

photographed and then stored inside ESD-bags purged with argon. 

Most material samples were either directly procured from satellite surface material 

manufacturers, e.g. black and white paints, yellow Kapton®, ESD (electro-static discharge) 

coatings, SSM (secondary surface mirror), OSR (optical solar reflector), or representative of 

materials used on satellite surfaces, such as anti-reflective coatings, gold mirror, aluminium and 

other coatings. 

In addition, pristine silicon wafers were added to the set in the angular range of 7°-114° for 

a SEM-EDS (scanning electron microscopy with energy dispersive X-ray spectroscopy, SEM 

SU3900, Hitachi High Technologies and EDS detector Ultim Max, Oxford Instruments) analysis of 

permanent deposits independent of large-scale surface structures of the substrate, as they are 

present on surface materials like Kapton®, paints, etc. Silicon wafers will be discussed in this 

paper as the chemical and optical analysis of the other sample types is still on-going. Wafers were 

not sputter-coated due to time and technical constraints, which is, however, sought for future test. 

3.4 Mass spectrometry 

STG-CT features a quadrupole mass spectrometer (MS, Hiden Analytical Ltd., model “HAL PIC 

101”) sitting at plume centre at about 3 m downstream. It records the gaseous plume species at a 

resolution of integer mass-to-charge ratios (m/z = 1-100) in-situ, giving direct insight into the 

completeness of the chemical reaction between the two propellants and the ratio of the detected 

reaction products. This paper focussed on permanent deposit observations and is limited to small 

remarks regarding this technique. 

 

 

 

Figure 3. Exemplary material samples (white paint, black paint, yellow Kapton©, OSR/metal-coated 

fused silica, ESD/ITO on glass, copper) pre-test as prepared in the clean room tent (left) and installed 

inside STG-CT (right). Author’s own work, photos taken at DLR Go ttingen. 
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3.5 Quartz-crystal microbalance (QCM) 

Three QCMs (QCM Research, Mark18) can be positioned at desired locations across STG-CT to 

measure mass deposit per solid angle at temperatures as low as 80 K with a resolution down to 

an atomic layer. In this project 28°, 90° and 142° are probed, Fig.2, with additional angles covered 

by the rotation of the thruster in the first part of the test campaign. Once the plume exposure is 

complete and the chamber is still under vacuum and cryogenic conditions, a QCM-

thermogravimetric analysis (QTGA) is conducted. The different vapour pressures of the deposited 

molecular species enable their consecutive, although potentially reciprocatively affected, 

evaporation when the QCM surface is heated at 2 K/min. 

4. Intermediate results 

4.1 High-speed imaging 
The images recorded with lower frame rate (100 fps) show cooling film droplets running down 

the nozzle (v = 0.05 m/s), starting towards the middle of the pulse, Fig.4 left. As soon as the pulse 

ends, the droplets start to evaporate, indicated by the slow blurring of their contours. Right before 

the next pulse, i.e. approx. 5 min later, the droplets cannot be seen any longer in the nozzle. After 

approx. 25 pulses, droplets sit on the nozzle lip, Fig.4 right, as they advance further towards the 

lip with each firing. 

 

Figure 4. Cooling film advancing towards the nozzle lip (left) and cooling film liquid sitting on the 

nozzle lip after approx. 25x 500 ms pulses (right). Author’s own work, photos taken at DLR Go ttingen. 

 

Figure 5. Droplets statistics as observed after the commanded end of a 500 ms pulse: Larger droplets 

tend to be expelled at slightly slower velocities (left), the ejection angle spans over a region of +/-21° 

(centre) and representation of decreasing droplet velocities after pulse end which corresponds to the 

collapsing combustion reaction and hence overall reduced gas flow velocities (right). Author’s own 

work. 
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In all recordings with higher frame rate, no droplets were observed during the pulse firing. 

Potentially they could be below the camera’s resolution limit (< 98 µm). However, between 55 and 

140 ms after the commanded pulse end, droplets exit the nozzle in each pulse, mainly with 

velocities between 5 and 20 m/s and a size smaller than 400 µm, Fig.5. Larger droplets tend to be 

slightly slower compared to smaller ones. The droplets follow straight trajectories at angles up to 

21° from the nozzle axis. The number of visible droplets varies for each pulse, from only one 

visible at all to several within milliseconds. A correlation between appearance, size and trajectory 

is not yet identified. 

Only the very first cold pulse featured a spray ejection approx. 31 ms after the pulse trigger. 

During this cold start-up, the spray expels at an angle up to 20° from the nozzle axis. The event 

lasts for less than 2 ms. While the spray is barely visible by eye, Fig.6 left, details of the spray are 

uncovered by subtracting the images from a reference image, Fig.6 right. 

4.2 Material samples 

When opening the chamber after plume exposure of the samples under constant thruster 

conditions, some materials appeared unaltered at first sight, while some had a milky appearance 

(glasses) and on several others (silicon wafers, OSR, gold mirror) droplet patters where identified 

by the unaided eye, Fig.7. All samples except for silicon wafers were sent to the chemistry lab of 

University Leipzig where they are currently being analysed, which is why this paper focusses on 

analysis results obtained for silicon wafers using a SEM with EDS detector in-house. 

 

Figure 7. Exemplary samples (OSR, top and gold mirror, bottom) in comparison from pristine (left) to 

exposed state after 26 pulses of 500 ms (centre), together with an optical image of a backflow silicon 

wafer (114° position) under lateral lighting (right). Author’s own work, photos taken at DLR 

Go ttingen. 

 

Figure 6. Fine spray observed during first cold-start pulse at about 31 ms after valve opening (left), 

enhanced by image subtraction for better visibility (right). Author’s own work. 
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SEM measurements of permanent deposit patterns were analysed on representative wafer 

areas shown in Fig.8 and Fig.9 after a general inspection with optical microscopy. The perfectly 

spherical appearance of nearly all features suggests that they are droplets or at least created by 

the influence of droplets. The droplet size evaluations in areas of even deposit results in diameters 

ranging from 0,1 – 25 µm. It is remarkable that both the 23° and 66° position have upper diameter 

values limited to about 3,5 µm. Another anomaly differing from the aforementioned results was 

observed on both the 19° and 23° position wafers. At each wafer an impact site of what appears 

to have been a larger droplet dispersed into smaller ones on impact was detected, Fig.10. 

 

Figure 9. SEM images of silicon wafers with similar permanent deposit patterns at 33° (top left) and 

42° (centre), but considerably higher droplet density and smaller particle size distribution at 66° 

position (bottom right).  Author’s own work, photos taken at DLR Go ttingen. 

 

Figure 8. SEM images of silicon wafers with permanent deposit patterns decreasing in size and 

significantly increasing in number of what appears like droplets from 7°, to 19° and to 23° position 

(top left to bottom right). Author’s own work, photos taken at DLR Go ttingen. 
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Remaining feature sizes in the range of 50 µm are twice as big as the largest findings within 

regions of uniform deposit. 

The backflow position exhibits a minor amount of permanent deposits, which is why an 

optical microscopy image is used in the area of highest droplet number density, Fig.7, right, in 

order to obtain a peak value representing this sample. 

A statistical examination of droplet number densities and percent area coverage values, both 

normalized to the thruster sample distance, reveals two major insights, Fig.11. Among the 

 

Figure 10. Exceptional findings: Presumable impact sites of initially larger droplets supposedly 

dispersed on impact on silicon wafers located at 23° (left, diameter of entire impact zone about 4 mm, 

not represented in its entirety) and 19° (right, diameter of impact zone about 750 µm). Author’s own 

work, photos taken at DLR Go ttingen. 

 

Figure 11. Droplet statistics analysed from SEM imaging and normalized over the thruster to sample 

distance: The total amount of droplets per mm2 is shown in orange (line) and the percent area 

coverage shown in blue (bars). The value for the 114° position were obtained by optical imaging and 

represent maximum values found on that sample. Author’s own work. 
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sampled positions, 23° and 66° feature two maxima in droplet number density, along with their 

deviating particle size distribution describe above. The highest percent area coverage was found 

at the 19° position. 

An EDS analysis of various droplet features across all samples revealed the presence of 

nitrogen, oxygen and carbon (descending in percentage), expectable from the propellants in use. 

4.4 Quartz-crystal microbalance (QCM) 

Presented QCM results are based on two different test cycles. Firstly, angular mass deposition data 

where gathered by the rotation of the thruster, Fig.12, left. Secondly, for the sake of better 

comparability, pulse length dependencies were recorded when firing onto two QCMs at fixed 

positions (90° and 142°), Fig.12, right, equal to QTGA data presented in Fig.13, which are based 

on QCM deposits accumulated from 26 thruster firings under constant angular positions. 

Mass deposition at different angles is logged on a scale of µm/cm2 and decreases by 

approximately three orders of magnitude when looking at values near plume centreline up to the 

backflow region. The latter exhibits a non-negligible mass deposition that was repeatedly 

recorded for the default QCM2 position of 142° off centreline. 

Varying the on-time of the thruster from 20, 50, 100, 200 to 500 ms leads to an increase in 

deposited mass for both QCM1 fixed at 90° (T=80 K) and QCM2 at 142° (T=110 K), however, the 

trend is not linear, showing a declining increase for longer pulse durations. 

Despite adsorbing species at a higher substrate temperature of 120 K, QCM2 experienced a 

mass deposition exceeding the one of QCM1 at 100 K by an order of magnitude: QCM2 at the 28° 
position recorded 1-10 µg/cm2 on average per pulse, while QCM1 at the 90° angle recorded about 

0,25-0,5 µg/cm2, which is coinciding with higher desorption rates of QCM2 during the QTGA 

process, Fig.13. 

TGA results from QCM1 positioned at 90° (T=100 K) and QCM2 at 28° (T=120 K), Fig.13, both 

exhibit a desorption peak near 200 K. Additionally, a minor desorption process is observed 

around 215 K in both cases. Both peaks presumably originate in unburnt or partially burnt, 

heavier propellant species, as all other regular plume exhaust products like N2, H2, CO2, CO, NO, 

etc. would desorb at lower temperatures due to their lower vapour pressures. 

 

 

 

 

Figure 12. QCM deposit decreases with increasing angle off plume centreline (left). On-time variations 

of the thruster from 20 to 500 ms lead to a non-linear increase in mass deposited for QCM1 fixed at 

90° (T=80 K) and QCM2 at 142° (T=110 K) (right). Author’s own work. 
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At the 90° position two additional, overlapping desorption processes take place between 

160-180 K, which cannot easily be matched to a plume species. Part of that mechanism can 

supposedly be linked to the desorption of water with a corresponding vapour pressure at the 

present vacuum level in the low 10-5 mbar range. 

5. Discussion 

The present study confirms the finding of droplets being expelled from the nozzle of a 10 N bi-

propellant reaction control thruster operating on MMH/MON under nominal conditions as found 

in previous studies conducted in conventional vacuum chambers [3]. This result highlights the 

need to understand the plume and all its components, including gaseous and liquid (and for other 

thruster types solid) constituents, for a complete assessment of its contamination potential. 

An operation of the thruster was realized under constant nominal conditions, excluding the 

first cold-start pulse of each testing sequence as the structure of the thruster has to heat up with 

the help of the combustion process, as no heating unit is provided on this kind of thruster. 

High-speed imaging of the nozzle exit had the potential to reveal droplets larger than 98 

micrometres i.e. larger than the ones imaged by SEM analysis of material samples. This implies 

that either numerous smaller droplets were present in the plume and deposited onto the 

materials but could not be filmed due to limited resolution, or larger droplets tend to break apart 

when impacting a surface, leaving behind a finer dispersion of droplets which are then found ex-

situ. Regarding the origin of droplets, it is important to note, that there exist different sources: 

First, the cooling film made of pure MMH advances to the nozzle lip where droplets are ripped off 

by the plume flow or evaporate in a yet undefined manner. Second, incomplete evaporation of 

injected liquid propellants inside the combustion chamber during, especially likely during start-

up and shut-down phases due to lower temperatures, can lead to the direct emission of these very 

droplets [7]. The latter is the phenomenon that was presumably observed with our high-speed 

camera. 

 Droplets that were identified on silicon wafer substrates across a wide angular range, 

indicate an order of magnitude for percent area coverage established after 26x 500 ms firings 

 

Figure 13. QTGA data after 26 pulses of 500 ms fired onto QCM1 positioned at 90° (T=100 K) (left) 

and QCM2 at 28° (T=120 K) (right). Both sensors exhibit a desorption peak that corresponds to water 

close to 200 K and a minor peak around 225 K, while QCM1 shows two major overlaying desorption 

peaks starting at around 160 K. QTGA was carried out at a chamber background pressure of 10-5 mbar. 

Author’s own work. 
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under space-like vacuum conditions. However, we believe that an extrapolation of these findings 

should be examined with attention to detail, as the plume composition varies with thruster 

operational points, as shown by QCM mass deposition rates of different pulse lengths. Especially 

the backflow area should be treated with great care, as this study has so far only investigated QCM 

data together with a single material sample. Already one impact feature as seen on two other 

wafers - which has a non-negligible probability of impacting a surface anywhere in the backflow 

when considering the cooling film advancing to the nozzle lip - could significantly alter the 

observations made so far. 

In addition, the behaviour of droplets during the venting of our chamber with ambient air 

remains an open question, as the water introduced during this process would have a strong 

tendency to react, should the droplets be composed of a MMH-derivative, as all hydrazine are 

readily soluble in water. A chemical analysis of exposed samples promises to help understand 

whether chemical reactions with substrate materials took place in addition to the aforementioned 

processes. 

QCM measurements supply data on how much deposit a surface impacted by the plume 

would take up depending on its angular position with respect to plume centreline and, equally 

important, related to a certain surface temperature. The latter makes a difference when 

considering if a gaseous species will stick to a satellite surface at all. Furthermore, QTGA 

measurements reveal another crucial information for satellite design or operation: How much 

does a surface need to be heated in order to re-evaporate the deposited mass? The observation of 
permanent deposit ex-situ at room temperature is supported by the remaining mass on QCM1 

after heating up to 330 K, Fig.13 left.  

6. Outlook 

In summary, this paper gives a first insight into the results of an overall larger study on the 

contamination potential of a 10 N bi-propellant MMH/MON thruster plume, investigated under 

free stream conditions. 

A remaining item is the detailed chemical analysis of a multitude of different material 

samples that were exposed to the plume, which will help to improve statistical conclusions and to 

better differentiate between findings that are broadly applicable across material’s categories, or 

else others that are highly depended on the type of substrate material. Furthermore, the analysis 

of optical properties of the samples before and after plume exposure will allow for a rating of the 

sensitivity of different materials to plume exposure. 

A better understanding of the exact chemical species evaporating during a QTGA could be 

achieved by the combination with a parallel MS measurement. The results of in-situ MS plume 

analysis are still under investigation but first analysis indicate an incomplete combustion process 

containing, amongst others, CH4 as one of the exhaust gases. This finding will further be studied 

but corresponds to a numerical study on a similar type of 10 N thruster [8]. 

The overall goal of this investigation is an improved database for well-founded 

recommendations during the design and operational phase of a satellite. Another part of this 

study complements these findings with gas dynamic plume characterisations which in turn serve 

as points of reference for improved numerical plume modelling. The latter will focus on plume 

expansion and contaminant deposition and their comparison to experimental results, e.g. gas 

species distribution, QCM data, etc. Future research should be devoted to the in-situ observation 

of deposits on surface samples in order to better understand effects during impact, mechanisms 

occurring under vacuum conditions and facility effects during warm-up and venting. A higher 
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camera resolution could potentially reveal a broader spectrum of droplets being ejected from the 

nozzle. 
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