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2)NanoSpace, Uppsala, SwedenE-mail: ville.lekholm@angstrom.uu.seSchlieren imaging is a method to visualize di�erencesin refractive index within a medium. It is an inex-pensive, yet powerful and straightforward tool, for sen-sitive and high-resolution visualization of gas �ows.Here, heated cold gas microthrusters were studied withschlieren imaging techniques. The thruster chips aremanufactured using MEMS technology, and measure22×22×0.85 mm. The nozzles are approximately 20µm wide at the throat, and 350 µm wide at the exit.Through these studies, veri�cation and direct visualiza-tion of the functionality of the thrusters were possible.At atmospheric pressure, slipping of the exhaust wasobserved, due to the severe overexpansion of the noz-zle. In vacuum, the nozzle was underexpanded, and the�ow was seen to be supersonic. There was a measur-able change in the exhaust with heaters activated. Itwas also shown that the method can be used to detectleaks, making it a valuable, quick, safe, and inexpensiveaid in quality control of the thrusters.IntroductionDuring their missions, spacecraft generally need sometype of on-board propulsion system [1]. The size andmass of the satellite, as well as the desired maneu-vers will determine what type of thrusters are required,and how much fuel is needed for the mission. The de-sire to reduce the mass of the spacecraft, while main-taining attitude control, is driving the development ofvery small and low-thrust propulsion systems [2]. Low-thrust propulsion systems are also key components inmissions with larger spacecraft, where extremely ac-curate attitude adjustments are required, such as theLISA [3] and Darwin [4] missions. This renders mi-croelectromechanical systems (MEMS) devices attrac-tive [5].In this report, MEMS-based heated cold gasthrusters from the company Nanospace [6] are stud-ied. The microthrusters are fabricated using litho-graphic patterning of silicon wafers [7], followed by deepreactive ion etching (DRIE) [8]. MEMS technologynot only allows for miniaturization of the componentsthemselves, but also for integration with other compo-nents [1]. Furthermore, DRIE results in smooth sidewalls, making it particularly well suited for micronoz-zles [9], see Figure 1.In the stagnation chamber, heaters are embedded toheat the gas and thereby increase the pressure in thenozzle throat. The pressure of the gas in the nozzlethroat determines the speci�c impulse, and hence thee�ciency of the thruster.

Fabrication of the nozzle using DRIE is not entirelywithout drawbacks, as it is only possible to etch 2.5-dimensional or quasi 3-D structures, thereby sacri�cingoptimal form for size. This means that the compressionand expansion phases of the jet propellant will su�erfrom asymmetry. Furthermore, the miniaturization it-self may lead to increased viscous losses and other scal-ing e�ects that could severely a�ect performance [2].It is therefore of interest to determine if, and to whatextent, this design compromise will a�ect the behaviorof the exhaust. With these aims, both near and far�eld exhaust behavior at di�erent �ow speeds, ambientpressures, and gas temperatures were investigated in alens-based schlieren system.TheoryOne way to visualize the gas exhaust, is to use the factthat not only is the gas exiting the nozzle di�erent fromthe surrounding medium by composition, it is also atdi�erent temperature and pressure, and can generallybe seen through di�erences in the refractive index, nD.All that is required, is fairly collimated light passingthrough the disturbance and casting a shadow on ascreen. This method is called shadowgraphing. A re-lated, but more sophisticated technique, is the schlierenmethod. In its simplest embodiment, a second lens �the schlieren lens � is placed after the disturbance tofocus the collimated beam onto a cut-o�, while simul-taneously focusing an image of the disturbance onto ascreen or imaging device. For many applications, a ra-zor blade will serve very well as a cut-o�.The purpose of the cut-o� is to increase contrast inthe image. In theory, the schlieren lens will focus thelight onto a single point, but, in practice, there will bea focused image of the light source. The cut-o� canbe moved to block the light to varying degrees, allow-ing light refracted away from the cut-o� to pass unob-structed, but blocking light refracted into the cut-o�completely. The schlieren image can then be projectedonto a screen directly, or, using a focusing lens, to animaging device or a screen of desired size. The cut-o�needs to be adjustable with high precision to controlthe background illumination, as this relates to the sen-sitivity and measuring range of the apparatus [10]. Thecut-o� can, in the case of the razor blade, be rotatedaround the optical axis of the set-up to visualize distur-bances in di�erent directions.In general, the light source will be too large for ade-quate collimation, which will result in poor image qual-ity and sensitivity [10]. To improve this, a condensing



Figure 1: Image of a micronozzle manufactured usingDRIE. Gas is exhausted to the left.lens is often used to focus the light onto an aperture orslit, which will then emulate a pointlike (aperture), orextended pointlike (slit) light source. By using variableapertures or slits, the degree of collimation can be ad-justed depending on the disturbance to be visualized.A schematic of the basic setup can be seen in Figure 2.It is desirable to have the largest possible focal lengthfor both the collimating lens and the schlieren lens.Materials and MethodsSchlieren set-upFor this study, viewing areas of only a few centime-ters were necessary, and an optical table was availableof su�cient size to incorporate an in-line lens schlierensystem with very little compromise regarding choice offocal lengths and f-numbers. The light source used forthis study was a 1 kW quartz-tungsten-halogen (QTH)lamp (Newport Oriel 6317) with a water-cooled infrared�lter (Newport Liquid Filter 6127), and a high qual-ity photographic ultra violet �lter (Hoya UV(0) HMC)mounted in series directly on the focusing barrel. Dueto the extent of the lamp �lament (5×18 mm), the beamfrom the lamp was only quasi-collimated, and the smallrelative aperture of the condensing lens in the lamphousing [11] caused rather severe spherical aberration.In order to improve collimation, a 300 mm f /5.9 lenswas used to focus the beam from the lamp onto a vari-able slit (Thorlabs VS100/M), mounted on a transla-tion stage (2×Thorlabs PT1/M) for X-Y adjustment.After the slit, an identical lens, mounted on a singletranslation stage (Thorlabs PT1/M) for X adjustment,then collimated the light through the test area.For studies in vacuum, a small cylindrical vacuumchamber with an inner diameter of 15 cm, and an in-ternal height of 12.5 cm, was constructed. The bottomplate was designed to include an electrical feedthroughwith an external female 25-pin RS232 connector, aswell as two 1/16� NPT connections, one for the vacuumpump, and one for the propellant gas (via a 15 µm �lter(Swagelok SS-4F-15) and a quick release valve). Thechamber had two opposing 40 mm KF �anges �ttedwith sight glasses of high quality borosilicate glass. Amechanical manometer on top of the chamber enabledpressure read-out. When performing tests in vacuum,
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Figure 2: Simpli�ed schlieren set-up, with εy denotingangle of refraction of a light ray, and ∆a the resultingdisplacement at the cut-o�.the chamber was evacuated using an ULVAC G-5D oilrotary pump.The schlieren lens is a 400 mm f /7.9 achromatic dou-blet (Thorlabs AC508-400-A1), focusing the light to theschlieren cut-o�, while simultaneously focusing the dis-turbance to the focusing lens (see Figure 3).In this set-up a razor blade cut-o� was used. Thiswas mounted on an X-Y-positioning �xture, ensuringaccurate positioning of the cut-o� in the focal point,as well as enabling very precise lateral adjustment. Acut-o� of 95-99% was used to maximize sensitivity andcontrast of the images, while maintaining a full mea-suring range.Imaging was achieved with a Sony α350 digital SLR,and a Canon 50 mm f /1.8 FD lens mounted on a bel-lows, to enable variable magni�cation. At the maxi-mum magni�cation, the lens and bellows combinationmagni�ed the live image approximately 3.6 times, imag-ing an area of 4.5×7 mm. The magni�cation in the far�eld images is adapted depending on the orientation ofthe jet in relation to the camera.The entire set-up, Figure 3, was put on a 3×1.5 moptical table top (Melles Griot 07 OTR 517).Test SeriesThe thruster chips studied, were mounted in an alu-minum �xture which secured the chip while at the sametime ensuring power supply and gas connection, Fig-ure 4. The �xture was mounted to the base of the vac-uum chamber via a bracket. The gas connection wasaccomplished by a 1/8” NPT elbow to 1/16” Swageloktube connector (Swagelok part SS-100-2-2) at the bot-tom of the �xture, opposite to the nozzle. Electricalprobes for contact with the heaters were connected totwo 9-pin RS232 female connectors, one on each sideof the �xture. A groove was milled from the top edgeof the �xture down to the edge of the thruster chip toenable viewing of the exhaust gas from the nozzle.3 thrusters were used for this study [6]. All weredesigned to use xenon gas as propellant.Studies at atmospheric pressure. Initial experimentswere conducted at atmospheric pressure in order to bet-ter predict and understand the behavior of the thrustersin later tests. These studies were also to verify thefunction and optimize the use of the schlieren set-upwith regard to thruster position, and establish cut-o�



Figure 3: Final setup. From bottom right to top left:variable slit, collimating lens, test area, schlieren lens,cut-o�, and camera with mounted lens and bellows.percentage for optimum image quality. Tests with andwithout the vacuum chamber in place were also con-ducted in order to determine any e�ects the vacuumchamber and sight glasses could have on the images.� Helium, nitrogen and xenon gases were used� Flow was studied with cut-o� parallel to, or per-pendicular to �owThe jet exhausts of the thrusters were photographedwith inlet pressures ranging from 0.5 to 3.5 bar (gaugepressure) in steps of 0.5 bar. Images were acquiredwith longer and shorter exposure times � longer (1/60 s,ISO 100) to minimize sensor noise while maintainingexposure values, shorter (1/1000 s, ISO 1600) to enablemore time resolved visualization of the behavior of thegas.Studies in vacuum. The thruster chips used in the at-mospheric tests were again studied, but this time in lowvacuum (approximately 3 kPa). As in the atmospherictests, the chips were tested with several di�erent gases(helium, nitrogen, and xenon) at di�erent inlet pres-sures, this time starting at -0.5 bar gauge pressure, andending at 3.5 bar in steps of 0.5 bar. These tests wererepeated with the thruster chip placed horizontally andvertically in order to study the exhaust jet with thecut-o� parallel to, as well as perpendicular to, the �ow.Studies with heaters activated. In order to fully ex-amine the behavior of the thrusters, studies were alsoconducted with the heaters activated. When activated,heater 1 (closest to the nozzle) was connected sepa-rately to 13.6 V at 71.9 mA (0.98 W), whereas heaters

Figure 4: Thruster chip (22×22 mm) in opened �xture.The U-shaped spacer and eight alignment pins surroundthe silicon chip. The thruster exhausts into the milledgroove in the bottom left of the picture. Here, 12 con-nector pads are used to drive the heaters.2 and 3 were connected in parallel to 13.6 V at 204 mA(2.77 W total).Tests were conducted with: no heaters active, onlythe heater closest to the nozzle active, and all heatersactive. These tests were conducted at both atmosphericpressure and in vacuum (3 kPa). Images were capturedat 3.5 bar inlet gauge pressure at atmospheric pressure,and 3 bar inlet gauge pressure in vacuum.Data processingThe images acquired were 4592×3056 pixel RGB chan-nel JPEG images. As only the intensity data was ofinterest when using the a razor blade cut-o�, the threecolor channels were simply added together to createa gray-scale image one third of the original �le size.To minimize dynamic noise, e.g. dust particles in thebeam, the median of several images was calculated. Inorder to eliminate as much of the static noise as pos-sible, a reference image without disturbances was sub-tracted from the signal images. This compensated foruneven background illumination, and dust particles onthe lenses, mirrors, sight glasses, etc. Finally, the imagewas adjusted with respect to brightness and contrast.ResultsTest seriesStudies at atmospheric pressure. The results fromthruster chip #1 with helium gas at 1, 2, and 3.5 bar,can be seen in Figures 5a, b and c, respectively, depict-ing the jet �ow with cut-o� parallel to the jet exhaust.A leak that made imaging at atmospheric pressure dif-�cult was discovered, wherefore the tests were repeatedwith thruster #2. The leakage can be seen as uneven-ness of the background illumination, particularly at thehighest pressure.At low inlet pressure, the exhaust jet is seen to stickto one side. As the pressure increases slightly, the jetstraightens out, and narrows, Figure 5.With the cut-o� perpendicular to the �ow, the edgesof the exhaust were less distinct, but instead, turbu-lence in the �ow could be visualized. The �ow was very



(a)

(b)

(c)Figure 5: Exhaust from thruster chip #1, helium gas,cut-o� parallel to jet. (a) 1 bar gauge pressure. (b)2 bar gauge pressure. (c) 3.5 bar gauge pressure. Thelighter and darker areas of the background are due toleaking gas. Field of view is 21×14 mm.

Figure 6: Exhaust from thruster chip #1 photographedwith cut-o� perpendicular to �ow, 1/1000 s exposuretime, ISO 1600. Notice the darker area close to thenozzle due to leakage. Field of view is 21×14 mm.

Figure 7: Exhaust from thruster chip #1 in vacuum,cut-o� parallel to exhaust jet. The lighter area to theleft of the jet is due to leaking gas. Field of view is7×4.5 mm.fast, and the details, unless stationary, were generallylost due to motion blur. At atmospheric pressure, thespeed of the exhausted gas was still low enough, thatshorter exposure times did resolve more detail. Becauseof the higher ISO required to maintain the same expo-sure value, more noise was introduced. In Figure 6,the exhaust jet from thruster chip #1 is shown, pho-tographed with the cut-o� perpendicular to the �ow.The results were the same regardless of the gas used,but the visibility of the exhaust was related to the dif-ference in refractive index of the gas from the thruster,and the surrounding medium. Here, i.e. in air, xenongas was easiest to visualize, closely followed by helium.Nitrogen was very di�cult to distinguish, due to its re-fractive index di�erence of only 6 × 10
−6, compared tothe ∆nD of xenon of 4×10−4 and helium of 2.6×10−4.Studies in vacuum. In vacuum, the visibility of thedi�erent gases was di�erent from that at atmosphericpressure, as vacuum has an index of refraction de�nedas 1. This meant that, again, xenon was easiest tosee with a ∆nD of 7 × 10−4, but this time followedby nitrogen with a refractive index di�erence of 3 ×

10−4. Helium was di�cult to visualize due to a ∆nDof 3.5 × 10−5. The studies in vacuum, using chip #1,better revealed the source of the leak discovered in theatmospheric tests. In Figure 7, the leak can be seenas a lighter area to the left of, and separate from, themain jet.The tests at step-wise increased pressure show a be-havior signi�cantly di�erent from that at atmosphericpressure. The gas jet was straight and narrow even atthe lowest pressure, and then became increasingly dis-tinct as the inlet pressure increased. The erratic behav-ior of the jet at atmospheric pressure was not observed.An image of thruster chip #2 at 3 bar gauge pressurecan be seen in Figure 8a. No apparent di�erences werenoticed with shorter exposure times.When visualizing the jet with the cut-o� perpendic-ular to the �ow, the situation was again di�erent. Thepressure di�erences in the jet now appeared to be sta-tionary, and could easily be photographed even withrelatively long exposure times. Notice the cross patternin the jet in Figure 8b. The picture is an image of theexhaust from thruster chip #2 at 3 bar gauge pressure



(a)

(b)Figure 8: Image of jet exhaust from thruster chip #2in vacuum (a) with cut-o� perpendicular to �ow. Fieldof view is 12.5×8.3 mm, (b) with cut-o� perpendicularto jet. Field of view is 7×4.5 mm.
xenon in 3 kPa vacuum. The cut-o� is perpendicularto the �ow.Studies with heaters activated. At atmospheric pres-sure, there was a noticeable di�erence in the sound ofthe exhaust when the heaters were activated, but novisible di�erence from the images without heaters ac-tive. Figure 9a shows parts of the near-�eld imagesfrom thruster chip #3 at 3 bar gauge pressure at theinlet. Figure 9b-d shows graphs of the intensity of theprocessed schlieren images along a one-pixel wide hor-izontal centerline of the jet. The gray line is the in-tensity, with the uniform gray of the �xture to the left,and the periodic intensity �uctuation of the gas exhaustslowly fading to a nearly smooth line. The red line isa 50 point moving average of the intensity to compen-sate for some of the noise in the image. From thesegraphs, the distance between the pressure maxima canbe measured, and using the known size of the depictedarea, translated to distances. The total length of thegraph is approximately 7 mm. A total horizontal reso-lution of 4592 pixels gives a linear resolution of 660 pix-els/mm, or 1.5 µm/pixel. Averaged between three mea-surements, the distance between the peaks is 0.64 mmwith no active heaters, 0.57 mm with one active heater,and 0.54 mm with all heaters active.

(a)
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(d)Figure 9: Intensity graphs of thruster chip #3 at cen-terline of jet. (a) indicating measurement line. (b)No heaters activated. (c) Heater nearest nozzle active(0.98 W). (d) All three heaters active (3.75 W). Fieldof view is 7×1.5 mm.



DiscussionSchlieren imagingWith the schlieren setup, almost all of the light is lostin each step along the way: from the lamp itself, viathe slit and the cut-o�. This means that both a highintensity light source and a sensitive imaging device areimportant.The lenses was chosen speci�cally for optimum per-formance for these tests. The challenge with schlierenphotography is often to maximize �eld of view at rea-sonable cost, but here, many of these problems were ab-sent, due to the small �eld of view necessary. The twolenses could have been exchanged for matched mirrors,saving length, but making alignment more di�cult [10].Furthermore, at this scale, there would be no cost ben-e�t over lenses. Even the lenses used in this study werelarger than needed for the �nal tests, but the di�erencein cost was negligible, especially when taking into ac-count the increased versatility and ease of setup thatthe larger lenses permitted.Neither the light source nor the camera were acquiredspeci�cally for this project, but rather for general use.Di�erent equipment could target speci�c needs, such aslow noise, or high-speed capabilities.In the end, it will be the amount of available lightthat limits the sensitivity and magni�cation. Increasedsensitivity requires a narrower slit or aperture beforethe collimating lens, which will reduce the amount oftransmitted light. Sensitivity can also be increased byincreasing the level of cut-o�, reducing the light trans-mitted to the imaging device even further. Magni�-cation will have the same e�ect, as a smaller part ofthe beam will reach the sensor, and the intensity willdecrease proportionally to the square of the viewingdistance.If di�erent propellants, smaller gas quantities, oreven smaller nozzles are to be studied, upgrades, pri-marily of the light source, may be necessary. Increasingthe magni�cation on the imaging side by a factor of twowith the current equipment will already be pushing thelimits, but it is not di�cult to �nd arc discharge lampscapable of over 100 times higher light output after colli-mation (due to the smaller source). Thus, much highermagni�cation is absolutely possible.Test seriesWhile some types of defects can be detected by othermeans, leakage and anomalies in the jet behavior wouldlikely go unnoticed without visualization of the �ow. Inorder to be able to gain the best possible understand-ing of the behavior of these microthrusters, the samechip would have needed to be used for all the studies.As these were bread-board chips, some tests were con-ducted with thruster chips that proved to be unusablefor later tests.Studies at atmospheric pressure. It is obvious thatthe behavior of the thrusters would be very di�erentat atmospheric ambient pressure and in vacuum. Theatmospheric tests gave a very good understanding ofthe fundamentals of nozzle design, and were a usefulaid in predicting the behavior in the subsequent vac-uum studies. The studies at atmospheric pressure also

provided a suitable transition from preparatory exper-iments conducted previously to evaluate the schlierensetup. The unpredictable behavior of the jet exhaustobserved, should not be the basis of any conclusionsregarding performance in their intended environment.The atmospheric studies were also necessary to evaluatethe e�ects of the vacuum chamber.Important observations concerned the leaks near thenozzle. With thruster chip #1, a leak was noticeable inall images, and clearly visible in Figure 7.At atmospheric ambient pressure, the jet exhausts allappeared to be turbulent and subsonic.Studies in vacuum. When the thrusters were studiedin vacuum, the behavior was completely di�erent fromthat at atmospheric ambient pressure. The speed of thegas exhaust was higher, so details were expected to bedi�cult to distinguish, but this was not the case. It wasimmediately clear that the strange behavior observed atatmospheric ambient pressure, was simply an indicationthat the thruster was not operating in its proper envi-ronment. In vacuum, the jet exhausts were observed tobe supersonic and laminar. The appearance of pressuredisks, for example in Figure 8b, con�rmed this.The di�erences between the appearance of the jets inFigure 7 and Figure 8a could be due to either a di�er-ence in design, or the leak near the nozzle causing lowerthroat pressure or extending to a�ect the shape of theexpansion cone.The sight glasses of the vacuum chamber were of suf-�cient quality for schlieren work. However, by theirintroduction, four additional surfaces that could col-lect dust were introduced. While this were fairly eas-ily removed, either physically or in postprocessing, thisshould be an incentive to minimize surfaces in thebeam, regardless of their optical quality.The quality of the chamber, and the capacity of thepump limited the vacuum pressure to around 3 kPa inthese studies.Studies with heaters activated. The di�erence withand without heating could be observed as a di�erencein the appearance of the jet exhaust, Figure 9b-d. Theimage series also shows an increasing degree of asym-metry in the jet exhaust. Whether this is caused byan irregularity in or around the nozzle (either the dam-age near the nozzle exit, or less visible damages), or bysome phenomenon in, or just behind the throat of thenozzle, such as the gas traveling through the heaters, isunknown.The distance between the pressure nodes in the re-sulting images can be measured, as the size of the imageis known. By these measurements, it is possible to ob-tain quantitative results, which can be related to heaterfunction. ConclusionsSchlieren imaging proved to be a powerful technique ca-pable of visualizing very faint phenomena under variousconditions and in di�erent media. The set-up is adapt-able, and can be designed or modi�ed to suit speci�cneeds.



For optimum performance, some aspects are moreimportant than others.� A powerful light-source with a small extension, andnon-coherent light is needed.� High quality lenses with the largest possible focallengths, and small relative apertures are desirable.Preferably f/8 or less.� Sensitive imaging equipment with low noise willincrease resolving power.As these were prototype thrusters, the schlieren tech-nique was particularly useful, as it was able to visualizedefects, e.g. leakage, that would likely have gone unno-ticed without this method. It was also possible to ob-serve the exhaust behavior at di�erent pressures. Therelative ease with which this apparatus is set up, therelatively low cost compared with the manufacturingcost of the thruster chips, and the very low risk accep-tance due to the very high total cost of the missions,makes this a very useful method for pre-launch tests ofthe thrusters.� Studies either at atmospheric pressure or in vac-uum can be used to identify (and locate) leaks inthe thrusters.� Appearance of the jet exhaust in vacuum visualizedwith cut-o� perpendicular to �ow can give usefulquantitative information about the jet.In order to incorporate this method as part of the qual-ity control process, a quick release �xture would enablereplacement of the thruster chips without a�ecting fo-cus or adjustment of the schlieren apparatus.References[1] Johan Bejhed. Fluid Microsystems for Micro-propulsion Applications in Space. PhD thesis, Up-psala University, 2006.[2] Robert L. Bayt. Analysis, Fabrication and Test-ing of a MEMS-based Micropropulsion System.PhD thesis, Massachusetts Institute of Technology,1999.[3] John K. Ziemer and Stephen M. Merkowitz. Mi-crothrust propulsion of the LISA mission, in 40thAIAA joint propulsion conference. Fort Laud-erdale, Florida, July 12-14 2004.[4] G. Saccoccia, J. Gonzalez del Amo, and D. Es-tublier. Electric propulsion: A key technology forspace missions in the new millenium. ESA bulletin,2000.[5] Tor-Arne Grönland, Pelle Rangsten, Martin Nese,and Martin Lang. Miniaturiaztion of com-ponents and systems for space using MEMS-technology. ScienceDirect Acta Astronautica,61:228�233, 2007.
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