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Abstract. An overview of recent numerical and computational studies of radidgenphenomena is presented. Several
important factors affecting radiometric forces have been analyzeldding the contribution of area, edge, and shear forces
for different pressures and gases, chamber size effect, gasesaccommodation, and multi-vane geometries.
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INTRODUCTION

Rare ed gas ow surrounding a thin vane with a temperaturgdignt imposed between its two sides exerts a force on
the vane that tends to move it from the hot to the cold sideh@uorce is conventionally called radiometric, as it is
identi ed with the forces acting in the Crookes radiometgrZ] (although sometimes it is also called Knudsen force).
There are three major components that contribute to thetbvadiometric force on a vane. First, a pressure diffeeenc
between the gas on the high temperature side and the low tatapeside produces a net force. The molecules that
re ect on the hot side have higher velocities than thosected on the cold side, thus causing a force that acts from hot
to cold. Since this force is acting on the entire area of theeyd is called the area force hereafter. Second, there is an
unbalanced force that exists near the edge of the vane,acchygke non-uniformity of the gas heating [3], henceforth
called the edge force. Finally, thermal creep [2] in the fafra shear force acts along the lateral side of the radiometer
in the direction from cold to hot.

A number of prominent scientists contributed to the curbedy of knowledge concerning radiometer ows toward
the end of 19th and early 20th century [3, 4, 5]. The state efatt was summarized by Draper [6] as follows: (i)
Maxwell's theoretical work showed that a temperature gratimust exist on the surface if tangential stresses are to
arise; these stresses are the result of gas slipping oveutfece from colder to hotter places. (ii) Einstein presdra
simple account on how the length of the edge is importat.Miarsh and Loeb con rmed this experimentally. More
recent studies of the origins of the radiometric force ssgtfeat both Einstein's (edge) and Reynolds (shear) forces
appear to contribute to the radiometric force, although #till not clear which one is stronger.

Interest in these ows, while relatively low after 1920ssteeen a resurgence in the last decade, mostly related to the
possibility of direct utilization of radiometric forces inany modern applications. One of the most important of these
is atomic force microscopy (AFM), a research eld that, alilyh invented back in 1986 [7], has been brought to the
forefront of modern nanotechnologies in the last severais/eThe use of radiometric forces as an approach to study
gas-surface translational energy accommodation has higgested by [8]. Gas ow around a laser opto-microengine
was examined with the direct simulation Monte Carlo (DSM@Xod [9]. This method was also used in [10], where
the effect of the vane geometry on the radiometric force petidn was studied both numerically and experimentally.
The solution of model kinetic equations has been appliethédyae the chamber size and gas pressure effects [11].

Unlike most of the present-day studies, this work does notentrate on a speci ¢ device or application. Instead,
it aims to establish the relative importance of three maichmaism that contribute to the overall radiometric force in
ow regimes from free molecular to near continuum and anialgzarious factors that generally impact the radiometric
force in different ow conditions. The latter include the irence of facility effects, primarily proximity of chamber
walls and chamber geometry, the importance of gas-surfgeeaction phenomena such as momentum and energy
accommodation, the effects of radiometer vane geometryraost importantly, the impact of holes in the vane.



EXPERIMENTAL SETUP

Four radiometer vane geometries were used in the expesmant each consisted of a Te on insulator placed
between two aluminum plates. A resistive heater was lochtdieen one of the plates and the Te on insulator,
and the temperature of the hot side of the device was maeddiy varying the power input to the heater. Each of
the plates and the insulator are 0.32 cm thick, and when ddsdmield an overall device thickness of 0.95 cm. The
geometrical dimensions of the four vanes and the arm attachsetup are schematically shown in Fig. 1 (center).
Each of these devices was individually mounted on a modi adaiNewton Thrust Stand (nNTS) [13] located inside a
vacuum chamber. When calibrated using a set of electrostatits, the nNTS provides very accurate and repeatable
data with typical force resolution of approximately 6N and statistical scatter around 1%. Two vacuum chamber
diameters were considered to study the effect of the wallspDand 3 m. In the small chamber setup, a 0.4 m shell
was placed into a large 3 m diameter vacuum chamber, as simdwig.il (right).

Experimental data was obtained for each device by evaautia chamber to a base pressure below*1Ra. A
constant voltage was applied to the heater, which resuitdteimain surfaces reaching temperatures of approximately
415 K (hot) and 360 K (cold). The background pressure ingideehamber was varied from 0.1 Pa to 6 Pa. Air, argon,
helium, and xenon were utilized as test gases. Resultsiiessare normalized by the temperature difference between
the hot and the cold plateBT) to account for small variations in the temperature. Veation of this normalization
method has been conducted for temperature differencesgarpm 4 K to 30 K, and an exceptional linearity of the
radiometric force wittDT was observed [10].
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FIGURE 1. Left: computational setup. Center: vane geometries. Right: experihsattg (right).

COMPUTATIONAL TECHNIQUES

The numerical modeling of rare ed gas ow over a radiometeconducted with two kinetic approaches, the DSMC
method using SMILE computational tool [14], and a nite vole solution of the Ellipsoidal Statistical kinetic
equation using SMOKE solver [15]. The use of a kinetic apphoa complicated by signi cant computational cost,
especially for the DSMC method, but it is necessary in orde@ctount for rarefaction effects such as thermal stresses
in the gas and thermal slip on the surface. In SMILE runs, #rable soft sphere model (VSS) with parameters listed
in [16] was used for the molecular collisions, and the Maxweldel with full energy and momentum accommodation
(except where speci ed otherwise) was used to calculatesge@ace collisions. SMOKE uses numerical schemes
developed in [17]. A second order spatial discretizatiors waed. The solutions were typically obtained in two
successive steps. First, an implicit time integration sohévas run until the results converged. Second, an explicit
time integration scheme was used with the initial condgifnom the rst step. This two-step approach allowed up
to two orders of magnitude reduction in computational tirompared to an explicit-only case. All results presented
below are converged in terms of numbers of particles ang ¢8MILE) and numbers of spatial cells and velocity
bins (SMOKE). The error in the total radiometric force vailsiestimated to be typically less than 3% for DSMC runs
(mostly due to statistical scatter) and less than 1% for BS (mostly due to the time convergence). The schematics
of the computational setup are shown in Fig. 1 (left). Notg tivo temperature sets were used for the cold and hot
sides of the radiometer, (1) 410 K and 450 K, and (2) 395 K a2l he temperature of the insulator was assumed
to be 430 K and 407 K, respectively. The chamber walls werayvassumed to be 300 K.



RADIOMETRIC FORCE FOR DIFFERENT GASES

As mentioned above, the total radiometric force has thrgemeamponents, area force, edge force, and shear force.
In free molecular or nearly free molecular ows, only theaferce is important. In this case, the momentum transfer
between the gas and the vane is most ef cient, and the radiaf@ ce per unit pressure is highest. When gas pressure,
and therefore collision frequency increases, the forceipitpressure decreases, since the collisions betweentezle
and incident particles effectively cut gas-vane momenttandfer. Further increase in pressure results in thermal
transpiration ow, and the increase of relative importanéehe edge and shear forces. In the near-continuum ow
regime, however, the thermal nonequilibrium in gas becolees signi cant, and the radiometric force essentially
disappears. All this results in a bell-shape force versassure dependence (when pressure axis is in log scale), with
a maximum force observed in the transitional regime. Suchlleshape dependence was established experimentally
as early as 1919 [19].

The radiometric force on a single-vane radiometer was nmedsand computed for different gases at different
chamber pressures. Typical ow structure is shown in Figle®) where the gas temperature is shown obtained by
the two different solvers in 2D for temperature set (1) andesgure of 1.2 Pa in a 0.4 m chamber. At this pressure,
the radiometric force is near its maximum. There is a gooéement between the two solvers, with the temperature
difference mostly not exceeding 1 K. Since the radiometagtt€3.81 cm) based Knudsen number is about 0.1 (i.e.
the ow isin the transitional regime), there is a noticeagimperature jump at the hot and cold sides of the radiometer,
with the gas temperature being over 25 K lower than the cpomeding radiometer wall temperatures. At the chamber
walls, the gas temperature is about 300 K. The streamlinesfesa some statistical scatter in the DSMC solution,
but are qualitatively similar to the ES result. There arer feartices formed in the chamber, two at each side of the
vane. The vortices at the hot side are much stronger thae thiothe cold side; the maximum bulk ow velocities
approach 1 m/s. Note that such a four-vortex structure iitgtieely different from a two-vortex ow pattern that is
conventionally attributed to radiometric ows (illusted in [18]). In detailed ES simulations (not shown here), the
four-vortex ow was found to transform to two-vortex at sigrantly lower Knudsen numbers (less than 0.01), where
the thermal transpiration from cold to hot starts to dornrérthe bulk ow motion.

The dependence of the total radiometric force on gas predsurdifferent gases (nitrogen, helium, and argon)
computed with the DSMC method for temperature set (1) in artOchamber is shown in Fig 2 (center). As expected,
all gases produce nearly identical force in the free mobrcrdgime. The force maximum is observed at a Knudsen
number of about 0.1 for all three gases. The largest forcbssmved for helium, since its mean free path for a given
pressure is maximum, and thus the impact of the area (freeaulalr) force propagates further in pressure than for the
other two gases. It is interesting to note that the the radidmforce for nitrogen is somewhat smaller than that for
argon, even though the mean free path is larger in nitrogkee.réason for this is believed to be the internal degrees
of freedom that decrease the gas-vane momentum transferiniffact of the internal modes of molecules on the
radiometric force was rst noted in [20] where the force dmage for molecular gases was analytically evaluated.

The experimental measurements provide qualitativelylaimésults for the three gases considered in the computa-
tions, as shown in Fig. 2 (right). Helium is characterizedh®ymaximum radiometric force, although for intermediate
pressures the force in helium is smaller that that for otlaseg due to incomplete gas-surface accommodation as will
be shown below. The force in argon is larger than that in gérg and two heavier gases (£@&nd Xe) produce even
smaller forces.
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FIGURE 2. Left: temperature elds and streamlines in argon obtained with SMOKE,aod,SMILE, bottom. Center: radio-
metric force for different gases obtained with SMILE. Right: meastweck for different gases.



AREA, EDGE, AND SHEAR FORCE CONTRIBUTION

It is clear from simple kinetic theory considerations th&tew the gas collision frequency is low, the area force is the
main contributor to the radiometric force. For high coblisifrequencies, as was pointed out by Reynolds, molecules
with higher velocities leave the hot side of the vane anda®HNvith incoming molecules, reducing the surface ux
more ef ciently than the collisions of molecules re ected the cold surface. Essentially, this means that theseteffec
compensate each other, and the values of gas pressuresdartes of the vane become equal at the hot and cold
sides. Near the edges of the vane, there is still an unbaldooee that drives the radiometer at higher pressures. This
is illustrated in Fig. 3 (left) where the gas pressure in argbl.2 Pa (where the total force is maximum) is shown, as
calculated with the ES approach for temperature set (1)darsthall 2D domain. Only a small part of the domain is
presented to provide more detail in the vicinity of the vahés clearly that the pressure is maximum near the edges
of the cold and hot sides; it is also high near the lateral sfdbe vane.

Not only is the absolute pressure maximum near the edgethdoptessure difference between the hot and the cold
sides is also a maximum. This is seen in Fig. 3 (center) wherdifference between surface pressures on the hot
and cold sides is given for argon at four chamber pressubgs. ure also illustrates the relative contribution of are
and edge forces. At the lowest gas pressure (8U5), the pressure difference is nearly uniform along tlagephhich
indicates that the area forces are dominant. At the highespressure, the surface pressures at the center of the vane
are equal at the cold and hot sides, and only the edge foreepisriant. The quantitative analysis of the area and
edge force contribution may be conducted through compaw$dorces for two different vane sizes. Figure 3 (right)
shows the radiometric forces, normalized by the vane teatpes difference, for a small and a large vane. Their area
ratio is 0.5, while the perimeter ratio is 1 due to the ow twionensionality. If only area forces were important, the
small-to-large force ratio would be equal to 0.5, while iflyoedge forces were important, the small and large plate
forces would be equal. In the region of pressures where tloe fis maximum, the small-to-large vane force ratio is
about 0.7, which indicates that both area and edge forcdslmae to the total force.
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FIGURE 3. Left: pressure elds at 1.2 Pa. Center: surface pressure difteréetween hot and cold sides. Right: radiometric
force for two vane sizes. Argon gas, ES approach, 2D.

Similar conclusion may be drawn from the experimental tssulesented in Fig. 4 (left, center). The results show
that the forces on the rectangular and large circular plegevary close, while that on the smaller circular plate is
systematically lower. From Fig. 4 (center), where the rtssate shown as force ratios, it is seen that in the low
pressure region the force is proportional to the plate arka.is consistent with predictions made by free molecular
theory. As the ow transitions from the collisionless reginthe picture becomes distinctly more complex. While it is
readily observed that the plates with larger area producae rimoce at their respective peaks, the force-to-area ratio
does not hold. When comparing the peaks of the large and simallar plates, it is found that small plate creates
72% of the force of the larger one. Similarly to the numermadiction, this is between the area ratio (60%) and the
perimeter ratio (77%). The general conclusion may be dréahloth area and edge forces are important in the range
of pressures where the radiometric force is near its maxinisrfor the shear force on the lateral side of the vane,
the numerical analysis shows that its contribution is ngiglly small for small pressures and increases for pressares
the right of those where the peak force is observed. Thiduistiated in Fig. 4 (right). Note that in all cases the shear
force reduces the total force.
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FIGURE 4. Left: Measured force on three different plates in argon. Center: gaoison of measured force ratios for two
geometry pairs. Right: total radiometric force and no-shear (pressuy) force computed in axisymmetric small domain.

RADIOMETRIC FORCE ESTIMATE

For free molecular ow, there is an exact expression for eiiometric force on the vane, expressed as
s S !
F= BA aETh+(1 aE)Tg aETC+(1 aE)Tg

)

whereT, andT. are the hot and the cold side temperatures, respectilglythe free stream gas temperatukés the
area of the vane, angk is the energy accommodation coef cient. For collisionalvosome assumptions have to be
used in order to obtain an approximate analytic expresshome. of the earlier derivations was presented in Ref. [21],
whose authors started from a rigorous theory proposed in[BlefThis theory described a phenomenon, later called
thermal transpiration, where uid particles move from thedcside of the vane to the hot side, with the reaction to
this ow current being a force on the vane towards the col@ sithe region where this force is observed is therefore
the lateral sides of the vane, and the force per unit ared jH2 %;—?%; whereh is the coef cient of viscosityr

is the densitya is the distance to the opposite vane (or, generally, to taentter walls)T is the temperature, ands

the length along the axis chosen parallel to the tempergtacdient.

Another theory [5] is also based on some elements of the tddéramspiration phenomenon, although the radiomet-
ric force is assumed to be produced on the main side of the plan area that is one mean free path thick. The force
is acting on the vane perimeter and is given per unit lengthegdge af = p/ 2': wherepis gas pressuré, is the
gas mean free patb[ is the temperature difference, afids the absolute temperature. This theory found partial con-
rmation in the experiments [22]. Later, SexI [20] showedatltinstein's theory was deduced from a reasoning which
was not strictly accurate, and he modi ed the theory andweerian expression for the radiometric force on a dish

radiometer [see 20] &5 = 1n4+:752#DT; wheren is the number of active internal degrees of freedom of gagoutds

(0 for a monatomic gas). The main difference between SexIEnstein's formulas is that Sexl's radiometric force
is inversely proportional to gas pressure while Einstefotse is independent of pressure and is proportional to the
perimeter of the vane.

Most recently, a new expression for radiometric force wasved [23], that has both pressuFg and sheaf;
components,

15k 15k DT
Fr=(2 ag)—p——DTI; F = ag—p———(t1);
n ( E)32 2p52 t E64 2p52 [ ( )

whereag is the energy accommodation coef ciekiis the Boltzmann constamnts 2 is the total collision cross section,
| is the vane perimeter, and whdrés the vane thickness.

For many radiometric devices, the maximum force is obseavednudsen number about 0.1. For ows at Knudsen
numbers close to this value, the contribution of the edges®is expected to be fairly large, and comparable to that
of the area forces [10]. Obviously, with the increase of gasgure and decrease in the Knudsen number the surface
area where the edge-related radiometric force is signt @éh decrease, since it is proportional to the gas mean free
path. Therefore, an effective area may be introduced forcalair vane as

A= pR%i1= pR> p(R nl)% @)



whereR is the vane radiud, is the mean free path of the ambient gas, ahdpeci es the thickness of the edge area
where the force is produced. This effective area, when @ddgto the free molecular expression (1), may be used for
an evaluation of the radiometric force. Note that in thetiofil ! 0 the force predicted with this expression becomes
independent of pressure, similar to [5]. If an assumptionilar to [5] is made andh = 1 is used, the radiometric
force computed with a simple empirical expression Eqs(Z))gives surprisingly close agreement with the present
experimental results ([10]), as shown in Fig. 5 (left). Itriseresting to note that the assumptiomaef 1 works very

well, even though it has been shown above that the pressibaance occurs over a region of at least ten mean free
paths.
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FIGURE 5. Left: analytic estimates of radiometric force in argon as compared to tiae @anter: measured large chamber to
small chamber force ratio for different vane geometries. Right: tieausize dependence of radiometric force modeled with DSMC.

CHAMBER SIZE EFFECT

The proximity of the walls of the chamber where the radiometane is located is expected to in uence the resulting
radiometric force. The only exception is for free moleculaw with fully diffuse surface accommodation, where
the force is independent of chamber geometry and size. Sdependence on the chamber walls was recognized as
early as 1920s [21], when the radiometric force was predittebe inversely proportional to the distance between
the radiometer plane and the chamber walls. In order to stuglygjuantitative dependence of the radiometric force
on the chamber size, measurements were performed with diffeeent vane geometries in two chambers, a small
0.4 m diameter chamber and a large 3 m diameter chamber. Natténtboth chambers, the radiometer vane was
placed in the chamber center to avoid preferential impatii@fvalls on the cold or hot sides of the vane. The results
are summarized in Fig. 5 (center) where the ratio of radiométrces obtained in large chamber to those in small
chamber is presented for argon gas. For low pressures, wleerew approaches the free molecular limit, the force
ratio tends to unity since the argon atoms re ect nearlyudiffly on stainless steel surfaces of the chambers.

As the gas pressure increases, the force ratio decreasies, eldarly indicates that the proximity of the chamber
walls increases the total force. The main reason for thikas temperature gradients become steeper for the small
chamber, thus increasing the net momentum ux to the vane.dHtrease in the force ratio is nearly identical for the
large rectangular plate and circular plate that have thesasas. However, the small rectangular plate is charaeteri
by smaller in uence of the chamber size. This indicates tiwtjust the distance between the hot and cold sides and
the chamber walls are important, but also the chamber volontiee plate area ratio. The facility impact is smaller
for larger volume-to-area ratios. The computations haesvgtsimilar trend of decreasing the radiometric force with
increasing chamber size, as shown in Fig. 5 (right), wheeefdihce as a function of chamber size is given for a 2D
argon ow over a small plate at 0.3 Pa computed with the ES pakttemperature set 1). For 2D ow, the chamber
size needs to be about two orders of magnitude larger tharatiesize in order to minimize the chamber wall effect.
Note that for axially symmetric ow, a 1.5 m chamber is suftit for the facility effects to be negligibly small.

RADIOMETRIC FORCE AND GAS-SURFACE ACCOMMODATION

When the chamber is large enough, and its effects are ndgligite radiometric force on the vane is governed
by collisions of gas molecules with the vane surface. In fredecular ow, the force dependence on pressure is
known, and for given vane temperatures it is a function ofdhdace accommodation only. The accommodation



coef cients may therefore be found easily if such a free roolar force is measured experimentally. However, the
current capabilities do not allow for measurements of naiic force in free molecular regime with acceptable
accuracy of 1-2%. In order to obtain accommodation coehtse it is therefore necessary to measure the force in
the transitional regime, and then compare it to the cormedipg numerical predictions [11]. DSMC computations
of radiometric ows in large chambers are computationattypractical, while ES results in small chambers were
found to underpredict the DSMC results by about 10% in thgeaf pressures where the force is near its maximum.
An approach was therefore developed [24] that combined henBdeling of a large domain bounded by chamber
walls with the successive DSMC modeling of a much smaller @ansurrounding the vane, with the boundary
conditions provided from the ES computation (ellipsoidatrbution of incoming molecules in DSMC is based on ES
macroparameters calculated from the in ow gas propertielsg results for argon ow in a small chamber are given
in Fig. 6 (left) and illustrate the accuracy of the combin&[ESMC approach. Note that the error bars are estimated
to be about 1% for ES simulations and about 3% for ES/DSMC.

This approach was rst used for helium ow over a large cil@ulane in the large chamber. Comparison of
numerical and experimental results is presented in Fige@tér). Here, the results of the computations using the
combined ES/DSMC approach are shown for the fully diffuseat®on (closed symbols) and the Maxwell model
with the momentum accommodation coef cient of 0.5. It isrséleat the fully diffuse model largely overpredicts the
data, with the numerical points being about two times latigen the corresponding experimental values. However, the
results fora = 0:5 are very close. Therefore, it may be concluded that theimeditoms accommodation on engineering
surfaces of aluminum is incomplete, with the accommodatioef cient close to 0.5. The ratio of calculated with
a = 1 to measured radiometric forces for three noble gaseséngivFig. 6 (right). It is interesting to note that there
is no obvious dependence of this ratio on gas pressure, apdiats for a given gas are within the error bar of the
experiments and computations. The dashed lines show thagevealues of the ratios. The ES/DSMC computations
conducted with the corresponding valuesaohave shown that the best t to the data provigleof 0.53 for helium,
0.81 for argon, and 0.86 for xenon. Those values agree rabiowith those available in the literature [25], which
validates the radiometric approach to obtain accommonlatef cients.
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FIGURE 6. Left: comparison of forces on a small vane in argon obtained with thifiszeht approaches. Center: comparison
of measured and computed forces in helium for two accommodatiorcimoe$. Right: experimental to computed force ratios for
three gases at different pressures.

MULTI-VANE GEOMETRIES

It has been shown above that both area and edge forces cattibthe total radiometric force, usually peaking at
vane-length based Knudsen numbers of about 0.1. Decrethgivgne size would generally shift the force maximum
to higher pressures, effectively increasing the force pérlangth of the vane. The important question arises rdlate
to the possibility of increasing the total radiometric fenger unit length through etching holes in a single vane. It
would now represent a large number of smaller vanes thatpycthie same total area. 2D computations have been
conducted with the ES method to study the effect of the hateedsions (or, in other words, small vane separation),
and the total number of smaller vanes (or the small vane.siibe) schematics of the computational setup are shown in
Fig. 7 (left) where the multi-vane and single vane geomgtie compared. Note that a relatively small chamber size
was used to make the computations more ef cient. Comparngorsults for multi-vane geometries where the total
radiometer area does not change, all vane sizes are eqdangnthe number of vanes varies, allowed the optimum



separation between the vanes (in terms of force per tota lemgth or radiometer mass) to be found, as illustrated
in Fig. 7 (center). Note that maximum forces are presentegl éhich typically occurred at a Knudsen of about 0.03
based on the small vane length. It is seen that a separatiabooft 70% of the vane length represents the optimum
con guration. With the separation xed to 70% of the smallnealength, the number of vanes was then increased
in order to analyze the potential impact of etching a largenlper of holes in a single vane. The gas pressure was
also varied to nd the maximum force for a given geometry. Thasulting maximum forces are presented in Fig. 7
(right) for two chamber sizes. The main conclusion here & #iching holes allows for signi cant increase in the
total radiometric force, although further increase is hared by increasing shear forces. Note that force increase is
expected to be even more signi cant when a 3D geometry (andregvanes) is used.
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