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Signi� cant discoveries about gas–surface interactions that have been made in 90 years of laboratory experiments
and 30 years of orbital measurements are reviewed. This information is used to improve the calculation of drag
coef� cients for satellites in low Earth orbit for several different satellite shapes and orientations by inserting the
appropriate parameters in theoretical models of the drag coef� cient. The drag coef� cients so calculated provide
increased consistency in orbital measurements of atmospheric density by satellites of different shapes near 200
km, where adsorbed atomic oxygen dominates the interaction and causes the energy accommodation coef� cient
to approach unity. It is essential to improve the numerical value of the drag coef� cient so that the density of the
neutral thermosphere can be inferred from satellite drag to better than the present 15% uncertainty. The key to
this improvement is the calculationof drag coef� cients from parameters measured in space, rather than from those
measured in the laboratory under conditions very different from the space environment.

Nomenclature
A = reference area of the spacecraft
Cd = drag coef� cient calculated from orbital measurements and

physical models
D = diameter of the satellite
Ei = kinetic energy carried to the surface by incident molecules
Er = kinetic energy carried away by reemitted molecules
E = kinetic energy that fully accommodated molecules would

carry away
e = orbital eccentricity
Fd = drag force
h p = altitude of perigee, km
k = Boltzmann constant
L = length of the satellite
m = mass of an air molecule
T = absolute temperature, K
Ti = kinetic temperature of the incident molecules
Tr = kinetic temperature of the reemitted molecules
T = kinetic temperature of fully accommodated molecules,

i.e., wall temperature
Vi = velocity of the incident airstream, km/s
Vr = velocity of reemitted molecules

p = orbital velocity at perigee
z = altitude, km

= energy accommodation coef� cient
= air density

Introduction

R ECENT efforts to validate new models of the neutral thermo-
spherehave continuedto encountera barrier that has prevented

modelsandmeasurementsfromagreeingto better than 15%(Ref. 1).
One of the important sources of uncertainty in the neutral measure-
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ments is the drag coef� cient. Reduction of this uncertainty is the
motivation for the present work.

Atmospheric density is often calculated from the drag force on a
satellite, using the well-known equation

Fd
1
2

Cd AV 2
i (1)

which also de� nes the drag coef� cient Cd . Here Vi is the velocity
of the incident airstream relative to the spacecraft. The area A is
usually taken to be the projected area of the satellite normal to the
velocity vector. Space experiments measure Fd . The quantities A
and Vi are usually known to high accuracy, leavingCd as the princi-
pal cause of uncertainty in determining the density. Cd depends on
the satellite shape and on the way in which air molecules interact
with the satellite surfaces. Orbit analysts often use the term “drag
coef� cient” for a � tting parameter that constrains the orbital decay
calculated from a thermospheric model to agree with the observed
orbital decay of a satellite, but that is a meaning of drag coef� cient
different from the one used in this paper. Here we are concerned
with a physical quantity that measures the actual drag force on a
satellite.

Laboratory experimenters have been measuring the re� ection of
molecules from surfaces for the past 90 years.2 5 These investi-
gations have contributed to our understanding of such diverse ar-
eas of satellite science and technologyas drag coef� cients,6 8 mass
spectroscopy,9 11 and spacecraftglow.12 14 During the � rst 30 years
of this century, the experimenters observed that gases (except the
light gases, hydrogen and helium) lost nearly all of their kinetic
energy and were re� ected with a diffuse angular distribution. In the
1930s, Roberts15 showed that, by taking extraordinary measures to
clean surfaces,he could cause gaseousmolecules to reboundwith a
considerablefractionof their incident kinetic energy.Since the pio-
neering research of Roberts, an enormous body of information has
accumulatedon the interactionof moleculeswith cleanand contam-
inated surfaces. A representative sample of this literature has been
cited in a recent paper,16 in which the drag coef� cients of spheres
were calculated.

During the past 30 years, satellite experiments using pressure
gauges9 10 and mass spectrometers11 have revealed that satellite sur-
faces are covered by adsorbed gases and that this coverage varies
continuously as the satellite moves up and down in its orbit: An
example11 from the mass spectrometer on OGO-6 in Fig. 1 shows
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MOE, MOE, AND WALLACE 267

Fig. 1 Surface coverage of atomic oxygen on the walls of a mass spec-
trometer (after Hedin et al.11).

that net adsorption occurs near perigee (point P), whereas net
desorption occurs around apogee (point A). The perigee height of
OGO-6 was 400 km, and the fractional surface coverage of ad-
sorbed molecules was about 5% of a monolayer near perigee. In
the pressuregauge on the SPADES satellite,10 the fractional surface
coverage was about 4% at 400 km, but it was an order of magni-
tude larger at its perigee, 159 km. The continuous variation in sur-
face coverage around the orbit increases the dif� culty of simulating
satellite conditions in the laboratory. In fact, the laboratory exper-
iments cited in Refs. 2–5 have shown that the energy exchange on
collision depends on at least eight parameters: the molecular com-
position, roughness, and lattice con� guration of the surface; the
number and nature of molecules adsorbed on the surface; and the
composition, velocity, and angle of incidence of molecules strik-
ing the surface. To facilitate theoretical analysis, laboratory exper-
imenters often use inert gases and make strenuous efforts to clean
their surfaces. Satellite experimenters,on the other hand, must deal
with reactive gases, such as atomic oxygen, which adsorb on satel-
lite surfaces. Because of all of these complexities, we use insights
gained from both orbital and laboratory measurements to summa-
rize the present state of knowledge of satellite drag coef� cients.
However,when calculationsof drag coef� cients are carriedout, they
shouldbe basedon thoseparametersdescribinggas–surface interac-
tions that have been measured in space, rather than those measured
in the laboratory under conditions very different from the space
environment.

We shall begin by describing the measurements that reveal how
molecules interact with surfaces. Then we shall review how orbital
measurementsof energyaccommodation17 were used in thedrag co-
ef� cient models of Sentman18 and Schamberg19 20 to calculate Cd

for satellites of several different shapes and orientations near 200
km, where surface coverage dominates the gas–surface interaction.
After that, we shall showhow some theoreticalmodels of energy ac-
commodationwere proven inapplicableat 200 km by comparingthe
predictionsof these models with orbital measurements on satellites
of different shapes. Such models may apply at much higher alti-
tudes, where the surface coverage of adsorbed molecules is lower
than it is at 200 km. This possibility is investigatedin discussingthe
work of Harrisonand Swinerd,21 who analyzedthe energyexchange
at 800–1000 km. Then we shall turn to measurements in a highly
eccentric molniya orbit, where the ratio of incident kinetic energy
to the binding energy of adsorbed molecules is considerablyhigher
than in low Earth orbit. Finally, we shall discussBlanchard’s22 mea-
surements of Shuttle re-entry, which can improve our knowledge
of the transition from free molecular � ow toward continuum � ow
as the mean free path approaches the satellite dimensions and re-
� ected moleculesbegin to de� ect incidentmolecules away from the
spacecraft.

Processes at Satellite Surfaces
Striking evidence of adsorption and chemical reactions on sur-

faces at satellite altitudeswas providedby the rocket experimentsof
Offermann and Grossmann.23 These experimenters � ew two mass
spectrometers of identical semiopen design. One was cooled to the

Uncooled spectrometer Cooled spectrometer

Fig. 2 Comparison of atmospheric gases ionized and measured by
cooled and uncooled mass spectrometers at altitudes of 120–170 km
(after Offermann and Grossmann23).

temperature of liquid helium, so that nearly every molecule that
struck its surfaces froze there. Only molecules that did not strike
a wall were ionized by an energetic stream of electrons and were
measured. The other instrument was uncooled, so that most of the
measured molecules had made multiple collisions with its walls.
The measurements by the two instruments are compared in Fig. 2.
In the cooled instrument (SN 5), the concentration of each species
decreased with increasing altitude with its own scale height, as ex-
pected. But in the uncooled mass spectrometer (S 61/1), several
species showed signs of surface chemical reactions: The curve for
atomic oxygen (mass 16) has been severelydistortedby reactionsof
incomingoxygenatoms with carbonand adsorbedoxygenatoms on
the walls. This has produced carbon dioxide (mass 44) in amounts
that greatly exceed the natural amounts. Carbon monoxide (mass
28) has also been produced on the walls, distorting the curve for
molecular nitrogen, which also has mass 28. The curve for molecu-
lar oxygenalso is distorted.Thermosphericexperimentssuch as this
make it clear that laboratory measurements of inert gases striking
clean surfaces do not apply to the interactions in low Earth or-
bit: As many laboratorymeasurementshave shown, adsorbed gases
strongly in� uence gas–surface interactions.2 3

Con� rmatory Laboratory Experiments
Laboratory simulations using atomic oxygen have con� rmed the

space-basedmeasurements:The stickingprobabilityof atomic oxy-
gen on various metals was measured by Riley and Giese24 and by
Wood.25 In later laboratory experiments by Lake and Nier26 and
Lake and Mauersberger,27 a beam of atomic oxygen (the princi-
pal constituentof the lower thermosphere) � owed into an uncooled
mass spectrometer.Some of the oxygen atoms adsorbed on the sur-
faces of the instrument and underwent chemical reactions in which
carbon monoxide and carbon dioxide were produced.After most of
the carbon had been oxidized, molecular oxygen became the main
product of the experiments. More recently, Sjolander28 measured
in the laboratory the rates at which adsorption occurs and carbon
monoxide, carbon dioxide, and water are produced in a mass spec-
trometer by a beam of atomic oxygen. Sjolander did not measure
the surface coverage, and so his measured rates depended strongly
on the number of hours the mass spectrometer had been exposed to
the oxygen beam. Now Stein is developing a new method of pro-
ducing a 5-eV beam of atomic oxygen with a � ux that can deposit
a monolayer on a surface in minutes instead of hours. This new
source is better suited to simulating the environment in low Earth
orbit than the older sources, which had lower � uxes and less ener-
getic atoms. The effect of surface coverageon the rate of adsorption
can be representedtheoreticallyby Langmuir’s adsorptionisotherm
(see Ref. 29 and many of Langmuir’s subsequent papers). The the-
ory of adsorption in satellite instruments, based on the Langmuir
isotherm,was developedin a series of papers9 11 30 in the 1960s and
1970s.
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268 MOE, MOE, AND WALLACE

Accommodation Coef� cients Measured
in Low Earth Orbit

A measure of the kinetic energy lost by molecules on collision
with surfaces is the energy accommodation coef� cient . It is de-
� ned by the equation

Ei Er

Ei E

Ti Tr

Ti T
(2)

where Ei is the kinetic energy transported to the unit area of the
satellite surface by incident molecules, Er is the kinetic energy
carriedaway by re� ectedmolecules,and E is the energy that would
be transported away if the re� ected molecules had adjusted to the
surface (or wall) temperature before reemission. The subscripts on
the temperatures have the same meanings as those on the energies.
A review of satellite measurements has revealed that, in low Earth
orbit near 200 km, is near unity and appears to depend only on
the amount of gas adsorbed on the surface.17

Accommodationcoef� cients havebeen measured in orbit by four
satellites of unusual design that had two different measured aero-
dynamic interactions, such as orbital decay and spin decay or lift
and drag. The values measured by several scientists are shown in
Fig. 3, which is taken from Ref. 17. The perigee heights h p , veloci-
ties at perigee p , and orbital eccentricitiese are shown in the box.
Each vertical column contains accommodation coef� cients calcu-
lated from the orbital data by assuming a different angular distribu-
tion of reemitted molecules. These angular distributions are shown
in Fig. 4. The fourth distribution(a fresh silver surface) could not be
veri� ed by experiment. It should be ignored. Angular distribution
has been measured in orbit only once: It was 98% diffuse at 225-km
altitude,31 so that the quasispecular case (column 3) is inappropri-
ate at altitudes near 200 km. Therefore, one can assume that all
of the incident molecules were diffusely reemitted from S3-1 and

Fig. 3 Accommodation coef� cients measured by four satellites.

Fig. 4 Models of angular distribution used in Fig. 3, plotted in polar
coordinates and projected on the plane of incidence.

Proton 2 at perigeeheightsbelow 200 km. One would have expected
this because their measured accommodation coef� cients were 0.99
and 1.00. Above 200 km, the accommodationcoef� cients are lower,
as Fig. 3 shows. As the altitude increases and the surface coverage
of adsorbed molecules decreases, one would expect the fraction of
molecules that are diffusely re� ected to decrease monotonically,as
it does in laboratory experiments.2

Drag Coef� cients in Low Earth Orbit
Because of the dif� culty of laboratory simulation, we have used

the energy loss and angular distribution of re� ected molecules
measuredin orbit to guideus in calculatingsatellitedragcoef� cients.
As explainedin Ref. 16,we have insertedtheseparametersmeasured
in low Earth orbit into the drag coef� cient models of Sentman18

and Schamberg.19 20 In Sentman’s model, the molecules striking
the satellite surface have a Maxwellian velocity distribution (corre-
sponding to the atmospheric temperature) superposed on the nega-
tive of the satellitevelocityvector.The moleculesreemittedfrom the
surface have a diffuse angular distributionand a Maxwellian veloc-
ity distributioncorrespondingto the temperatureTr . In Schamberg’s
model, the incident molecules have the joule gas velocities super-
posed on the negative of the satellite velocity vector. The reemitted
molecules can have an angular distribution ranging from specular
to completely diffuse, dependingon an adjustableparameter.All of
the reemitted molecules have the same speed, Vr 3kTr m 1 2.
Therefore, Schamberg’s model is capable of representing quasi-
specular reemission in which, for example, all of the reemitted
moleculesmight be distributedin a cone of half-angle15 deg. Sent-
man’s model has the advantage that it gives a more accurate rep-
resentation of the momentum transferred to the surface at grazing
incidence.On the other hand,Schamberg’s model, or superpositions
of Schamberg models, can represent the entire range of reemitted
angular distributions. A superposition of both models can handle
almost any physical situation.

The calculated values of Cd vs altitude for a sphere and a stubby
cylinder (with a length-to-diameterratio of 1) are shown in Figs. 5
and6, whichare takenfromRef. 16.The solidcurveswere calculated
using Sentman’s model. The dashed curves, based on a combina-
tion of Sentman’s and Schamberg’s models, includea quasispecular

Fig. 5 Drag coef� cient of a sphere in low Earth orbit.

Fig. 6 Drag coef� cient of a short cylinder in low Earth orbit.
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MOE, MOE, AND WALLACE 269

Fig. 7 Drag coef� cients of satellites of � ve different shapes and orien-
tations at 200 km. In all cases, the reference area is the projected area
normal to the velocity vector, and the energy accommodationcoef� cient
is 0.99.

fraction that increases from 2% at 200 km to 21% at 325 km, which
is our estimated upper bound on the quasispecular component.
The vertical line at Cd 2 2 represents Cook’s early theoretical
estimate,6 7 which has been widely used for satellites of compact
shapes. Comparing Fig. 5 with Fig. 6, one can see the importance
of shape and orientation for precise density measurements.

The increase in Cd in Figs. 5 and 6 as the altitude increases from
150 to 300 km is caused mostly by the decrease in accommodation
coef� cient (see Table 5 in Ref. 8). This causes the air molecules to
rebound with more energy, thus increasing the drag by Newton’s
third law. The quasispecularfraction used in calculating the dashed
curves in Figs. 5 and 6 is an extrapolationintendedto encompassthe
measurementof Gregory and Peters31 on STS-8, which showed that
at 225 km about 2% of the oxygen atoms re� ected from a carbon
plate were quasispecularlyre� ected.

Karr et al.32 calculated drag coef� cients for a sphere and a � at
plate, using Gregory and Peters’31 orbital measurements of angu-
lar distribution. Karr et al.32 used Nocilla’s33 drifting Maxwellian
model of the re� ected molecules, and they assumed all possible
values of the accommodation coef� cient from zero to one. For a
sphere, they obtained drag coef� cients ranging from Cd 2 02 or
2.03 for complete accommodation to Cd 2 21 or 2.26 for zero
accommodation.32 They commented that “the lower bound would
seem to be more likely since the re� ection is nearly a cosine.”32

We hope that future measurements will remove the uncertainty
about re� ection at higher altitudes. One way to reduce this uncer-
tainty is to compare the densities deduced from satellites of dif-
ferent shapes � ying simultaneously in similar orbits. Harrison and
Swinerd21 haveused this methodeffectivelyat 800–1000km, as will
be discussed later. The idea can be understood by looking at Fig. 7,
which has been calculated from Sentman’s model for an altitude of
200 km, an atmospheric temperatureof 850 K, and a mean molecu-
lar mass of 21.5. The angular distribution of re� ected molecules is
diffuse, and the accommodationcoef� cient is 0.99. The speed ratio
(the ratio of the satellite speed to the most probable speed of air
molecules) is 9.5. In all of these cases, the reference area has been
chosen to be the projectedarea of the satellite normal to the velocity
vector. Observe the effect of shape and orientationon Cd . At higher
altitudes, where the accommodation coef� cient is lower and the
fraction of molecules quasispecularly re� ected is greater, the drag
coef� cients of the various shapes will vary even more than in Fig. 7.

Long Cylindrical Satellites
Long cylindrical satellites can eliminate unrealistic models of

drag coef� cient because of the large area that is exposed to the
airstream at grazing incidence. This will be shown in the present
section by utilizing Marcos’s1 data for compactly shaped satellites
and long cylindrical satellites that � y like an arrow. Marcos1 com-
pared accelerometer measurements of air density made by seven
satellites with more than a dozen thermospheric density models.
Four of the satellites were compactly shaped: Three of these were
atmosphere explorers (AE), cylinders capped by � at plates, with a
length-to-diameter ratio of 0.71 and with the cylindrical axis nor-

Fig. 8 Ratio of measured densities to model densities for two satellite
shapes (data from Ref. 1).

Fig. 9 Data of Fig. 8 recalculated using drag coef� cients derived by
using the accommodation coef� cient 0.99 that was measured in orbit.

Fig. 10 Data of Fig. 8 recalculated using drag coef� cients derived by
using static-lattice, hard-sphere models of energy accommodation(note
change of scale).

mal to the airstream.Three were long cylindersthat � ew like arrows,
with a length-to-diameterratio of 5. In deducing densities from his
accelerometer measurements,Marcos1 used Cd 2 2 for the short
cylindersand “about 3.5” for the long cylinders.We have calculated
the average ratio of his measured densities to the 11 most recent
density models in Fig. 8. The ratios are shown as a function of the
sunspot cycle because the compact satellites were aloft at times of
low solar activity,whereas the long cylinders � ew when the sunspot
number was high. On average, densities derived from the compact
satellitesare about2% above the models,whereasdensitiesfrom the
long cylinders are 7% below the models. In Figs. 9 and 10 we shall
reinterpret these data, using Cd calculated from two very different
models of the accommodation coef� cient.

Figure 9 shows the average of the density ratios for three of the
compact satellitesfromFig. 8 (the threeAEs) and the averagefor the
three long cylinders;however, in Fig. 9 the ratios have been adjusted
by using drag coef� cients calculatedfrom Sentman’s18 model using
the accommodation coef� cient 0.99, which was measured in orbit
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270 MOE, MOE, AND WALLACE

near 200 km. The calculated Cd for the AEs is 2.297 in place of
the conventional value, Cd 2 2, and that for the long cylinders is
Cd 3 253 in place of 3.5. These drag coef� cients computed from
orbital measurementsbring the averageratiosof densities to models
to within 2% of each other and within 2% of the average density
model.This con� rms Marcos’s conjecture1 thatuncertaintiesin drag
coef� cient caused the discrepancy.There remains a possible slight
bias in the ratio for the long cylinders because the exact shape and
the exactCd used in Fig. 8 for the long cylinderswere not available.

Many theoretical models of the accommodation coef� cient ap-
proximate the interactionof inertgaseswith cleansurfacesby letting
a hard sphere collide with a lattice of hard spheres that are not cou-
pled to each other (Ref. 2, pp. 406–414). Goodman34 has one such
model,whichproducesa quasispecularre� ectionwith an accommo-
dation coef� cient that is large at normal incidence and approaches
zero at grazing incidence.Figure 10 shows the result of using Good-
man’s static-lattice, hard-sphere model of accommodation instead
of orbital measurements to calculate drag coef� cients. For the AE
satellites, we obtain Cd 2 40 instead of 2.2 and for the long
cylinders Cd 1 96 instead of 3.5. This causes the density ratio
for the AE satellites to fall to 0.935 and that for the long cylinders
to rise to 1.66. Instead of reconciling the measurements by satel-
lites of two differentshapes at 200 km, hard-spheremodels increase
the discrepancy to more than 70%. Many static-lattice,hard-sphere
models that make similar assumptions and arrive at similar results
are cited in Refs. 2 and 7. Hard-sphere models may be appropriate
for analyzing laboratorymeasurements of inert gases striking care-
fully cleaned surfacesor satellite drag data at much higher altitudes
but not for measurements on satellite surfaces near 200 km that are
coated with adsorbed atomic oxygen and other contaminants.9 11

Hard spheres would not adsorb (Fig. 1) or react chemically on sur-
faces (Fig. 2), and hard spheres do not have quantum levels, and so
they cannot contribute to spacecraft glow.12 14

Energy Accommodation in a Molniya Orbit
Explorer6 (Ref. 35) � ew in a molniyaorbitwith a perigeealtitude

of about260 km and an apogeeof 42,500km. It measuredanaccom-
modation coef� cient of about 0.7. In contrast, Ariel 2, which had a
perigee height of 290 km in a low Earth orbit, measured an accom-
modation coef� cient of about 0.9, whereas Proton 2 and S3-1, with
perigee heights below 200 km in low Earth orbit, measured accom-
modation of 0.99–1.00. These satellite measurements are shown in
Fig. 3, which is taken from Ref. 17. The reduced accommodation
in a molniya orbit might be explained by the 30% higher kinetic
energy of incidentmolecules,which would reduce the likelihoodof
trapping. (For example, an incident oxygen atom would have about
6.5 eV, vs 5 eV in low Earth orbit.) Laboratory measurements on
contaminated surfaces reported by Kostoff et al.36 reveal a simi-
lar result: In Fig. 11, Kostoff’s accommodation coef� cients have
been smoothed and plotted as linear functions of kinetic energy.
Although the absolute values are not of high accuracy, the trends
are unmistakable. In all cases, as the kinetic energy rose, fell. In
these laboratory measurements, we believe that the contaminants
were physisorbed with a binding energy of about 1 eV. In contrast,

Fig. 11 Energy accommodation coef� cients measured in the labora-
tory on contaminated surfaces (data from Ref. 36).

the binding energy of atomic oxygen to surfaces is 5–8 eV. Another
interestingfeatureofFig. 11 is that,when the incidentkineticenergy
is far below the bindingenergy,surface roughnessdoes not affect ,
but when the kinetic energy approaches the binding energy, rough-
ness has a sizable effect. By analogy, we would also expect other
surface properties to become increasingly important in the satellite
case as the altitude increases and the amount of oxygen adsorbed
on the surface falls.

Gas–Surface Interactions at 800–1000 Kilometers
Although Fig. 10 demonstrates that static-lattice, hard-sphere

models such as Goodman’s34 do not apply at 200 km, such models
might apply at much higher altitudes, where the surface contam-
ination is lower (see Fig. 1) and the light gas, helium, is a major
constituent. In fact, the analysis of Harrison and Swinerd21 at 800–
1000 km reveals less diffuse reemission than at 200 km. As was
demonstrated in Figs. 5–10, the drag coef� cient depends on the
shape and orientation of the satellite, as well as on the law govern-
ing energyaccommodation.Harrisonand Swinerd21 used the effects
of shape and orientationof three satellites that were simultaneously
in orbit to study gas–surface interactionsabove800 km. They found
that the speed of reemission was about 2 km/s and the average an-
gle of reemission was halfway between the normal and the specular
directions.21

Shuttle Re-Entry
Because of its complicated shape and the changing � ow regimes,

the re-enteringShuttle presentsa dif� cult computationalproblem: It
is in free-molecular � ow while in orbit and then passes through the
transitional regime and into continuum � ow as it descends toward
the Earth. Blanchard22 and Blanchard and Nicholson37 have per-
formed several important studies of the instrumental data collected
during re-entry, using the High Resolution Accelerometer Package
(HIRAP). Blanchard’s HIRAP accelerometer measurements varied
considerably from one � ight to another. On average, he measured
a lift-to-drag ratio of 0.13 at 160 km at an angle of attack of 40
deg (Ref. 22). This ratio is well above what would be expected
for diffuse re� ection with complete accommodation. Blanchard’s
analysis shows that his average data from six � ights would agree
with either a Maxwellian re� ection coef� cient of 0.91 or diffuse
re� ection with 0 93. This contrasts with the accommodation
coef� cients in Fig. 3 of 0.99–1.0 measured by S3-1 and Proton 2 at
similar altitudes. This discrepancy and the variability of the Shuttle
measurements should be investigatedfurther. The Shuttle is a com-
plicated, concave, maneuvering structure that carries people, emits
ef� uents, and carries many active systems. Perhaps some of these
complicationscontribute to the discrepancy.At 160 km, the Shuttle
is just entering transitional � ow. The interaction between incoming
and re� ected molecules also could have an exaggerated in� uence
on the HIRAP measurements because of the Shuttle’s nonconvex
shape.

On Shuttle � ight STS-62, Blanchardand Nicholson37 � ew an im-
proved accelerometer package, the Orbital Acceleration Research
Experiments. With this improved instrumentation, they clearly
recorded the beginningof the transition from free molecular � ow at
about 165 km. They observed the effects of gases emitted from the
orbiter during re-entry, when signi� cant effects could be expected,
and possible effects of ejected gases under certain conditionsabove
230 km (Ref. 37). Because of its large size, the Shuttle entered the
transitional regime at about 165 km. More information about the
transitionalregime couldcome froma comparativeanalysisofBlan-
chard and Nicholson’s37 Shuttle data with the data of King-Hele38

and Bowman,39 who analyzed the � nal decay of satellitesof lengths
2 and 3.5 m. These satellites entered the transitional regime at alti-
tudes of 120 to 130 km. By the time the Knudsen number reached
1
2
, when the mean free path was half the satellite length, Cd had

fallen to abouthalf of its value in free-molecular � ow. An important
question to investigateis how best to calculate the Knudsen number
and how to treat transitional � ow for satellites of different shapes
and attitudes. A vast body of theoretical work on transitional � ow
was evaluated in impressive papers by Willis40 and Cercignani,41

but the internal excitations of molecules revealed by observations
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of spacecraft glow12 14 have not yielded to such methods of treat-
ment. On the other hand, advancesin digital computationhave made
it possible to treat transitional � ow by Monte Carlo methods42 that
can include energy levels of atoms and vibrational–rotational levels
of molecules.The applicationof Monte Carlo methods could vastly
improve our understandingof the Shuttle re-entry data.

Summary
As was shown in Figs. 1 and 2, incoming oxygen atoms ad-

sorb on satellite surfaces and react strongly with other adsorbed
molecules. These adsorbed molecules increase energy accommo-
dation and broaden the angular distribution of re� ected molecules,
as has been demonstrated in many of the laboratory experiments
cited in the references. For this reason, satellite drag coef� cients
should be calculated from accommodation coef� cients and angular
distributions measured in orbit, rather than from those calculated
from theory or measured in the laboratory, which usually involve
inert gases colliding with clean surfaces. We have described how
orbital measurements of energy accommodationhave been inserted
in the drag coef� cient models of Sentman18 and Schamberg19 20

to calculate realistic drag coef� cients of various satellite shapes at
altitudes near 200 km. Figures 8–10 demonstrate that such realis-
tic drag coef� cients produce more consistent atmospheric density
measurements than do drag coef� cients based on the hard-sphere
models that were developed to explain laboratory measurements.
As the altitude increases, the surface coveragedecreases, so that the
nature of the substratebegins to in� uence the accommodationcoef-
� cient and angular distribution of re� ected molecules, causing the
uncertainty in Cd to increase. We have suggested how future mea-
surements can reduce this uncertainty. Then we turned to the use
of several satellites in nearby orbits by Harrison and Swinerd21 to
improve our knowledge of the interaction at 800–1000 km. Finally,
we discussed the Shuttle re-entry measurementsof Blanchard22 and
Blanchard and Nicholson37 that help us to understand the transition
fromfree-molecular� owasre� ectedmoleculesbeginto de� ect inci-
dent moleculesfrom strikingthe spacecraft.A comparativeanalysis
of re-entry measurements from the Shuttle and unmanned satellites
using Monte Carlo methods could improve our understanding of
transitional � ow.

Acknowledgments
We thank the editor and the referees for their many valuable sug-

gestions.We acknowledgethe informationon Monte Carlo methods
provided by Dwayne Nelson. We are grateful to Karen Olds for ex-
pert help with the bibliography. One of us (K. M.) would like to
thank Robert Blanchard for many informative discussions on drag
measurements and drag coef� cients. We also want to acknowledge
our debt to Lee Sentman and Richard Schamberg for the models
they constructed at the beginning of the space age, which are still
useful. Charles Stein of the U.S. Air Force Research Laboratory,
Albuquerque,New Mexico, is acknowledged for his July 1997 pri-
vate communication describing the new method for faster deposi-
tion of a monolayer on a surface. E. L. Knuth of the University
of California, Los Angeles, is acknowledged for his 1970 private
communication regarding the fourth distribution shown in Fig. 4.
D. Nelson of The Aerospace Corporation, El Segundo, California,
is acknowledged for his October 1977 private communication on
vibrational–rotational levels of molecules.

References
1Marcos, F.A., “Requirements for ImprovedThermosphericNeutral Den-

sity Models,” American Astronautical Society/AIAA Astrodynamics Spe-
cialist Conf., AAS Paper 85-312, Vail, CO, Aug. 1985.

2Saltsburg, H., Smith, J. N., Jr., and Rogers, M. (eds.), Fundamentals of
Gas-Surface Interactions, Academic, New York, 1967, pp. 346–391, 406–
414, and 448–521.

3Flood, E. A. (ed.), The Solid-Gas Interface, Vol. 1, Marcel Dekker, New
York, 1967, pp. 105–126.

4Gold� nger, G. (ed.), Clean Surfaces, Marcel Dekker, New York, 1970,
pp. 77–95 and 133–152.

5King, D. A., and Woodruff, P. D. (eds.), The Chemical Physics of Solid
Surfaces and Heterogeneous Catalysis, Vol. 3, Pt. A, Elsevier, Amsterdam,
1990, pp. 131–388.

6Cook, G. E., “Satellite Drag Coef� cients,” Planetary and Space Science,
Vol. 13, No. 10, 1965, pp. 929–946.

7Cook, G. E., “Drag Coef� cients of Spherical Satellites,” Annales de
Geophysique, Vol. 22, Jan.–March 1966, pp. 53–64.

8Moe, M. M., Wallace, S. D., and Moe, K., “Recommended Drag Coef� -
cients forAeronomicSatellites,”TheUpper MesosphereandLower Thermo-
sphere: A Review of Experiment and Theory, Geophysical Monograph No.
87, American Geophysical Union, Washington, DC, 1995, pp. 349–356.

9Moe,M.M., andMoe,K., “The Roles ofKinetic Theory and Gas-Surface
Interactions in Measurements of Upper-Atmospheric Density,” Planetary
and Space Science, Vol. 17, May 1969, pp. 917–922.

10Moe, K., Moe, M. M., and Yelaca, N. W., “Effect of Surface Hetero-
geneity on the Adsorptive Behavior of Orbiting Pressure Gages,” Journal of
Geophysical Research, Vol. 77, Aug. 1972, pp. 4242–4247.

11Hedin, A. E., Hinton, B. B., and Schmitt, G. A., “Role of Gas-Surface
Interactions in the Reduction of Ogo 6 Neutral Particle Mass Spectrometer
Data,” Journalof GeophysicalResearch, Vol. 78, Aug. 1973,pp. 4651–4668.

12Viereck, R. A., Mende, S. B., Murad, E., Pike, C. P., Swenson, G. R.,
Culbertson,F. L., and Springer,R. C., “Spectral Characteristics of the Shuttle
Glow,” Geophysical Research Letters, Vol. 17, May 1992, pp. 2205–2208.

13Yee, J. H., Abreu, V. J., and Dalgarno, A., “The Atmosphere Ex-
plorer Optical Glow Near Perigee Altitudes,” Geophysical Research Letters,
Vol. 12, Oct. 1985, pp. 651–654.

14Swenson,G. R., “Spacecraft Glow,” SpaceFlightEnvironmentNewslet-
ter, July–Aug. 1994, Silver Spring, MD.

15Roberts, J. K., “Exchange of Energy Between Gas Atoms and Solid
Surfaces,” Proceedings of the Royal Society, Series A, Vol. 129, Sept. 1930,
pp. 146–161; Pt. 2, Vol. 135, Feb. 1932, pp. 192–205; and Pt. 3, Vol. 142,
Nov. 1933, pp. 518–524.

16Moe, K., Moe, M. M., and Wallace, S. D., “Drag Coef� cients ofSpheres
in Free-Molecular Flow,” American Astronautical Society, AAS Paper 96-
126, Feb. 1996.

17Moe, M. M., Wallace, S. D., and Moe, K., “Re� nements in Determining
Satellite Drag Coef� cients: Method for Resolving Density Discrepancies,”
Journal of Guidance, Control, and Dynamics, Vol. 16, No. 3, 1993, pp.
441–445.

18Sentman, L. H., “Free Molecule Flow Theory and Its Application to the
Determination of Aerodynamic Forces,” Lockheed Missile and Space Co.,
LMSC-448514, AD 265-409, Sunnyvale, CA, Oct. 1961; available from
National Technical Information Service, Spring� eld, VA.

19Schamberg, R., “AnalyticRepresentation ofSurface Interaction forFree
Molecular Flow with Application to Drag of Various Bodies,” Aerodynamics
of the Upper Atmosphere, Rand Corp., R-339, Santa Monica, CA, 1959, pp.
12-1–12-41.

20Schamberg, R., “A New Analytic Representation of Surface Interac-
tion for Hyperthermal Free Molecule Flow,” Rand Corp., RM-2313, Santa
Monica, CA, Jan. 1959.

21Harrison, I. K., and Swinerd, G. G., “A Free Molecule Aerodynamic
Investigation Using Multiple Satellite Analysis,” Proceedings of the 5th
AAS/AIAA Space� ight Mechanics Conference, Vol. 89,Pt. 2, Advances in the
Astronautical Sciences, Univelt, Inc., San Diego, CA, 1995, pp. 1601–1617.

22Blanchard, R. C., “Rare� ed Flow Lift-to-Drag Measurements of the
Shuttle Orbiter,” Proceedings of the 15th ICAS Congress, Vol. 2, AIAA,
New York, 1986, pp. 1421–1430.

23Offermann, D., and Grossmann, K. U., “Thermospheric Density and
Composition as Determined by a Mass Spectrometer with Cryo Ion Source,”
Journal of Geophysical Research, Vol. 78, Dec. 1973, pp. 8296–8304.

24Riley, J. A., and Giese, C. F., “Interaction of Atomic Oxygen with
Various Surfaces,” Journal of Chemical Physics, Vol. 53, July 1970, pp.
146–152.

25Wood,B. J., “The Rate and Mechanism of Interaction of OxygenAtoms
and Hydrogen Atoms with Silver and Gold,” Journal of Physical Chemistry,
Vol. 75, July 1971, pp. 2186–2193.

26Lake, L. R., and Nier, A. O., “Loss of Atomic Oxygen in Mass Spec-
trometer Ion Sources,”Journalof GeophysicalResearch, Vol. 78,April 1973,
pp. 1645–1653.

27Lake, L. R., and Mauersberger, K., “Investigation of Atomic Oxygen in
Mass Spectrometer Ion Sources,” InternationalJournal of Mass Spectrome-
try and Ion Physics, Vol. 13, April 1974, pp. 425–436.

28Sjolander, G. W., “Atomic Oxygen-Metal Surface Studies as Applied to
Mass Spectrometer Measurements of Upper Planetary Atmospheres,” Jour-
nal of Geophysical Research, Vol. 81, No. 22, 1976, pp. 3767–3770.

29Langmuir, I., “The Evaporation, Condensation, and Re� ection of
Molecules and the Mechanism of Adsorption, Part 1,” Physical Review,
Vol. 8, Aug. 1916, pp. 149–176.

30Moe, K., and Moe, M. M., “The Effect of Adsorption on Densities
Measured by Orbiting Pressure Gauges,” Planetary and Space Science, Vol.
15, Aug. 1967, pp. 1329–1332.

31Gregory, J. C., and Peters, P. N., “A Measurement of the Angular Dis-
tribution of 5 ev Atomic Oxygen Scattered off a Solid Surface in Earth
Orbit,” Proceedings of the 15th International Symposium on Rare� ed Gas
Dynamics, Vol. 2, B. G. Teubner, Stuttgart, Germany, 1987, pp. 644–654.

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
C

A
L

IF
O

R
N

IA
 I

R
V

IN
E

 o
n 

A
ug

us
t 1

8,
 2

01
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/2

.3
35

0 



272 MOE, MOE, AND WALLACE

32Karr, G. R., Gregory, J. C., and Peters, P. N., “Free Molecule Drag
and Lift Deduced from Shuttle Flight Experiment,” Proceedings of the 15th
International Symposium on Rare� ed Gas Dynamics, Vol. 2, B. G. Teubner,
Stuttgart, Germany, 1987, pp. 609–617.

33Nocilla, S., “The Surface Reemission Law in Free Molecular Flow,”
Proceedings of the 3rd InternationalSymposium on Rare� ed Gas Dynamics,
Vol. 1, Advances in Applied Mechanics, Supplement 2, Academic, New
York, 1963, pp. 327–346.

34Goodman, F. O., “Preliminary Results of a Three-Dimensional, Hard-
Sphere Theory of Scattering of Gas Atoms from a Solid Surface,” Proceed-
ings of the 5th International Symposium on Rare� ed Gas Dynamics, Vol.
1, Advances in Applied Mechanics, Supplement 4, Academic, New York,
1967, pp. 35–48.

35Moe, K., “Absolute Atmospheric Densities Determined from the Spin
and Orbital Decays of Explorer 6,” Planetary and Space Science, Vol. 14,
Nov. 1966, pp. 1065–1075.

36Kostoff, R. N., Anderson, J. B., and Fenn, J. B., “Measurements of
Momentum Accommodation of Gas Molecules at Surfaces,” Symposiumon
the Fundamentals of Gas–Surface Interactions, San Diego, CA, Dec. 1966.

37Blanchard, R. C., and Nicholson, J. Y., “Orbiter Rare� ed-Flow Reentry
Measurements from the OARE on STS-62,”NASA TM-110182,June 1995.

38King-Hele, D. G., “Analysis of the Orbit of 1970-114F in Its Last 20
Days,” Planetary and Space Science, Vol. 24, Jan. 1976, pp. 1–16.

39Bowman, B. R., “Variations in Air Density, Satellite Drag Coef� cient,
and Atmospheric Rotation Rate from Analysis of the Orbit of 1966 92D,”
Planetary and Space Science, Vol. 23, June 1976, pp. 1003–1010.

40Willis, D. R., “On the Flow of Gases Under Nearly Free Molecular
Conditions,”U.S. Air Force Of� ce of Scienti� c Research, TN 58-1093(AD
207 594), National Technical Information Service, Spring� eld, VA, Dec.
1958.

41Cercignani, C., “Methodsof Solutionof the Boltzmann Equation,”Rar-
e� ed Gas Flows Theory and Experiment, Springer–Verlag, Vienna, Austria,
1981, pp. 1–102.

42Bird, G. A., MolecularGas Dynamics, Oxford,London,1976,pp. 118–
142.

I. D. Boyd
Associate Editor

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
C

A
L

IF
O

R
N

IA
 I

R
V

IN
E

 o
n 

A
ug

us
t 1

8,
 2

01
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/2

.3
35

0 


