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The study of the laws of energy and momentum transfer when par- 

t ieles strike the surface of a solid is of great interest in connection 

with calculation of the heating and deceleration of flight vehicles in 

the upper layers of the atmosphere. Since, under these conditions, the 

relative collision energies reach 10-20 eV, one might  expect the inter- 
nal degrees of freedom of the molecules in the incident flow to have a 

considerable effect on the pattern of energy exchange with the wall.  

The influence of the internal degrees of freedom may manifest itself 
not only under the conditions of free molecular flow, but also in flows 

with slip. These degrees of freedom may serve as a source (positive or 
negative) of additional heat fluxes; it is entirely possible that they af- 

fect the laws of momentum transfer. 
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One may attempt a qualitative evaluation of the effect of internal 
degrees of freedom at these relative collision energies on the basis of 
data on the vibratory relaxation and dissociation of molecules behind 

a shock wave, although the available data relate to a l imi ted tempera-  
ture range. Since the probability of exciting vibrations is usually small 

for an individual collision, the single collisions characteristic of the 

conditions existing in rarefied gas flows may material ly weaken the in- 

fluence of these degrees of freedom. Quantitative estimates of the 
effect of vibrational degree of freedom may be obtained by making 
use of the scheme described in [1]. 

In that article, which was devoted to an analysis of the collision 

of an atom with a linear chain of elast ical ly bound atoms, a model 

and scheme for solution of the problem were described in detail.  In 

this article, we consider the energy exchange and momentum loss 

when a fast vibrationally excited molecule collides with a linear 

chain of atoms. 

First, let us consider the quantitative characterist ics of the model 

in question (Fig. 1). The interaction of the atoms in the molecule was 

described by the Lennard-Jones potential 
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Here e I is the dissociation energy of the molecule, o is the dis- 

tance at which the potential vanishes, and R i is the coordinate of the 

particle. The interaction of the first (Fig. 1), and the second atom is 

also described by the Lennard-Jones potential; in this case, however, 

e 2 = 0.01 e i. The atoms in the chain are bound by elastic forces with 
the potential  

V = K (R~ --/l~+z) . 

Here K is the elastic lat t ice constant. The reduced mass p = m0/ 
M = m l / M  (F ig . i )  was chosen equal to 0.2, as in [1]. The ini t ial  re- 

lat ive collision energy Eo was taken equal to 0.1q,  0.~q, and gel; in 
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addition, cases of E0 equal to 4, 6, and 10q were considered. Under 

actual conditions, this would correspond to energies from about 0.1 to 
about 50 eV. The initial vibrational excitation of the molecule was 
fixed by specitying the interatomic distance, which differs from the 

equilibrium value. Values of the initial vibrational energy E0 ~ = 0 .22q,  
0.085q, and 0.018q were utilized in the calculations. 

The initial kinetic and vibrational energies of the molecule were 
not sufficient to determine the final state, since the latter also de~ 
ponds on the phase of the vibration, that is, on the magnitude and 
direction of the vibrational velocity at the time of collision. 

In order to take account of the effect of the phase and to obtain 
phase-averaged results, we varied the initial distance x s = (R 1 - R=)/o 
of the vibrating molecule from the linear chain. The values of x s were 
varied in the range from 2 to 4, depending on the magnitude of the 
initial translational and vibrational energies. 

A typical series of time diagrams of the collision process for one 
complete phase change cycle is presented in Fig. 2 (E0 = 4Q and E 0' = 
= 0.22e.1) , where the ratio of the variable n and initial u0 veIocities is 
plotted along the axis of ordinates and the time t along the axis of 
abscissas. The thin line corresponds to the 0 and the heavy line to the 
1 atom (Fig, 1); the dashed line shows the rough course of the curves 
on converting to a different scale along the axis of abscissas. The 
antinodes in Fig. 2 correspond to equilibrium positions of the unexcited 

molecule and the nodes to the extreme excited positions of the mole- 
cule ; changes in the amplitude of the velocity fIuetuatiom after col- 

lision correspond to changes in the vibrational energy during collision. 
A line drawn through the nodes shows the change in the velocity of the 
center of mass of the molecule (the initial reduced velocity is equal 
to unity). Figure 2 cleariy shows the phase effect; depending on the 
latter, the vibrational energ}, may either increase (right up to disso- 
c ia t ion- the  case in which x~ = 3.8) or decrease (the case in which x 3 = 
= a.2). It can be seen from Fig. 2 that collisions in states corresponding 
to transition from compression to expansion are most effective in re- 
spect to additional excitation of vibrations, while the opposite situation 
is least effective, in concluding the qualitative discussion of Fig, 2, we 

note that the selected molecular mode! took anharm.omcity into account: 
thus, in states of strong excitation (close to dissociation), the period of 
the vibrations increase greatly (compare the cases x s = 2.g and x~ = 3.2 
in Fig. 2), 

With the aid of data of the type presented m Fig. 2, the transfer 
coefficient for translational energy c~ = E1/E 0 (here g 1 is the value of 
the translational energy after collision), the transfer coefficient for 
the translational energy after collision), the transfer coefficient for 
the total energy ~z = (El § EI')/(E0'), and the acquired vibrational 

�9 energy (E l '  - E0') were obtained as functions of the collision energy E 0 
for different values of the initial vibrational energy E~'. These relation- 
ships are shown in Figs. 3a, 3b, and 8c, respectively, (curve 1 cor- 
responds to the case of collision of an unexcited molecule, curve 2 
to that of an excited molecule with E~' = 0.22q, the relationships for 
E0' = 0.085el and 0.018% whid~ practically coincide with curve 2, are 
shown by individual points and curves 3 and 4). 

The transfer coefficient for translational energy a 1 characterizes 
~he inomentum exchange wher~ there are internal degrees of freedom; 
it is found from the velocity of the center of mass of the molecule, 

so that the transfer momentum coefficient is equal to the root of the 

values presented in Fig. 3a. It follows from Fig. 3a that the presence of 
vibrational degrees of freedom has little effect on momentum exchange 
during collision, for order a wide range of collision energies and ini- 

tial vibrational energies, the values of c~ t differ little from those cor- 
responding to elastic collision of a structureless particle (the straight 

line in Fig. 3a). 
Thus, we may conclude that momentum exchange, and hence the 

resistance to the motion of a body in a rarefield atmosphere, may de- 
pend only slightly on the presence of internal degrees of freedom in 

the molecules in the flow, and these degrees of freedom may apparent- 

ly be neglected in practical calculations. 
Figure 3b shows the coefficient c~ 2 as a function of the relative 

energy for various values of the initial vibrational energy (E0.' = 0, 
0.018el, 0.085~ 1, 0.22si). The straight horizontal line corresponds to the 
value of the coefficient for elastic collision of a structureless particle 
of the same mass. it is dea r  from Fig. 3b that the initial vibrational 
excitation will have a noticeable effect on the value of the transfer 
coefficient c~ s, and thus on the amount of energy transferred to the 
chain. This is cop.nected with the fact that for collisions with energies 
less than el, exchange of vibrational energy is difficult (its initial 
value is retained). Although the effectiveness of excitation of vibra- 
tional degrees of freedom ixmreases with increase in collision energy, 
the relative proportion of vibrational energy in the total energy de- 
creases. As a result, the total energy transfer coefficient c~ z decreases 

and approaches the value for elastic collision of structureless particles. 
As can be seen from Fig, 3b, for the model under consideration, the 
internal degrees of freedom may he a sink of additional heat fluxes 
only at energies of about l q  to 5q .  In this range, the amount of 
energy transferred to the body of the flyhlg particle may, depending 
on the magnitude of the initial excitation, be reduced approximately 
iO~o by energy being "pumped over" into the ir;ternal degrees of free- 
dom. In the case of relative collision energies leading to dissociation 
(E 0 -> 8el) ' the total energy transfer coefficient was close to the value 
of the coefficient a. 

Thus, when a rareified gas flows at high velocity around a body, 
tile excitation of vibrational degrees of freedom will apparently reduce 
the heat flux to the body by about !0a/~, and this reduction should be 
most effective at the expense of molecules i:l the flow which possess 
considerable initial vibrational excitation. 

For the same initial vibrational energies~ Fig. 3c shows the vibra- 
tional energy acquired in collisions with the wall. as a fnnetion of the 
value of the initial energy (the energy is expressed in units of dissocia- 
tion energy q) .  

It can be seen from Fig. 3c that when the initial excitation is low, 
it has practically no effect on the amount of vibrational energy acquir.- 

ed as a result of coi!ision. However, in the case when E0 = 0.22s l, in 
the interval of relative collision energies 0.he 1 the effectiveness of 
the additional excitation is noticeably higher than for undisturbed 
molecules. When the relative collision energies are greater than 9el, 
the value of the vibrational energy acquired may become smaller 
than for the undisturbed molecule. As may be seen from Fig. 3e, ttle 
effectiveness of excitation of the latter is somewhat higher for colli- 
sion energies exceeding 9q .  It should be noted that when the rela- 
tive co!lision energies are low (about 0.1el) , vibrationally excited 
molecules lose a small part of their vibrational energy. In ai! cases, 
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however, the magnitude of the loss is so small that it can not be 
shown in the scale of Fig. 3a. 

On the basis of the data of Fig. 3c, one may conclude that on the 
average for a vibrationally excited molecule within the range of 
energies of practical interest, collision resuks only in additional ex- 
citation and deexcitation does not take place. Therefore, the vibra- 
tional degrees of freedom can apparently be only a negative source 
of heat flux. 

On comparing the above-described results with the available data 
on moleculear collisions, one notes their qualitative agreement. Thus, 
for example, according to [2], the probability of dissociation of an 
excited molecule is exceedingly small, even if the translational 
energy of the colliding molecules is greater than the binding energy. 
Dissociation is realized from the upper vibrational levels whose energy 
is close to the dissociation energy; in this case, the translational 
energy may not differ from the average thermal energy. 

In [3, 4] it is shown that when molecules collide, the cross section 
for vibrational transition is on the order of the gas kinetic cross section 

(the transition probability approaches unity) at collision energies an 
order of magnitude higher than the vibrational quantum. 

In conclusion, the author thanks Yu. N. Belyaev, who partipat- 
ed in the calculations, and A. I. Osipov for useful discussion of the 
results. 
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