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the dimensionless wavenumber o of the longitudinal vortiees
becomes smaller. It might be expected from the Gortler’s calcu-
lation' that a too small value of n,, results in an overestimation
of the Gértler parameter G in the state of neutral stability.
Instead of the outer boundary condition for -+ o0, we use the
three following identities for the outside of the boundary layer
(n = n,), which are obtained from Eqgs. (2) and (3) with
i, = 1.0 and Dz, =0

Dit, + A, =0 )
D*B, + (A, +06)Db, +ait, = ko —2,)d, (5)
DB, + (4, +6)D*8, + 64, Db, = k(o — A,)Di, (6)
in which
Ay = [(o0 > +46%)1 2 =5, ]2
and

k= 20"G?/{(4,* = 07)(24; + By,0)}
#p.. denotes the value of &, for  — 0.

Results and Discussion

The instability problem is now reduced to find the Gortler
parameter G as an eigenvalue together with two components
it,(n) and ,(y) of the perturbation velocities as eigenfunctions.
The system of the differential Eqgs. {2) and (3) was numerically
solved by the method of successive approximation. In Fig. 1 the
solid lines show neutral stability curves in relation of the para-
meter G to the dimensionless wavenumber ¢ of the longitudinal
vortices for several values of the suction parameter C. The
stable range is below each neutral stability curve. The curve for
C = 0 is compared with the previous results in the case without
suction (shown as the broken lines a, b, and ¢). The curve a was
first calculated by Gortler,! the curve b by Himmerlin® with
higher approximation but with an assumption v, = 0, and the
curve ¢ with Galerkin’s method by Smith,* who considered
the streamwise growth of laminar boundary layer. It is found
that the boundary layer is less stable when the normal com-
ponent v, is considered. This effect appears to be more remark-
able than that® for Tollmien-Schlichting instability of a laminar
boundary layer along a flat plate. The minimum value of G is
found in the case with suction (C = 1.4639). The value of the
Gortler parameter increases as the suction parameter C is
increased, and the laminar boundary layer is stabilized. The
curve d is the neutral curve®’ for the so-called asymptotic
suction profile i, = 1 —exp (—0.5y/6). As expected, the present
result tends to the curve d when C - oo, Blowing (C < 0) gives
little effect on the G-value in the state of neutral stability.
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Fig. 1 Neutral stability curves in relation between Gortler parameter

G and dimensionless wavenumber ¢ of longitudinal vortices. Broken

lines, in the case without suction, are curve a: Gortler,' curve b:

Hammerlin,? and curve ¢ : Smith.* Solid lines, in the case with suction,

are (C > 0) or blowing (C < 0); curve d: Kobayashi®’ for asymptotic
suction profile.
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Impact of Space Shuttle Orbiter
Re-Entry on Mesospheric NO,

R. S. StoLarskL* R. J. CicERONE,T AND A. F. NaGyf
University of Michigan, Ann Arbor, Mich.

1. Introduction

HEORETICAL modeling of the behavior of minor con-

stituents in the mesosphere is difficult enough even in an
assumed steady state but nevertheless, we have performed some
time-dependent calculations of odd nitrogen species. The reason
we did this was to quantitatively study a situation which has
been discussed qualitatively in many circles in the past year or
two, namely, what will happen when the proposed space shuttle
orbiter re-enters the Earth’s atmosphere. The orbiter itself is to
be an aircraft 36 m long and 23 m wingspan, weighing 90,000 kg,
close to the dimensions of a commercial airliner. Its re-entry is
to be characterized by the orbiter’s losing most of its orbital
kinetic energy along an almost constant altitude leg of its
trajectory at about 70 km, extending roughly a quarter of the
way round the Earth.

In the shock-heated wake the ambient atmosphere is dis-
turbed ; much of the molecular oxygen and nitrogen is converted
to nitric oxide, atomic nitrogen, and atomic oxygen. Detailed
aerodynamical estimates of the extent of this conversion have
been made by Park.! Such estimates depend on details of the
trajectory, the aircraft materials, and many other aerodynamic
considerations. Park has outlined these and shown that for
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Table 1 Reactions involving N, NO, and NO* below 90 km but

above 50 km
1) hv 4N, = N(*S)+ N(*S) Jy
2) N(®S)+NO =N, +0 22x10° 1
3) N(*S)+0, - NO+0 24x 107" exp(—3975/T)

4) N(*S)+0,('A) = NO+0 3.0x1071*

5) N(*S)+ 04—+ NO+0, 3.0x 107! exp(—1200/7)
6) N(*S)+0O+M— NO+M 1.0x 10772 n( M)

7) hv+NO = N(*S)+ 0 I;

8) W+ NO—=NO" +e Iy

9) NO* +e—N(*S)+0
10) NO* +e -+ N(*D)+0O
11) N(D)+0, - NO+0
12) N(*D)+NO = N,+0
13) 0,+NO - NO,+0,
14) O+NO+M -+ NO,+M

25x107% (T/1000) '-*
7.5% 1078 (T/1000)" -5
6.0x 10712

22x10~ 1!

9.5% 1073 exp(—1240/T)
6.8 10732 n( M)

15) O+NO —+ NO, +hv 6.4x10°17

16) N(*D)+0 = N(*S)+0 20x10°12

17) N(*S)+OH =+ NO+H 6.8x 101!

18) NO,+0 = NO+0, 32x 107" exp(—300/T)
19) NO, +hv =+ NO 4+0 80x1073

20) NO, + N(*S) -+ N,0+0

21) NO; + N(*8) =+ N; +0+0 1.2x 1071

22) NO, + N(*S) = N, 4+ 0,

23) NO, +N(*S) -+ NO+NO

0.6x10~"

example one can expect the orbiter to produce an amount of
NO of the order of 10% of the orbiter mass on each re-entry.
This means about 9000 kg of nitric oxide will be distributed
along the re-entry trajectory along a path, say 10* km long.
Each 1000 kg of NO is about 9 x 10?® molecules so the strength
of such a line source is about 10%! /cm.

We think it is not too difficult to dismiss the likelihood of
global effects of this large local disturbance. One argument
proceeds simply by noting that even 100 missions per year adds
only 10° kg or 1000 tons of NO per year to the mesosphere
while natural sources are thought to provide about 100 times
more than this. For example, the averaged downward flux of
NO from the thermosphere into the mesosphere is of the order
of 10® kg or 10° tons per year if one assumes fluxes like those
of Strobel.*?

The more localized disturbance cannot be so easily dismissed.
One can note the physical and chemical mechanisms which
should act to destroy or dilute the disturbance, namely transport
and mixing processes and photochemical reactions. One can
also use best guesses of typical wind speeds, molecular and eddy
diffusion coefficients, chemical reaction rates and gaseous con-
centrations and estimate which processes will produce what
effects and how fast, and of course, we have done this to get a
rough fecling for the duration and extent of the disturbance.
But the picture is a complicated one and we wanted to be as
quantitative as possible without becoming entangled in the
numerical analysis problems so common in modeling. We have
thus used a fairly simple model which includes the important
photochemistry and transport processes for the mesosphere.

g

T T
INITIAL UNPERTURBED MESOSPHE

8

ALTITUDE (KM)
a

&0 | wo, =
50 | T e I W L TR, o ) O
ot 0* w0* ax0®

CONCENTRATION (CM™)

Fig. 1 Undisturbed mesospheric N, NO,, NO* profiles.

VOL. 12, NO. 3

8ol
E
= Tof
] - BATIAL UNDISTURBED MO PROFILE
< s 4

& I L |

wo* o' o' 0 [ o

NO CONCENTRATION (cm™3)

Fig. 2 Undisturbed NO profile with shuttle perturbation for low
horizontal diffusion coefficient.

II. Model

Table 1 shows the photochemical reaction scheme. This
set of reactions and reaction rates is the same as Strobel's
except that we have added several reactions, e.g., N(®?D)+
NO-—N, +0. By placing our upper boundary at 90 km we can
eliminate the need to treat most of the ion-molecule reactions,
leaving only (8), (9), and (10) for production and loss of NO*,
The regions above 90 km merely become sources of odd
nitrogen for the mesosphere through a downward flux boundary
condition; the strength of this source is varied by treating the
downward flux as a parameter in the model.

We have used these chemical reactions in a time-dependent
continuity equation written for ON = odd nitrogen following
Strobel’s method. The idea is to lump all the nitrogen con-
stituents except N, into one fictitious component called ON
then solve the continuity equation for ON, then to use algebra
on the resultant profile to solve for all the separate constituent
concentrations, like N(*S), N(®D), NO, NO,, and NO*. This
procedure is justified by the fact that chemical lifetimes for these
constituents are less than transport times in the mesosphere as
Strobel has shown. Thus, the algebraic equations we solve for
the separate constituent concentrations are relationships based
on photochemical equilibrium. The ON continuity equation
itself includes the important transport terms and is written for
the range 50 to 90 km.

Figure 1 shows the calculated steady-state mesospheric odd
nitrogen densities for the flux boundary conditions; ¢gq = — 108,
¢s0 = 10° cm 2 sec™!. The NO density is off scale and will be
seen in a later figure. N(*D) vanishes on this scale and is not
shown. These results indicate one possible natural mesosphere
which we have used as the undisturbed mesosphere which is to
be perturbed by the shuttle orbiter re-entry.

These profiles are from numerical solutions of a finite-
difference form of the one-dimensional continuity equation
which includes the chemistry shown in Table 1 and all important
transport processes in the vertical. Eddy diffusion is dominant
transport term with K,= 5x10* at 50 km (as shown by
Strobel), 5x 10® at 90 km, varying exponentially with altitude.

One further feature of the model should be discussed before
adding the shuttle orbiter perturbation. Although our model
solves a one-dimensional continuity equation in the vertical we
also allow for horizontal depletion of the disturbance. This is
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Fig. 4 NO perturbation for horizontal diffusion coefficient = 10° cm?
sec™t,

done by appending to the numerical solution an analytic
solution of a diffusion equation in the horizontal. The horizontal
eddy or molecular diffusion coefficient appears as a parameter
in this diffusion equation. This allows us to watch the material
leak out the sides of a box perpendicular to the trajectory of the
orbiter. The disturbance has been initially spread into a box |
km wide in both the horizontal and vertical. That point in time
is labeled r = 0 and the solution is begun from there considering
vertical diffusion plus horizontal depletion from the 1 km box.
Thus the perturbed concentrations are averaged over a box
(1 km)? perpendicular to the trajectory.

Figure 2 shows the undisturbed background profile of NO
with several perturbed profiles shown also. The times shown are
1, 3, and 8 hr after the time when the perturbation had spread
to ~(1 km)? area around the initial wake line source. The
horizontal diffusion coefficient was taken to be 10% at 50 km
up to 10° at 90 km varying exponentially. Relaxation to ambient
took place after approximately 110 hours. Figure 3 shows NO*
vs time for the same case. The disturbance is again long lasting
and, while easily detectable, is not large in absolute value.

Figures 4 and 5 show similar calculations in which the
horizontal diffusion coefficients were taken to be 10° cm? sec ™!
independent of altitude. In this case relaxation to ambient took
place in ~5 hr. If the horizontal diffusion coefficient is larger
yet, there will be a corresponding decrease in the lifetime of the
disturbance.

III. Conclusions and Summary

We have modeled the localized effect of a single shuttle
orbiter re-entry on mesospheric odd nitrogen. The perturbations
of the odd nitrogen species last for a time of the order of hours
depending critically upon the value used for the horizontal
diffusion coefficient. The processes included in the calculation
are the perturbation of NO, photochemical reactions, and
horizontal and vertical eddy diffusion. Effects which have not
been modeled but may be important are perturbations in N and
O, wind shear, diurnal variations, and the influence of heat
shield ablation products or water vapor. We have not con-
sidered specifically the problem of buildup from repeated
orbiter re-entries at the same place. However, the results indicate
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Fig. 5 NO"' perturbation for horizontal diffusion coefficient = 10°
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that even in the worst case the disturbance lifetime is less than
S days. This combined with the fact that winds will move the
disturbance fairly rapidly indicates that there is little possibility
of buildup for predicted launch frequencies.
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Correlation of Peak Heating in the
Reattachment Region of Separated
Flows

RICHARD D. MATTHEWS* AND JEAN J. GINOUXT
von Karman Institute for Fluid Dynamics,
Rhode-Saint-Genese, Belgium

1. Introduction

ERY high local values of the heat-transfer rate have been

measured in the reattachment region of separated boundary
layers in high speed flows. Bushnell and Weinstein' have derived
successful correlation parameters for both laminar and turbulent
regimes. The present Note gives some theoretical support to this
empirical correlation in the laminar case and shows how the
results of some preliminary calculations could lead to a
substantial improvement in the correlation technique.

2. Background

The derivation of Bushnell and Weinstein’s parameters is
based on the assumption that at reattachment a sublayer is
formed, the behavior of which is governed by the properties of
the incoming boundary layer being compressed above it. The
idealized flowfield is shown in Fig. 1.

The authors argue that flat plate-type relationships can be
applied in the reattachment region with the peak Stanton
number and the corresponding Reynolds number evaluated
under local conditions. These correlation parameters are thus
defined as the following:

(hmllfpu us ‘-")Mﬂw iy ":P;'u&.r

where h_, = maximum heat-transfer coefficient: p_, = density
(note p_,xPy/T,); p,, = viscosity evaluated at wall temperature
T,: ¢, = specific heat at constant pressure: u3 = inviscid velocity
in region 3 (see Fig. 1); and x, = distance between reattachment
and peak heating.

Bushnell and Weinstein are able to correlate the results of six
different experiments which involve flap induced laminar
boundary-layer separations with freestream Mach numbers

)—0.5
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