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on which this core velocity is zero, provided that 1 =r, = R.
On manipulation of these inequalities we find that the zero-
order core velocity is zero when

3R? 1 + 2R°

TR+ R =113k + 2R (12)

which, for example, reduces to

R—» 0=T =1

R =4 $=T=%

R=2 $£=T=4% (13)
R =3 F=T=3%

R—>1 T,=1

Therefore, there is a finite range of values of T, for which the
zero-order core velocity is zero for all values of R, but as
R—1,T — 3

It is observed from all (i) in Fig. 1, that as t* — 0, the
boundary layers on r = 1 and r = R are of zero thickness,
and then as ¢* increases, these boundary layers increase in
thickness and diffuse into the core flow. Furthermore, it is
seen that when 7, = 1 (T, = 0),ie., T, = 0 (7, = —1),
then the boundary layer on the outer (inner) sphere has not
been changed from that of the original core temperature.
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Nomenclature

ala = angle of attack, deg
drag coefficient

lift coefficient

CP = center of pressure
flight velocity, km/s
v = specific heat ratio
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Introduction

LLIPSES of thickness ratio varying from 5 to 15% and

the airfoil for the wings of the Space Shuttle Orbiter are
considered for this study. Their exact geometries are given in
Ref. 1. Chord lengths for these geometries are varied between
2-50m. Two-dimensional, chemically reacting flowfields around
these geometries are calculated in the present work using the
computer codes CENS2H and CENS2D described in Refs. 2
and 3. The CENS2H code assumes air to consist of five neutral
species N, O, NO, N,, and O,, and accounts for thermal and
chemical nonequilibria in the shock layer, i.e., it uses a two-
temperature reaction model. The CENS2D code is for an ideal
gas of fixed y (=C,/C,). Freestream velocity is varied be-
tween 3-7 kmy/s for the present calculation. The freestream
density is varied as 8 x 107¢, 4 X 10-5,2 x 104, and 103
kg/m?, corresponding approximately to the flight altitudes of
85, 74, 63, and 50 km, respectively. Angle of attack is varied
as 20, 30, and 40 deg. The rate parameters given in Refs. 2
and 3, which are to be referred to as the standard rates, are
used in most of the present calculations.

Convergence performance of these codes has been exam-
ined in Refs. 2 and 3 for an Apollo-shaped blunt body and a
slender ellipse, respectively. One-temperature solutions can
be obtained using CENS2H by setting the vibrational relax-
ation times to be very short.?? Near equilibrium solutions can
be obtained also using CENS2H by setting reaction rates to
be very large.?* It was shown in Ref. 2 that the aerodynamic
characteristics of near-equilibrium flows can be represented
approximately by those of ideal-gas flows of fixed y less than
1.4.

Algebraically-generated grids of 110 X 80 = 8800 node
points are used for the present calculations. Lift, drag, and
moments are calculated accounting only for pressure, ne-
glecting skin friction. The shift in the CP location is deter-
mined as the difference between the location of the CP for
the reacting flow and that of the perfect-gas (y = 1.4) flow.
CP shift is represented as a percentage of the chord length.
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Results

In Fig. 1, the aerodynamic parameters calculated by the
two-temperature nonequilibrium model and the constant y
model are shown for the Space Shuttle airfoil of 10-m chord
length at the altitude of 74 km, flight velocity of 7 km/s, and
angle of attack of 40 deg. The figure shows that the lift and
drag coefficients obtained using the two-temperature reacting
flow method are identical to those obtained for the ideal gas
with v = 1.2. However, the CP shift is substantially different
between the two cases. Though not shown, a similar com-
parison was made between the two-temperature and the one-
temperature calculations.! The calculations were for the 10-
m-long, 10% ellipse for the flight altitude of 85 km, velocity
of 7 km/s, and angle of attack of 40 deg. The results showed
that one-temperature calculation results in a CP shift 13%
smaller than that from the two-temperature calculation.

In Table 1, aerodynamic parameters are shown for different
chord lengths, but with the same chord length-density prod-
uct. The calculation is for the flight velocity of 7 km/s and
angle of attack of 40 deg. As seen in Table 1, the aerodynamic
parameters are virtually the same between the cases of dif-
ferent chord lengths, but the same length density products.
That is, a binary scaling exists between size and density. Though
not shown, comparison is also made between the solutions
obtained with different rate coefficients, for the altitude of
50 km, 10% ellipse at an angle of attack of 20 deg, at the
flight velocity of 3 km/s.! An appreciable difference was seen
in the resulting aerodynamic characteristics between the two
cases, even at 3 km/s.

In Fig. 2, the changes in lift and drag coefficients due to
the real-gas effects are shown for the altitude of 74 km at an
angle of attack of 40 deg, for the 10-m-long ellipses of three
different thicknesses. Plotted here are the ratios between the
C, and C,, for the two-temperature reacting flows and those
for the frozen (y = 1.4) flows. As the figure shows, the ratios
of C, and Cj, both decrease as the flight velocity increases.
Though not shown, comparison was also made among the

Table 1 Aerodynamic parameters for the different size airfoils
with the same chord length-density products

Chord Freestream
length, m density, kg/m? C, Cp CP Shift, %
50 4 x 10°° 0.6353 0.5908 0.734
10 2 x 1074 0.6358 0.5912 0.724
2 2 x 1073 0.6719 0.6222 0.651
10 8 x 10-° 0.6703 0.6223 0.669
Airfoil, Chord = 10 m
Alt = 74 km, V = 7 km/s, a/a = 40°
1.2
B Reacting Flow
1.0+ 2y =1.2
IS &} v=1.4
£ osq
0
A
O 06-
<
Q
5 %47
0.2
0.0 ]

CP Shift
%

Cy Cp

Fig. 1 C,, Cp, and CP Shift for the Shuttle airfoil, calculated with
the two-temperature reacting flow model and the constant ¥ model,
for the chord length of 10 m, altitude of 74 km, V = 7 km/s, ala =
40 deg.
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Fig. 2 Fractional changes in C, and C, due to the real-gas effects
calculated for the ellipses of 5, 10, and 15% thicknesses, as functions
of V, for the chord length of 10 m, altitude of 74 km, a/a = 40 deg.
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Fig. 3 CP Shift due to real-gas effects for the ellipses of 5, 10, and
15% thicknesses as a function of V, for the chord length of 10 m,
altitude of 74 km, and a/a = 40 deg.

different angles of attack, for the 10%, 10-m-long ellipse for
the altitudes of 50 and 74 km.! It was seen that C, and C,
begin to deviate from the perfect-gas values at the flight ve-
locity of 3 km/s.

In Fig. 3, forward shift of CP location is shown for the three
ellipses at the flight altitude of 74 km and angle of attack of
40 deg. Asseenin the figure, CP shift is a fairly strong function
of thickness ratio. CP shift generally increases with flight ve-
locity. However, between 6—7 km/s, the trend reverses. In
Fig. 4, CP shift is shown for the three calculated flight alti-
tudes, for the 10%, 10-m-long ellipse. The figure shows that
CP shift is only weakly affected by flight altitude, at least over
the range considered. It generally increases with increase
in flight velocity, but remains nearly constant between 6~7
km/s, at least for the angle of attack of 40 deg.

A near-equilibrium solution is obtained by setting all re-
action rate coefficients to be 10 times the standard values.
The calculation is made for a 10% ellipse at an angle of attack
of 20 deg for an altitude of 50 km and flight velocity of 3
km/s. The result is compared with the standard case and the
perfect-gas case in Table 2. As seen in the Table, the near-
equilibrium solution yields C, and C,, values that are little
different from those of the standard case. But its CP shift is
considerably smaller. This trend is the same as that seen in
Fig. 1, which shows the y = 1.2 solution producing a smaller
CP shift than the reacting flow solution.

Reference 1 contains other solutions not mentioned here,
but reinforces the points made in this Note. There are no
two-dimensional experimental data with which the present
calculations can be compared. However, during the entry
flights of the Shuttle vehicles, a forward CP shift of the order
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Table 2 Comparison of aeredynamic characteristics between the
solutions with different rate coefficients; ellipses of 10% thickness,
at the altitude of 50 km and angle of attack of 20 deg

vy=14 Standard rates Rates x 10
C, 0.3206 0.3175 0.3090
Cp 0.1531 0.1515 0.1478
CP Shift, % 0 -0.14 —0.081
1.0 Reacting Flow, Ellipse
: Thickness = 10%, Chord = 10 m
a/a = 40°
-] e Al=63 k
0.8 -4 Alt=74 k2
® --A-- Alt=85 km
g
6 0.6 H
5
% 0.4
o
e
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Fig. 4 CP Shift due to real-gas effects for the ellipse of 10% thickness
as a function of V, for the chord length of 10 m, a/a = 40 deg, and
for the altitudes of 63, 74, and 85 km.

of 0.6 = 0.2% has been observed at angles of attack between
20-40 deg.* The CP shifts calculated in the present work are
also of the same order.
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Nomenclature

semimajor, semiminor axis of ellipse
specific heat of condensate at constant pressure
acceleration due to gravity
local, mean condensing heat transfer coefficient
thermal conductivity of condensate
Prandtl number
coordinate measuring length along circumference
from top of tube, normal to x
absolute viscosity of condensate
p, p, = density of condensate, vapor

= surface tension coefficient in the film
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1. Introduction

HE origin Nusselt! model for filmwise condensation of

a quiescent vapor along an isothermal vertical plate
equated gravity and viscous forces and assumed a linear tem-
perature profile across the condensate layer. Nusselt did not
consider film acceleration and energy convection effects. Af-
terward, many investigators, such as Rohsenow,? Churchill,?
and Memory and Rose* have directed their effort at studying
the impact of Nusselt’s assumptions under such conditions
and made significant improvements on Nusselt condensation
theory.

Our major aim of this Note is intended to help the easy
use of the Nusselt-Rohsenow-type condensation analysis with
further account for the effect of surface tension by developing -
analytical, explicit, and straightforward integrating solutions
for the problem of laminar-film condensation onto horizontal
elliptical tubes, including vertical plates and horizontal cir-
cular tubes, under wall temperature variations.

II. Analysis
Consider a horizontal elliptical tube with its major axis “2a”
oriented in the direction of gravity, situated in a quiescent
pure vapor which is at its saturation temperature T,,,. The
wall temperature T, is nonuniform and below the saturation
temperature. Thus, condensation occurs on the wall and a

by
+¢-0
2 dx

\
a rdo\

Enlarged view of dx

Fig. 1 Schematic and coordinate system for the condensate film flow
on the elliptical surface.



