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Fig. 3 Effect of forward fin deflection on vortex patterns: ¢ =0 deg.

At a roll angle of 22.5 deg, the top vertical fin is directly in
the path of the right nose vortex. The rear fins have been
removed from the missile in this photograph so as not to
obstruct the view of the vorticity on the afterbody. This nose
vortex appears in the data to have been displaced downward
and to the right relative to the left nose vortex, and also
appears weaker than the left vortex.

The corresponding theoretical calculations show that the
observed movement of the right nose vortex is also predicted
by the theory; however, no provision as yet exists in the theory
to modify the strength of a vortex due to its interaction with a
fin. There appears to be a fairly good agreement between the
data and theory on the locations of the various vortices. The
relative strengths also appear to agree, with the exception of
the aforementioned right nose vortex.

At a roll angle of 45 deg, the nose vortices are no longer
displaced and pass between the two upper fins. The theory
plot reveals that all six of the primary vortices shown by the
vapor screen photograph are predicted in approximately the
same locations and relative strengths. The theory also predicts
two additional vortices which are rather weak compared to
the primary vortices. These weak vortices were predicted to
originate on the inboard sections of the forward, upper fins as
a result of the modified aerodynamic loading on these fins
caused by the presence of the nose vortices. This weak vor-
ticity does not appear in the experimental data as separate
vortices.

Effect of Fin Deflection Angle

The computer codes developed in this study contain the
capability to account for the effects of fin deflection on the
computed vortex patterns. In order to investigate this aspect
of the theory, vapor-screen photographs were obtained on the
test missile in which all four of the forward fins were deflected
20 deg clockwise, as shown in the sketch contained in Fig. 3.
The angle of roll is zero in this figure, and the fin deflection
angles é are 0 and 20 deg.

The data and theory in the upper left in this figure are for
an angle of attack of zero and a fin deflection angie of 20 deg.
The screen was located at 60% of the body length
(x/1=0.60). The data show that two vortices are created on
each fin. One appears to be a normal outboard vortex, while
the second is a weaker vortex which occurs on the inboard
section of the fin, and is slightly counterclockwise relative to
the outboard vortex.

The calculated vortices show exactly the same pattern as the
data, except that the weaker vortices are somewhat more
inboard and counterclockwise relative to the outboard vor-
tices than they appear to be in the vapor-screen photographs.
It should be noted that these vortices are caused entirely by the
fin deflections since the angles of attack and roll are both
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zero. No vortices would be created, of course, if the fin
deflection angle was zero.

The effects of fin deflection at an angle of attack of 11.4
deg are shown at the bottom of the figure, which contains
results taken at the aft end of the missile. The deflected fins
appear to create a rather complex pattern of vorticity in the
vapor-screen photograph, including several discrete vortices
and some areas of vorticity which are not rolled up into
vortices. The computed results, which can only deal with
discrete vortices, cannot duplicate these large areas of vor-
ticity. In their place, however, the theory places a large
number of individual vortices, as can be seen in the theory
plot in the lower right part of Fig. 3.

Concluding Remarks

A theoretical and experimental effort has been made to
develop a vortex-prediction capability on slender missiles at
supersonic speeds. Using a slender fin-control missile as a test
model, comparisons have been made between the calculated
results and experimental data to assess the accuracy of the
theory for various combinations on angle of attack, angle of
roll, and fin deflection angle. The theory, based on a sparse
number of discrete vortices, is capable of accurately
predicting the number, location, and relative strengths of
individual vortices which develop over the missile, but cannot
predict vortex sheets or diffuse vorticity whenever they occur.
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Introduction

N connection with the thermal design of spacecraft, several

computational procedures have been developed for dealing
with radiant interchange between gray surfaces. One of them
is the absorption factor method first introduced by Saunders !
and then elaborated by Gebhart.2# This method has not
attracted as much notice as the radiosity approach which has
been commonly used for temperature prediction. This is
because, for many engineering purposes, the absorption
factor concept is not as practical as the radiosity concept.

However, this method has a remarkable feature that ab-
sorption factors are independent of the temperatures of
participating surfaces, whereas radiosities are dependent on
them. Hence, for some configurations, the absorption factor
method may greatly facilitate mathematical treatment of
radiative heat transfer. Cylinders are of interest from this
point of view. In addition, cylinders can be regarded as
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simplified models of space telescopes, tubular heat ex-
changers, gravity gradient rods, and so on. A finite-length
cylinder or an infinitely long oné are therefore chosen as the
subject of this analysis.

Finite-Length Cylinder
The cylinder analyzed here is 2L in length and r in radius.
The central axis is taken as the Z axis, and both open ends are
specified as Z= + L. For simplicity, all length quantities are
hereafter placed in the following dimensionless forms:

2=Z/r I=L/r )

The inner surface is assumed to be a gray diffuse emitter
which allows both diffuse and specular reflections in ac-
cordance with the relation e+pg+p, =1. The symbols ¢, pg,
and p ,, denote the emittance, the specular reflectance, and the
diffuse reflectance, respectively.

Attention is first paid to two infinitesimal ring elements, dA4
and dA’, at zand z’ on the inside of the cylinder. The net heat
transfer from dA to d4’ can be expressed in terms of the
differential absorption factor B(z,z’ ). This factor is defined
here as the proportion of radiation emitted from dA4 which is
eventually absorbed at dA’. The differential exchange factor
E(z,z') is then introduced for determining B(z,z’) in which
we are now interested. The factor FE(z,z’) shows a
generalized view factor specifying the proportion of radiation
leaving dA4 which arrives at dA’ directly or after all possible
intervening specular reflections.

The factor B(z,z’ ) consists of two portions. The first is the
proportion of radiation emitted from z and absorbed at z’,
but considering only the radiation that goes directly from z to
z’ or that reaches z’ after only specular reflections; the
second is that involving indirect heat transfer due to diffuse
reflections. The first portion is readily estimated as eE(z,2”).
For a general ring element at £, ppE(z,£) represents the
amount of radiation from z which is diffusely reflected at £
around the interior after reaching £ either directly or by only
specular reflections. Only a part of this reflected radiation is
absorbed at z’. This probability is given by B(£,z’) because
any reflected radiation from £ behaves in the same manner as
the radiation directly emitted from £. The second portion is,
therefore, obtained by integrating p,E(z,£)B(£,2’) over all
such elements d£. Thus, one has the following linear integral
equation from which B(z,z’ ) can be derived:

!
B(zz)=eE@) +op| E@HBE)E @

The factor E(z,z’) is given by Perlmutter and Siegel,® but
the infinite series in their expression is inconvenient for
mathematical treatment. For this reason, the following ap-
proximation is employed:

E(z,z')= (v/2)e~*lz=7] 3
where v and « are defined as
2 =]
=1+ E k= (1—pg)» “@

The accuracy of Eq. (3) is discussed later with some numerical
examples.

The advantage of this approximation is that the following
formula involving a delta function is available:

d2
az_ze —rlz=zl _y2p—rle-2'l = —2§(z—7") &)
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Differentiating Eq. (2) twice with respect to z and applying
Eq. (5), one has the following differential equation:

2

@B(z,z')—uZB(z,z’)=—u26(z—z') 6
where p=+vevrk. Since Eq. (§) holds also for u, it is easily seen
that Eq. (6) has a special solution of the form e —#'2-%'! Then,
it is apparent that a general solution of Eq. (6) is written as
C(z’)er*+D(z' )e—#2, The unknown functions C(z’) and
D(z’) are determined by substituting this expression into Eq.
(2). The final result is arranged as

B(z,7') =
u[l s {f coshu(z—2z') —coshu(z+2' )} +e- nlz-z’l] @
where fis given by
KR
I= K+;Le g ®

Now, attention is directed to the radiant interchange
between a ring element at z and a circular opening at the left
(z=—1) or right (z=/) end of the cylinder. The radiation
exchange between them can be formulated in the same way, as
previously mentioned. The differential exchange factor
E*(z,¥]) replaces E(z,z"). The superscript * discriminates
E*(z,¥1) from E(z,¥!), referring to the ring elements
located at both ends. The factor E*(z, F/) is also given by
Perlmutter and Siegel, but for convenience one takes the
following approximation:

E*(z,FI])= (v*/4)e—«"UxD) 9)
where »* and «* are defined as
2 Qo
=1+ *=(]-pg)r* 10
32 n+1)(n+2) (I=ps) (19)

Since the differential absorption factor B*(z, /) plays a
role similar to B(z,z’), it is determined from the following
integral equation corresponding to Eq. (2):

!
B*(z, 1) =E*(z,¥]) +pDS_[E(Z,£)B*(£, FhHd¢ (1D

where both openings are treated as black surfaces. Equation
(11) is transformed into the following differential equation by
using Eq. (5):

2

d * * * *
cTZ_ZB (2, Fl) —p?B* (2, FI) = (" —k?)E* (2, F]) (12)

The solution of Eq. (12) is expressed as

vt k—p e rml
Blesh= e 1.7

X { (kFK*)eT " (erz — fe k)
+(K:!:K*)e*"‘1(en"z—fe“z)}+(V*/4)foe*"'z (13)

where f, is given by

fo= i e 4

The radiative transfer from a circular opening at the end to
a ring element in the interior of the cylinder is now con-
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sidered. So far as the factor E*(+/,z) is concerned, it is
evident that the reciprocity rule holds

EX(¥lLz) =E* (3, F]) (15)

However, such a rule does not hold with regard to B*(+/,z).
The factor B*(+1,z) is computed from the following
representation:

!

B(FL0) =B (7LD +0p | ENFLOBE A (16)
Substituting Eqgs. (7) and (9) into Eq. (16), one has the
following expression different from Eq. (13):

* *

€y
eFT 4
£ 5

B*(%1,2) =E:

(1.6 +f, 0#%) a7
where f, and f, are given by

2f2 sinh(pF«*)I
1—-f2 pF*

fra= (2 —ptye=<1f

2f sinh(pxx*)! _e“"*“"‘} (18)

T -1 PEYa pFr*

Infinitely Long Cylinder

For an infinitely long cylinder, the internal radiation ex-
change is independent of axial coordinates. It is basically
governed by the differential view factor F(p,¢’) between two
narrow longitudinal area elements d4 and dA4’ at angular
positions ¢ and ¢’. The expression of F(g,0’), shown
elsewhere, %7 is generalized so as to include contributions of
specular reflections. :

Because of the circular geometry, there are only two optical
paths by which the radiation from dA can reach dA’ after n
specular reflections. One of them must pass the position
located 1/ (n+1) of the angular distance from ¢ to ¢’, while
the other is required to pass the position located at its com-
plimentary angular distance. The intensity of such radiation
is, therefore, proportional to the sum of the view factor
between two area elements separated by an angle lo—
¢’ 1/(n+1) and that separated by an angle Q27— lo—
¢’ 1)/(n+1). But, only a part of this amount, estimated at
p%/(n+1), can reach dA’ because of absorption and beam
broadening. Thus, the expression defining the differential
exchange factor is

o=@l I X pl { lo—o’ |
E(o,0') == +=
(eyp”) = gsin— 4,§n+1 M+
2r— |(p—<p'|}
fsin——— % 19
S+ 1) (19

The differential absorption factor B(¢,¢’) can now be
derived from the following integral equation similar to Eq.

2): -

2x
Bl ) =En.e) +0n |, E(eBWe a0 (20)

Although it is generally very difficult to solve Eq. (20) because
of the multiplicity of its kernel, there exists a special case
where an exact solution can be found. If pg =0, then Eq. (20)
reduces to an integral equation of the Fredholm type in which
the kernel is simply expressed as Y% sinlg—¢’1/2. In this
special case, Eq. (20) is transformed into a differential
equation by the use of the following formula:

d2

@Sinuhp—w’l+uzsinu|<p—go’|=2u6(<p-—go’) 21
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The resulting differential equation is written as

42

a-‘;B(w,tp’)+u23(¢,¢’)=u23(¢—¢’) (22)
where #=\/E/2- From Eqgs. (21) and (22), it is seen that Eq.
(22) has a special solution of the form sinu l¢ — ¢’ |. General
solutions are then written as C(¢’)cosue+D(¢’)sinue. The
unknown functions C(¢’) and D(¢’) are determined by
substituting this expression into Eq. (20) with p g =0. The final
result is arranged as

B(p,0’)=(n/2){cosp(p—¢ )cotmp+sinplo—p’l}  (23)

It is now desirable to find a more general expression than
Eq. (23) and p=Ve/2, because they are inapplicable to such
cases as pg#0. However, for any generalized expressions,
such periodicity as B(e+2m¢’)=B(¢,¢’) should be
satisfied because of the circular geometry. This implies that
the form of Eq. (23) will still hold without any significant
changes. An easier generalization of Eq. (23) is, therefore,
made by modifying u only. Equation (23) associated with the
expression

p=erx/2 24

provides a rough approximation of the solution of Eq. (20).
In Eq. (24), « is given by the same expression as Eq. (4), but »
is defined as

T

n+1 (3)

Qo
oS .
yv=1+2 —=—sin
"Zz:, n+1

Numerical Results and Discussions

A finite-length cylinder with uniform wall heat generation
is presented for discussion. Assuming that there is no
radiation from the circular openings and no wall heat con-
duction, the following integral equation governs the wall
temperatures:

@=1+e| 0Bz 26)

The symbol 6 shows the dimensionless temperature defined as

64=0T%/q, 27

where 0, T, and g,, denote the Stefan-Boltzmann constant, the
absolute temperature, and the heat added per unit wall area,
respectively. Differentiating Eq. (26) twice with respect to 2z
and applying Eq. (6) , an easily solved second-order dif-
ferential equation is obtained. The solution is written as

0= (c—pn?z?)/2 28)

36

32

28| — A

20

Eq.(28) £=10.0
-———Re§_5 £,=0.0

(N3]
*i0 5 0
z

Fig.1 Dimensionless wall temperature distributions.
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where cis given by

2
o= [7+Lf { w212+ 2)sinhut — 201 coshul)

2f
+ (p?12+2ul+2 —u’] x(
(u ul+2)e T+f

Since the use of Eq. (3) causes some errors in the analysis
involving specular reflections, the accuracy of Eq. (7) must be
evaluated for practical applications. Comparison between
results computed from Eq. (28) and those given in the
literature® provide numerical justification of Eq. (3). The
computation is performed for purely specular surfaces
specified as pp =0.0. Numerical results for a cylinder with
/=10.0 are shown in Fig. 1. This figure displays dimensionless
wall temperature distributions for various emittances. For
two curves specified by the same emittance value, the dif-
ference is fairly small. Furthermore, they are alike in tendency
although the curve based on Eq. (28) is slightly higher than the
reference curve’ drawn in dashes. From such good
agreement, it is concluded that Eq. (7) can be used as a basis
of thermal analyses relating to cylindrical configurations.

-1
sinhul/+e —#’) 29)
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Introduction

N the first two decades of space flight, the most important
goals of vehicle design were to establish the feasibility and
capability for flight beyond the atmosphere. Multiple ex-
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pendable stages were appropriate for these pioneering flights.
The Space Shuttle,! which will begin orbital flights soon, will
be the first step toward a more mature transportation system
with low operational cost and the capability to accomplish a
broad range of mission requirements.

When the Space Shuttle concept was selected, traffic
projections did not justify designs that were more desirable
operationally. The development cost would have been too
high with the available technology.? The situation will be
different, however, in the near future for follow-on trans-
portation systems. The improved transportation offered by
the Space Shuttle will spur traffic growth. In fact, user
demand through 1982 may already be more than the Space
Shuttle can accommodate.? Proposed space activities could
potentially increase traffic greatly.4 Improved technology
will also be available for new transportation systems. Many
technology improvements have already been developed by the
Space Shuttle program. Others are being developed by the air
transport industry, the military, and others. Still further
technology improvements are now foreseen but will require
development by an advanced vehicle program. 56

One of the promising technologies for advanced vehicles is
dual-fuel propulsion. Salkeld first showed the advantage that
can be achieved by using two fuels in a single-vehicle stage if a
high-density-impulse fuel is used first and a high-specific-
impulse fuel is used second.” Martin then showed that this
approach might not be attractive for Earth-to-orbit vehicles if
separate engines are used in series, but that it might be at-
tractive if a single engine could use both fuels in series.®
Martin also showed that separate engines could be attractive if
they operate in paraliel initially. Figure 1 is a schematic
diagram of these concepts. Beichel then proposed a dual-
expander engine which uses two fuels in parallel initially to
maximize benefits of dual-fuel propulsion for advanced
Earth-to-orbit transportation systems.

The purpose of this note is to provide an update of dual-
fuel propulsion efforts. Engine options are discussed and
some Earth-to-orbit vehicle results are updated.

Engine Options

Several engine options have been studied for dual-fuel
propulsion in Earth-to-orbit vehicles.'>16 The best per-
formance and cost results!®!! have been achieved with the
dual-expander engine® which utilizes a coannular nozzle. The
simplest engine combination for dual-fuel vehicles, from a
technology development point of view, uses the Space Shuttle
main engine (SSME) in parallel with a hydrocarbon engine
that has hydrogen cooling and a hydrogen-rich gas generator.
This engine has been called the hydrogen gas generator
(HGG) engine. The dual expander and HGG engines have in
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Fig.1 Schematic diagram of engine concepts.



