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Unsteady Aerodynamics of Vehicles in Tubes
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Andrew G. Hammitt Associates, Palos Verdes Peninsula, Calif.

The aerodynamics of vehicles traveling through tubes are significantly affected by the constraints of the
tube wall and the relative size (blockage ratio) of the vehicle. Steady flow conditions are reached only after
long travel times. In this report, the flow created by vehicle travel in a tube is analyzed using numerical
integration of the unsteady flow equations. Steady state conditions are rarely obtained for closed-end tubes
up to several hundred miles in length. Solutions are presented for various blockage ratio vehicles with choked and
unchoked flow conditions about them. Various tube lengths are also considered. The solution for a doubly infinite
tube is found to be approaching the asymptotic long time solution.

Nomenclature T,. = stagnation temperature of wall
. T,., = adiabatic wall temperature

4 = cross section area of tube u = velocity of air relative to tube
A, = vehicle surface area W =ufu
Ay = tube surface area . . u, = velocity of vehicle relative to tube
C, =drag co_ef’ﬁc1ent of vehicle based on tube area and relative v — velocity of air relative to vehicle, v = u— u,

veloc1ty ) v = ofu,
Cr = skin-friction coefficient x = distance along tube
Cy = specific heat, at constant pressure B = vehicle area blockage ratio, area of vehicle/area of tube
C = speed of sound w = specific h :

. . Y = specific heat ratio

Cy+ = momentum loss coefficient of vehicle based on tube area and . —2C, L/(1- )

relative velocity p _ ﬁuifd density
Cu = Stanton number 7, = wall shear stress
d = tube diameter 7, = vehicle surface shear stress

D = drag of vehicle

L = length of vehicle

m = mass flux

M = ug(yRT,)""? vehicle Mach number
p = pressure

p* =p/ps

¢, = heat flux to vehicle

g, = heat flux to wall

R = gas constant

Re, = Reynolds number based on tube diameter and vehicle velocity
s = entropy

t = time

T = temperature

T =T/T,

T, stagnation temperature of air

T, temperature of wall

a
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Introduction

HE interest in high-speed ground transportation has iead

to a variety of suggested systems. Because the aerodynamic
drag of a ground vehicle when operating at high speed in the
open is quite large, it has been suggested that vehicles be
placed in evacuated or semi-evacuated tubes. A necessary step
in the development of such systems is an understanding of the
applicable aerodynamics. The presence of the tube has two
important effects: 1) it restricts the free passage of air about
the vehicle, and 2) it confines the disturbances which originate
at the vehicle from dissipating in three dimensions. Tube vehicle
systems can be classified in many ways. For aerodynamic
purposes, the most important parameters are the speed and
blockage ratio of the vehicle, the tube length, and the means
of propulsion. The importance of speed and blockage are obvious.
If the tube is sufficiently long or the time of travel of the
vehicle is sufficiently short, then the vehicle behavior will not be
influenced by the tube ends. The type of propulsion system which
is used has an important influence on the system design and
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the system aerodynamics. Vehicles drawn by force from the tube
wall are the type considered in this study and will be called
externally propelled. It is convenient to consider the flowfield
divided into two regions: 1) a far flowfield which covers the
whole length of the tube excluding the region of the vehicle,
and several tube diameters in front of and behind the vehicle:
and 2) a near flowfield which covers this excluded region. The
advantage of this division is that the far flowfield can be
treated asa one-dimensional unsteady flow and the near flowfield
as a steady flowfield in vehicle-fixed coordinates and several
space dimensions. For large L/d ratio vehicles, it will be found
that a quasi-one-dimensional approach is adequate for the near
flowfield.

The confinement of the tube walls has important effects upon
the near flowfield. If the flow sufficiently far ahead of and
behind the vehicle is considered, then the confining tube walls
required that the mass flux (in vehicle-fixed coordinates) both
ahead of and behind the vehicles are equal. The velocity or
momentum flux relative to the vehicle must be the same, if the
flow is incompressible; or increased behind the body, if the flow
is compressible. A pressure drop across the vehicle is required
to provide the drag force on the vehicle. This situation is
identical to steady pipe flow where the drag of the walls causes
the pressure to drop and, in the compressible case, the flow to
accelerate. ’

The flow will be acceleratéd through the narrow annular
passages about the vehicle with the result that it will reach Mach 1
for moderate flow Mach number ahead of the vehicle. The
Mach number ahead of the vehicle, when choking in the annular
passage occurs, is the maximum Mach number possible in front
of -the vehicle. When the flow about the vehicle is choked,
then the flow conditions behind the vehicle can no longer
influence those in front of the vehicle. The vehicle drag is no
longer directly related to the vehicle characteristics, but more
closely associated with the tube characteristics. In expanding
from the sonic section, the flow, may either accelerate to super-
sonic velocities and be shocked back to subsonic or diffuse
smoothly to subsonic velocity. The process that actually occurs
depends upon the downstream conditions just as in a convergent-
divergent nozzle.

" The near flowfield is coupled to the far flowfield. For the
unchoked case, a pressure drop related to the vehicle drag
provides the matching condition. For the choked case, matching
of the relative Mach number is required. The far flowfield, when
coupled to the near flowfield, determines the relative Mach
number ahead of the vehicle for the unchoked case. For the
choked case, the far flowfield determines the pressure ahead of
and behind the vehicle, and the drag.

The far flowfield is caused by the vehicle starting transient.
This transient causes pressure waves that propagate for long
distances down the tube. The tube confines these waves so they
cannot dissipate in three dimensions but are attenuated by heat
transfer and friction with the tube walls. The far flowfield is
essentially unsteady, but two simplified steady solutions (in
correctly selected coordinate systems) can be obtained in both
the limit of short and long time after the initiation of the
vehicle motion. Soon after the vehicle has started, heat transfer
and friction have not had time to affect the far lowfield, and
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Fig. 1 Schematic diagram of tube vehicle configuration,
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the waves have only traveled a relatively short distance down
the tube. The relatively weak waves caused by a vehicle moving
with subsonic velocity are essentially isentropic. The flow across
such waves can be described by one-dimensional steady relations,
if a coordinate system moving with the waves is adopted. In the
limit of very long times, the waves are completely dissipated by
friction and heat transfer, and the far flowfield becomes steady in
a vehicle-fixed coordmate system. The pressure gradients in the
tube are balanced by the friction on the tube walls. While
these two steady solutions are available for short and long
times'~* the intermediate time solutions are not steady in any
coordinate system, and a solution to a one-dimensional unsteady
flow problem with friction and heat transfer is required. These
relations must be solvéd by numerical methods. The purpose of
this study is to provide such numerical solutions.

The far flowfield is the mechanism which alleviates the need
for alt the fluid to flow through the annulus about the body.
The body may push fluid ahead of it down the tube. If the body
has low drag and blockage, then little fluid is pushed down the
tube, and the fluid flows about the vehicle. If the flow is choked
about the vehicle, a very severe limitation is imposed upon the
rate of flow past the vehicle and fluid must be pushed ahead of it.
There is no limit on maximum vehicle speed caused by the
choking phenomena. The fluid is pushed ahead of the vehicle, as
required, to cause any required Mach number relative to the
vehicle.

The actual tube vehicle problem involves a vehicle in a tube
traveling between two stations near the ends of the tube with
intermediate stops. The presence of and location of the ends of
the tube, the acceleration and deceleration rate of the vehicle,
and the location and duration of the intermediate stops all have
an influence on the aerodynamics of the flow and the drag of the
vehicle.

It is the purpose of this study to assess the magnitude and the
importance of these effects. This assessment will be accomplished
by considering two different vehicle configurations, one which
results in choked flow at the speeds considered and one which
does not. Three tube-end configurations are also considered:
ends infinitely far from the vehicle in both directions, a closed
end not far behind the vehicle’s starting point, and a closed end
not far ahead of the vehicle’s stopping point. These cases should
give an initial assessment of the effect of closed tube ends on the
conditions in the tube.

Near Flowfield

The near flowfield describes the flow about the vehicle and
extends over that distance in front of and behind the body in
which the two-dimensional nature or the change in cross-sectional
area of the flow must be taken into account. In most cases
itcan be considered to be steady flow with time varying boundary
conditions. The flowfield is best considered in vehicle fixed
coordinates as shown in Fig. 1. The flow, relative to the vehicle,
accelerates into the annular space between the vehicle and the
tube. This flow is essentially isentropic and involves an increase
in velocity and Mach number. The area ratio and relative Mach
number ahead of the vehicle are limited to values that give a Mach
number in the annular passage less than one. As the fluid flows
throughout the annular passage, friction with the vehicle and the
tube wall and heat transfer with the tube wall are all important
effects. There can be no heat transfer with the vehicle unless the
vehicle contains an energy source or sink. An energy source is
quite possible for some configurations but will not be considered
in this analysis. The combined effect of this heat transfer and
friction is to incréase the Mach number. A Mach number equal
to one is the maximum value that can be reached at the exit
from the annular passage. The flow then passes over the rear
of the vehicle and eventually fills the entire tube behind the
vehicle. In the ideal situation this flow over the back of the
vehicle could be isentropic. This condition can be approached
if a vehicle with a long pointed tail is used. If a blunt based
vehicle is used, the flow will separate at the base. Under this
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condition the usual assumption, at least for low-speed conditions,
is that the base pressure is equal to the static pressure in the
annulus at the base. Lower base pressures might be expected at
higher vehicle Mach numbers.

If the compressible flow equations are written in a coordinate
system fixed with the vehicle, the results are as follows:

Continuity

10p ldv

Lldv tdd o
poOx  vdx

4+ - — =
A dx
Momentum
dp 1dA,. 1dA,., dv

— = = —=0 2
dx t A dx fo A dx o dx @
Energy
dT d(vz/2)> 1dA,.,. q.dA,,
Cp = w kg wtl ™ T 3
( Pdx N dx pv=(Tustq )A dx M A dx 3)
State

p=pRT 4)
A, and A,, are the tube and vehicle wall surface area and A
is the flow cross-sectional area. The assumption will be made
that there is no heat transfer to the vehicle, g, = 0. This condition
would have to be modified for a vehicle that dissipated power
directly as heat. The friction force on the vehicle does not enter
the energy Eq. (3), since this friction force is acting on a surface
that is stationary with respect to the coordinate system and
therefore does no work. The friction force and heat transfer can
both be expressed in coefficient form by the relations

T, =3pulul C; %)
7, = 4pvlo|C; © (6)
G = p U] Cp(T,,— Tow) Cyy (7
where
Tow = T+ u*2C),) (8)

The heat transfer coefficient is related to the friction coefficient
by Reynold’s analogy.

Cu =3C; 9
For circular vehicle and tube the relations for 4, and A4,,, are
1dA,., 4
= = (10)
A dx d(1—-p)
1dA,, 4p1/2
. d oW — / (l 1)
A dx d(1-p)
The energy Eq. (3) can now be written in the form
d1, 2C
Ao 260 (g g, (12)
dx d(1-p)
where
T, =T +(32C))
and

Tow = Tt (u2/2C,)

A simple solution to this equation is T, = T,,. which is a constant.
This solution is the correct one if the initial conditions in front
of the vehicle are such that the stagnation temperature of the
air is the value it would have if it were at wall temperature
and moving at wall velocity.
~ The fluid incurs a momentum loss in flowing about the vehicle

which is caused by the drag exerted on the vehicle and on the
tube wall. The friction force on the tube wall affects the vehicle
drag by causing an increase in the pressure drop along the
annular passage. This increased pressure drop causes a lower
pressure on the base of the vehicle and consequently an increase
in the drag of the vehicle. The direct friction force on the tube
wall does not affect the vehicle drag except as it acts through
the pressure effect. The momentum loss of the fiuid in flowing
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around the vehicle is affected by both the force that the vehicle
exerts on the fluid, its drag, and the force that the wall exerts
on the fluid. The momentum loss of the fluid and the drag on
the vehicle differ by the amount of the friction force on the tube
wall.

The possibility of a loss at the nose of the body has been
considered in several of the experimental studies of near flowfield
tube vehicle aerodynamics. In the studies performed by Gouse
et al at MIT and Carnegie-Mellon Institute,® the presence of a
loss in stagnation pressure at the nose was not measured or
considered. In the later work at GASL,* a nose loss coefficient
was interpreted from the measured pressure distributions. This
same approach was used in the experiments run at JPL.> In
the JPL results, the nose loss was sometimes found to be a gain.
Under this condition it was not considered to represent a change
in stagnation pressure but a departure from the one-dimensional
flow assumption that was used in reducing the data. However,
experience with orifices has shown that with a’small amount of
rounding of the inlet, separation can be avoided and an essentially
loss free entrance accomplished. The available experimental data
for tube vehicles does not appear to justify a change in this
result especially since there does not seem to be any plausible
reason for such a change.

A base pressure equal to the pressure in the annulus at the
base of the vehicle seems to have been the assumption used
in reducing all of the experimental studies referenced. The
experimental studies, however, do not appear to be good enough
to confirm the validity of this assumption. This assumption is
the one which is classically used in low speed incompressible
flow and is used in deriving the Borda-Carnot loss for a sudden
expansion. This same condition appears to be valid for all
subsonic annulus exit speeds. When sonic velocity is reached
at the exit of the annulus, the flow can expand supersonically
into the base region resulting in a reduced base pressure. This
is the mechanism that can lead to the increase in drag coefficient
that takes place for the choked flow condition. As has been
discussed previously, the base flow is then determined by the
conditions set by the far flowfield and cannot be determined
by near flowfield considerations.

If the flow quantities are nondimensionalized by the ambient
conditions in the tube, Eqs. (1) through (12) can be combined,
in the annular passage of constant cross-sectional area about the
vehicle, to give

vdp*
p* dv* -
u |u*|+v v ﬁmj o T T
T N MONEMS S R
|u*|(T“,*V Tuw*) T 1 u|u*|+v|v*} e (13)
U‘* T* ] —U—*?MOOZ ¥
Lo
v* 2C, dx -
‘u*i(Tw*_T““'* LA SNl Ui C
T T* v*2M 2 7 o*2
1 (14)
T 1
PRI

where

T* + 3 M7 = T,

from the solution given to Eq. (12). The conditions at the
entrance to the annulus can now be found for any particular
set of conditions just ahead of the vehicle by the isentropic flow
relations between these two points. These conditions are then
used as the initial conditions from which to integrate Egs. (13)
and (14). The momentum loss coefficient can then be calculated
by the relation

_ T+9M 2= (p/p )L+ M )1 = )+ ]
(7/2)M12

(15)

MT
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Fig. 2 Near flowfield drag and momentum coefficients, § = 0.5.

Calculations for the momentum loss and drag coefficients for
vehicles of several blockage ratios and lengths are shown in
Figs. 2 and 3. These cases are all for conditions of zero fluid
velocity and equilibrium temperature. For all these cases, the
momentum loss coefficient is slightly larger than the drag

A= 0.25
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o I L | 1 | I

0 0.025 0.05 0.075 0.10 0.125 0.15
M

o

Fig. 3 Near flowfield drag and momentum loss coefficients, 5 = 0.8.

AIAA JOURNAL

coefficient. The character of the two curves is similar. As the
Mach number increases from zero, they are relatively flat until
the Mach number reaches an appreciable part of the choking
Mach number. At that point, the momentum loss or drag
coefficient starts to rise relatively rapidly and becomes vertical
when it reaches the choking Mach number. At the choking
Mach number, the coefficients can have any value above the
minimum specified by these curves. However, the drag coefficient
must always be less than the momentum loss coefficient
by the same amount as at the choking Mach number.

The effect of changes in temperature and induced fluid
velocity on the drag and momentum loss coefficient have been
evaluated. For short vehicles, the effect is small, but it increases
with increased vehicle length. The variation in the momentum
loss coefficient and drag coefficient with changes in induced
flow velocity and temperature was not considered further in this
study since these effects do not change the character of the
results. These effects can easily be included and should be
considered for long vehicles where they would be of greater
importance.

Far Flowfield

The far flowfield is that part of the flowfield which lies
sufficiently far from the vehicle that it may be considered one
dimensional. In the far flowfield the unsteady effects must be
taken into account, but by considering regions away from the
immediate vicinity of the body, two dimensional or area change
effects may be neglected. The solution required is for one space
dimensional unsteady flow including friction and heat transfer.
This solution involves the integration of a partial differential
equation in x and t and must be accomplished by numerical
means.

The equations that describe the far flowfield are those of one
dimensional unsteady compressible flow. The equations can be
written as follows:°

Continuity
op ou op
— — —=0 16
a P e 16
Momentum
0 ou 1ép 4r,
SR U AL (17)
ot 0x pdx pd
Energy

ot Ox at 0x

These equations have the property that, along special direc-
tions in the x,t plane called characteristic direction, they can
be written in the form of total differential equations and
integrations of these total differential equations carried out along
these directions. There are three characteristic directions. The
first two directions are given by

dx/dt =u+C (19)
And the third direction by
dx/dt = u (20)

The first two directions are those taken by disturbances that
travel with the speed of sound to either left or right. The third
characteristic direction is that of a particle path. Pressure waves
follow the characteristics which move with the speed of sound
while entropy effects follow the particle paths. The equations
that determine the changes in fluid properties along these
characteristic directions are as follows:

(&)
R -

4yq, 4 c? e
7 rw(l - u> L€
@1

) ; 4
% u C2<6—p + upp> = (=1 (g t4n)  (8)

5 g
du = F ——dC + e - —
. +"/—1 +[<‘ pdC  pd * C ¥ Ox

along the first two characteristics and

(ds)palh = (4//) dT)(uTw + QW) (d[)path (22)
along the third characteristic.
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e TUBE END LOCATIONS
NUMBERS INDICATE CASES
(SEE TABLE 1)

DISTANCE ALONG TUBE, 10% FEET

1 1 | L A 1 ) |

-0.5 i i
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TIME (SEC

800 900 1000

Fig. 4 Vehicletravel asafunction of time for the various casescalculated.

These equations can be solved by calculating the direction
of the characteristics and the changes that take place along
the characteristics. Since the direction of the characteristics
depend upon the fluid flow conditions and the changes along
the characteristics depend upon the locations of the characteristic
mesh points, these solutions are mutually dependent and must
be carried out in an iterative fashion.

In the present analysis the assumption is made that the local
heat transfer and skin friction depend only on the mean flow
properties in the tube and that they are independent of the time
rate of change of these properties. This assumption appears to
be justified for the rate of change of properties experienced
in this problem.” However, there is really not yet enough data
on the effects of unsteady flow on heat transfer and friction to
properly assess this assumption. The friction coefficient is
determined by first calculating the Reynolds number and then
determining the skin friction coefficient by the relation

C,; = 16/Re, Re; < 2500 (23)
for a laminar flow condition and
4logyo [2Re, C,V2 )16 =C,~ 12 Re; > 2500 (24

for a turbulent flow condition. The heat transfer coefficient
is then determined by Reynolds analogy, Eq. (9).

An appropriate set of boundary conditions must be placed
on the far flowfield which are compatible with the near flowfield
solution for flow about the vehicle. For purposes of the far
flowfield solution the only input needed from the near flowfield
solution is the momentum loss as a function of the relative
Mach number (and other appropriate flowfield conditions) and
the choking Mach number. An analytical relation is fitted to the
momentum loss coefficient Mach number curve to describe this
information to the far flowfield solution. If the flow is considered
to be adiabatic and steady about the body, the equations that
relate the fluid properties behind the vehicle to those in front are
as follows:

Continuity
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NUMBERS INDICATE CASES (SEE TABLE 1}
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Fig. 5 Relative Mach number as a function of time for Cases 1-5.

Energy
_C__zi MZ C;LZ_ (,fflﬁ“‘)z (26)
w1 2 -1 2
Momentum
7P1 14 4
pipat Lyt ) = - =3 Pl )y
(27)

The point at the front of the vehicle must also liec on a left
running far flowfield characteristic and that at the back of the
vehicle on a right running characteristic. The relations along’
these characteristics are given by Eq. (21). This set of equations
together with the relation between momentum loss coefficient
and Mach number obtained from the near flowfield solution
form a complete set for determining the properties about the
vehicle. The equations do not allow an éxplicit solution so an
iterative method has been adopted. A different iterative method
for solving these equations must be used depending on whether
the Mach number in front of the vehicle is at or below the
critical value.

Figure 4 shows the position and velocity of the vehicle within
the tube as a function of time for all cases and the location of
the ends of the tube. Figure 5 shows the relative Mach number
and Fig. 6 the drag coeflicient, drag, and momentum loss
coefficient for Case 1 as the vehicle travels along the tube. The
asymptotic value for the momentum loss coefficient from the
long time solutions is also known. For Case 1 the relative
Mach number is always below the choking value. Figures 7-9
show the velocity, entropy, and pressure both directly ahead
of and behind the vehicle. The significance of the velocity
and pressure is obvious, but the significance of the entropy is
possibly more obscure. The changes in entropy show the effects
of the irreversible friction and heat transfer processes. If these
processes were not included in the calculation, then the entropy
would be constant. Friction alone would only increase the
entropy while heat transter can have either effect. The fact that
the entropy decreases in front of the vehicle shows that the heat
transfer effect is more important than the friction and demon-

(P2/C 22 ts — 1) = (p1/C1 2y — ) (25) strates the importance of including the heat transfer term. The
Table 1 Cases computed for far flowfield aerodynamics*
Vehicle Vehicle Closed  Closed End of Run
Case Blockage length friction left end rightend Vehicle travel Duration Final velocity

no. ratio (ft) coefficient (ft) (ft) (ft) (sec) {fps)

1 0.5 100 0.0025 — o0 + o0 280,000 1000 293

2 0.5 100 0.0025 — 2000 + 58,500 214 293

3 0.8 40 0.0025 - + oo 229,000 800 293

4 0.8 40 0.0025 —2000 + o 229,000 800 293

5 0.8 40 0.0025 —2000 232,000 230,000 822 0

“ Velocnty for all runs: 8 fps® acceleration to 293 fps and constant velocity to end of run or deceleration
at 8 fps? at end of run. Tube diameter: 10 ft. Initial tube pressure —1 atm. Vehicle starting position is x =0

vehicle travels from left to right.
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Fig. 7 Induced velocity as a function of time for Cases 1 and 2.

velocity and pressure shown in Figs. 7 and 9 appear to be
approaching the asymptoticlimits but have not yet reached them.

The asymptotic long time solution gives the rather surprising

result that there is no disturbance behind the vehicle.

The velocity and pressure along the tube after the vehicle
has traveled for a time of 1000 sec are shown in Fig. 10 along
with the predictions of the asymptotic solutions. The condition
for the asymptotic solutions to be valid is that the waves have
propagated a sufficient distance so that they have been attenuated
by friction and heat transfer and have become of negligible
strength. The frictional compression in front of the vehicle should
not have a distinct front but be asymptotic to the undisturbed
conditions at infinity. Figure 10 shows that these wave fronts
have not yet dissipated completely and have not propagated
far enough ahead to establish the asymptotic solutions. Behind
the vehicle, the conditions are also considerably different. The
disturbance introduced by the passage of the train has not yet
had time to attenuate to the asymptotic solution. The calculations

0.0075~ — AHEAD OF VEHICLE
---------- TUBE END BEHIND VEHICLE
——= BEHIND VEHICLE
0.005
(SEE TABLE 1 FOR CASES)
goowsli T —— CASE L
3 ST T T T e e -
s
e
-
x
2
£ CASE 2
= -0, 0005
i CASE
- t 1 | | 1 | Il | |
0.0075 500 900 1000

|
100 200 300 400 500 600 700
TIME (SEC)

Fig. 8 Entropy as a function of time for Cases 1 and 2.

Fig. 10 Induced velocity and pressure as a function of distance along
the tube at r = 1000 sec, Case 1 (see Table 1) and as given by the
asymptotic solution.

have not been carried out to larger values of time because of the
time and cost of doing so and because the tube lengths involved
are considerably beyond those considered to be of practical
interest.

Figures 4, 5, 11, and 12 show similar results for the large
blockage ratio configuration. In this case, the magnitude of the
far flowfield disturbance is much larger; the induced velocity in
front of the vehicle is greater than half the velocity of the
vehicle itsell. The relative Mach number reaches the choking
value during the acceleration of the vehicle and is constant after
that. Because of the greater strength of the waves created by this
vehicle, they do not attenuate to as small a value as those caused
by the lower blockage ratio vehicle. Conditions do not approach
as near to those given by the asymptotic solution in the time
available. The velocity behind the vehicle has actually somewhat
overshot the asymptotic value and gone negative.

Cases 1 and 3 were selected to assess the aerodynamic
effects of both a high and low blockage ratio vehicle starting
and traveling through a tube which is long enough so that there
is no effect from the ends of the tube within the region affected
by the vehicle. The blockage ratios were selected so that choking
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Fig. 11 Drag, drag coefficient, and momentum loss coefficient as a
function of time for Cases 3-5.
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Fig. 12 Induced velocity as a function of time for Cases 3-5.

would not occur for the low blockage ratio vehicle and would
occur for the high blockage ratio vehicle. The results presented
here for the choked and unchoked flow configurations should
be characteristic of these configurations, but calculations of a
greater number of cases would be needed to confirm this
expectation. The first and most obvious conclusion is that the
high blockage ratio vehicle causes a much larger far flowfield
effect than the low blockage ratio vehicle. As the blockage ratio
and momentum loss coefficient of the vehicle decrease, the far
flowfield effects are decreased and for sufficiently low blockage
ratio the momentum loss coefficient and drag are too small to
cause a far flowfield. Previous results! ~2 have shown that two
simple solutions could be obtained to the far flowfield problem
which were applicable soon after the start of vehicle travel and
after a long time of vehicle travel at constant speed in a long
tube. For high blockage ratio vehicles, the drag force on the
vehicle is considerably larger for the long time solution than for
the short time solution. One of the purposes of Cases 1 and 3
is to determine how long a distance of vehicle travel and how long
a tube is required to approach these long time solutions. It is
important to determined whether this is likely to occur in tube
lengths of practical interest since the flowfield will then become
steady and additional unsteady flow calculations will not have
to be made for longer tube lengths, and to use the asymptotic
long time solutions as check cases against which to validate the
numerical calculations.

Case 2 and 4 are similar to | and 3 except that a closed
end has been placed behind the starting position of the veicle
at a distance of 2000 ft. The results for these cases are also
shown in Figs. 5-12. This closed end causes a reduction in the
velocity and pressure behind the vehicle. Both the drag coefficient,
the drag of the vehicle and momentum loss coefficient are
increased. However, the increase in drag is much larger for the
choked vehicle. Another obvious difference between the choked
and unchoked vehicle is that the closed -tube end placed behind
the choked vehicle has no effect on the flow in front of the vehicle
which is exactly the same as it was for the previous case in which
there was no closed end behind the vehicle. The increased drag is
caused by the lower pressure behind the vehicle.

Case S 1s similar to Case 4 except that a closed end has been
placed in the tube at 232,000 ft from the vehicle starting point.
The vehicle is decelerated to stop 2000 ft from the end of the tube
giving a vehicle travel of 230,000 ft or 43.6 miles. The solution
is identical to Case 4 up to 215 sec when the waves first reach
the far end of the tube. However, these waves must be reflected
and travel back to the vehicle before there can be any change
in conditions at the vehicle. These first waves are relatively weak
having been attenuated by their travel through the tube and it is
not until about 500 sec when the vehicle has traveled for 140,000
ft that conditions on the front of the vehicle begin to change
noticeably from the previous case. However, as the vehicle
continues to approach the end of the tube, the pressure between
the vehicle and the end of the tube rises rapidly as well as the

the tube end and must escape around the vehicle. There is still
a high pressure in front of the vehicle even after it has come to a
stop. The fluid in front of the vehicle is now fAlowing towards the
vehicle and around it to escape to the low pressure regions behind
the train. The pressure is still large enough even at the time the
vehicle has stopped so that the flow about the vehicle is still
choked and the relative Mach number is still at the critical value.

Conclusions

1) If the flow about a vehicle is choked, changes behind the
vehicle do not influence conditions in front of the vehicle and a
qualitatively different flowfield from the unchoked condition is
created.

2) The locations of the ends of the tube have a pronounced
influence on the flowfield conditions within the tube. This effect
is most pronounced for high blockage vehicles which cause a
strong far flowfield.

3) When the vehicle is approaching a closed tube end located
in front of the vehicle the flowfield effects are more pronounced
than when it is leaving a closed tube end located behind the
vehicle.

4) The distance of vehicle travel required to reach the steady
state asymptotic conditions are in excess of 2(10*) tube diameters
(45 miles in a 10 ft diameter tube) for the cases calculated. Since
the flow mechanisms and the relative importance of the viscous
and inviscid terms is continuously changing as the vehicle travels
along the tube, calculations and experiments in short tubes are
not adequate to determine flow conditions in long tubes.

5) The analytic, long time, asymptotic flow solutions!
provides an upper limit of the drag for the cases calculated. The
actual vehicle drag has approached to within 10% of this value
for a distance of vehicle travel of 55 miles for the low blockage
vehicle of Case | and for a distance of vehicle travel of 43.5 miles
for the higher blockage vehicle of Case 4. The relative Mach |
numbers and drag coefficients approach their asymptotic values
more quickly but the pressure and vehicle drag lags behind.

6) The time and distance of vehicle travel required to approach
the steady asymptotic values increases with vehicle blockage
ratio. This result was predicted in Refs. 1 and 2 and is born out
by two cases presented in this calculation.

7) The viscous effects become increasingly more important as
the distance of vehicle travel increases and do not reach their
full magnitude until the conditions approach their asymptotic
values.
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