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PREFACE

The work described in this report was performed by the Applied

Mechanics Division of the Jet Propulsion Laboratory.
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ABSTRACT

Experimental investigatiéns on the aerodynamic characteristics of
trainé traveling in tunnels have been carried out in the Vehicles In Confined
Spaces (VICS) 70 and 120 small-scale test facilities, The purpose of these
investi‘gationsvwa.s to develop sufficient understanding of the scaling consider-
ations of subway train system aerodynamics ‘that, with the use of theoretical
models, adéquate predictions could be made for full-scale systems, A con-
siderable amount of high-quality data was obtained during the 2 years of
testing, -

A simplified theoretical model for a vehicle traveling through an
unvented tube under equilibrium incompressible conditiohs was used to guide
the test program, reduce the data, and determine the"self.-.con'sistency of the
results, The results were then used to establish values for the arbitrary
coefficients in the theoretical model. Substantial progress was made in
undeistanding the aerodynamic characteristics of vehicles traveling in tubes
as exemplified by the good agreement of the theoretical model predictions
with the experimental data throughout the Reynolds number range (three
orders of magnitude, up to that for an actual full-scale system) and the many
geometric variables tested.,
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I, INTRODUCTION

In recognition of the influence aerodynamics has on the design and
operation of intra-urban rapid transit subway-train systems, an experi-
mental test program was initiated at the Jet Propulsion Laborafory to
develop an undeistanding of the basic aerodynamic characteristics of vehi-
cles traveling in tubes, As train speeds increase and the tunnel area rela-
tive to the frontal area of the train decreases, aerodynamics plays an
increasingly important role in the design and operation of the system. The
aerodynamic drag increases with the increasing train velocities and block-
age ratio; hence, the power requirements for propulsion, subsequent heat
rejection from the train into the system, air flow velocities, and pressure

pulses also increase,

Both expenmental and theoretmal work on the aerodynamics of tube-
vehicle systems has been going on for a number of yeaxs in many countries
throughout the world (Ref, 1). However, the development of the theoretmal
understanding of the aerodynamic characteristics of such systems has not
had the advantagé of thorough experimental studies. Hence, the emphasis
of this feport is on the presentation of the experimental data recently
obtained at JPL., The investigé.tidn was performed in several small-scale
facilities, specially constructed for these studies, in which the vehicles

"moved with respect to the tube under equilibrium conditions up to full-scale

Reynolds numbers,

The main purposes of these studies were to obtain information neces-
sary for the development of a near-field theoretical model and to provide
verification of the aerodynamic scaling laws which are fundamental inputs

to the Subway Environmental Design Handbook (Ref. 2). The handbook is a

part of the Ventilation and Environmental Control in Subway Rapid Transit
Systems project* directed by the Transit Development Corporation for the
Urban Mass Tran5portat1on Administration of the Department of Transpor-
tation, Experimental studies covering a wide range of geometric variables

pertinent to intra-urban subway-train transportation systems were carried

" %This project was initiated under the d1rect10n of the Inshtute for Ra.p1d
Transit,
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out from low Reynolds numbers (at which such tests are usually conducted)

up to virtually maximum full-scale Reynolds numbers.

Two hundred and forty-four runs were made in the VICS-120 facility,
completely reduced, andanalyzed to varying degrees. These runs comple-
ment the 32 applicable runs made in the VICS-70 facility. Blockage ratio,
model length, nose and tail shape, model wall roughness, model porosity,
model eccentricity in tube, tube length, tube wall roughness, and nonequilib-
rium effects were all investigated over a range of Reynolds numbers, A

summary of the pertinent runs is presented in Table 1.
II, SIMPLIFIED STEADY-STATE THEORETICAL MODEL

In order to guide an experimental program of this type and analyze the
results, a theoretical model which describes the near-field aerodynamic
characteristics of a vehicle traveling in a tube was nécessary. A basic
understanding of tube-vehicle aerodynamic characteristics can be obtained
by the proper application of normal pipe flow laws and momentum considera-
tions, The formulation cf this simplified theoretical model is based on these
two principles., In order to further simplify the formulation, the following

assumptions are made:
(1) Incompressible flow
(2) Steady-state equilibrium conditions
(3) Single, unvented, constant-diameter tube

(4) Single vehicle

A, VEHICLE DRAG

The vehicle drag is composed of several distinct but related elements,
as follows:

D = Dy + Dgp * Dpp + Dg
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where

DN = form drag due to Bernoulli pressure drop over
nose of vehicle (assumes ideal 1-dim. inviscid
flow)

DSF = drag due to viscous flow along cylindrical portion

of vehicle

DPD = pressure drop dfag due to skin friction force on
both vehicle cylindrical wall and tube wall immediately

surrounding vehicle

DB = base drag due to decrease in pressure as flow

expands over base of vehicle

Cp = D/(1/2 pv?’a), where v is velocity of vehicle relative

to tube wall, and a is frontal area of vehicle

1. Form Drag Dy

From Bernoulli considerations assuming one-dimensional inviscid

flow, based upon the flow velocity relative to the vehicle (see Sketch 1):

-vt<
_-.(_\.._..
!
et
~

Sketch 1

1 2 ‘
P+35plv-V)" =p +-%p(v -I-u)2

By continuity,

g
1
[

<|s
]
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By combining the preceding expressions,

2
P-p=Co-0) (%—:-g-) ov? (2-1)

where an arbitrary constant C1 is included since the experimental pressure

drop may differ from the theoretical one.

The momentum theorem may now be applied to the dashed area in
order to obtain the form drag of a semi-infinite cylinder in a pipe. (Veloc-

ities are relative to the vehicle and viscous forces are neglected, )

Dy = AP - p) + Ap(v - V)% - (A - a)p(V +u)? (2-2)

Substituting for (P - p) above and using the expressions for u and A

yields the form drag coefficient

1l -0

2
Cp,, * (1—'—9-) [+ - C)) +2(C, - 1)]

- where

C = (2-3)

Z.‘ Skin Friction Drag DSF

In order to obtain a reasonable approximation of the vehicle wall skin
friction drag due to flow in the annular region, a two-dimensional channel

flow solution is satisfactory (see Sketch 2).
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Sketch 2

Now,

Integration yields

dp

axy

o
]

(2-4)

a
&
o

+ constant

Since T = (du/dy), and the boundary condition is imposed that du/dy = 0

when y = (D + d)/4, the shear stress at

the vehicle wall is

AP

—

£

_APD-d
=77 T4

w (2-5)

Now, the well known Darcy-Weisbach equation for pipe flow around the

vehicle may be written

: f ‘ .
P p 2
X = grgzv+u (2-6)
Proper substitution of AP and u into Eq. (2-5) yields
f 2
: v 2(1-
w =8PV (1 - g) (2-7)
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The drag force due to skin friction is Dgn = T4 and the drag

coefficient is just

Dsp

Cp_.. = 2
SF 1/2pv-a

2
where a = wd~/4, So,
2
. £{1 - B
c = f -(—) (2-8)

DSF Vvd\l - o

3. Pressure Drop Drag Dy

The use of pipe flow principles m the annular region between the vehicle
and the tube is complicated since the bulk flow velocity relative to the vehicle
wall is different from that relative to the tube wall, Rather than base the
pipe flow friction on just one of the relative velocities (or some arbitrary
average velocity), the pipe flow principles can be independently applied to
each wall (vehicle and tube), This is accomplished by using the basic annular
pipe flow friction factor based on the relative velocity along one of the walls,
and then decreasing that pressure drop by the ratio of that wall area to the
total wall area. The total pressure drop is then

ap =Apy t Apqp (2-9)

where

S £ p 2_No
Apy = iy pogz (VU T

where \o/(l +./oc) is just the vehicle wall area ratio and

| _ g 1 2 Noo o\
APy = fp p-qz Py (l‘lﬁﬁ,)
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By using the relations already established for d and u, the total
pressure drop along the length of the vehicle due to tube and vehicle wall

friction can be expressed as

2 2
- £ ¢ (L-B\“1 2 _ . £ No [o- 1 2
Ap = fygare a(r—a') PV Fipgq (—-9) seve  (2-10)

where the + term is used for o>, and the - term foro< .

This pressure drop acts on the base area to give a drag force. By

combining the terms and converting to a drag coefficient, we get

____1__3_ £y0(l - By + NGO By (2-11)

£
C = =
d(1.0)

Dbp

The Reynolds number for determining the values for fV and fT can

also be based upon the bulk flow velocity relative to the wall being con-

sidered, giving

- Plv+u)D - d)
Ry = .

= puD - d)

R, m

where (D - d) is the hydraulic diameter,

By using the already developed expressions for u and d, we get

R, =puD1l-B
v ko1 +ANo
R - pubD| o
T b |l + o
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4, Base D‘rag Dp

A sudden expansion and resulting pressure drop drag increment occur
at the vehicle base, The pressure drop may be determined by writing the
continuity, energy, and momentum equations in that region, The solution
may be simplified, however, if it is expressed only as a function of flow

velocity in the annular region relative to the vehicle,
AP, = c.ly2(L=B)? (2-12)
B~ 22V \T-% }

2

The base drag coefficient, then, is just

where C, is a function of the blockage ratio.

| APpa
Cp_ = 72~
B 1/2pv-a
or
2 .
- 1-0
Cp,, = CZ(I_ = q) . (2-13)

5. Vehicle Total Drag Coefficient

The resulting total drag coefficient for the vehicle is the summation of
the four sources of drag (Eqs, 2-3, 2-8, 2-11, and 2-13). Therefore,

+C FC. +C
Dy "Pgr DPpp Pp

or

cp = [ L5+ Gy + o2 - C)) +2(Cy - 1)] (,}__9)2

g1 o 2 2 S '
+a-(1—:-—;-)§[fv<r(l =) % foo(o - p) ] - (2-14)
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where +is for o> B and - is for o < B.

B. TUBE FLOW VELOCITY

In order to determine the ratio of the bulk flow velocity ratio (B) in the
tube away from the vehicle, it is first necessary to determine the various
praessure gradients and steps along the entire length of the tube, including the
region occupied by the vehicle, The diagram (shown in Sketch 3) divides the
tube into six regions, with the seventh (or end) region taking care of natural

or augmented end losses for both ends.

G
- =]

, 3 ()
G) )
|

Sketch 3

g
)

1. Region 1: Pressure Gradient Along Tube Upstream of Vehicle

This pressure gradient is due to the normal flow through a tube as

predicted by the usual pipe flow friction factor considerations, The expres-

sion is
L ;
_ ¢ ZUl 2.2 .
AP1 = fU D 3PV B (2-15)
2, Region 6: Pressure Gradient Along Tube Downstream of Vehicle

_ Since the form of the pressure gradient is assumed to be identical to
‘ thai,t for Region 1, it is convenient to discuss it at this time. The main dif-
felf'ence between the flows in Regions 1 and 6 is due to the vehicle wake effect
oni_the velocity profile in Region 6, Because of the wake effect, it is likely
that the friction factor will differ from the normal pipe flow friction factor
of Region 1, Hence, | ' | o
Ip1 2.2

AP fD—]j—-z-pV (2-16)

6

The length Lp really should not ihéiude Regions 4 and 5, but this is ‘neglécted.

IPL Téchnical Memorandum 33-731 ‘ o 9
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3. Region 2: Pressure Drop Over Nose of Vehicle

The Bernoulli pressure drop over the nose of the vehicle, with the fac-
tor C1 to correct for the possible difference between theory and experiment,

is

2
AP, = Cio(2 - cr)(i :‘?r) -;:pvz | - (2-17)

and is identical to Eq. (2-1).

4, Region 3: Pressure Gradient Along Vehicle

The pressure drOp‘ih the annular region due to the friction on both the

vehicle and the tube is

¢ 1 | 2 | 2,1 2

and is identical to Eq. (2-10).

5. ‘Region 4: Pressure Drop at Vehicle Base

The pressure drop at the base of the vehicle, due to the sudden flow

expansion, is

' 2
Ap, = ;-cz(l'-@) Lov? : (2-19)

and is the same as Eq, (2-12),

6. Region 5: Pressure Recovery Aft of Vehicle Base

The pressure rise in Region 5 can be considered to be a recovery of

e

, tfhe original pressure drop in Region 2 less the loss due to the vehicle form

drag. Assuming inviscid flow, and using the bulk flow velocity in the tube

relative to the vehicle, this pressure rise can be determined as follows., By

~applying the momentum theorem to a region encompassing the entire vehicle,

we get -

JPL Technical Memorandum 33-731



2 ' 2
PUA + Ap(v - V)™ = PDA + Ap(v - V)" + DN (2-20)
or
D
N
(Py - Pp) = &
where D, is defined by Eq, (2-2).

N ‘
What is actually desired is the pressure rise (PD' - p), at the base,

which is equivalent to
APg = (Py - p) - (Py - Pp) o (2-21)
but (PU - p) is just APZ; therefore,

Cymee - plev® (2-22)

AP 31 - o)

5=

where C3‘is an arbitrary constant which is ideally unity. Experimental

results, hdwever, indicate that this.is not always the case,

re

7. Region 7: ' Tube Entrance Pressure Drop -

The pressure drop at the tube ends can be lumped into a drop at only

the entrance end. It can be written in the form

1 2.2 :
AP7 = 5pV pa (2-23)

where a is the loss coefficient,

For the case of a simple tube with both ends open, the value of o was

' experimentally found to be approximately -1, 7.  If a restriction of some sort

is at the tube end, the absolute value of a will be increased. Should some
' means of flow augmentation be used, the sign as well as the magnitude of o

- will change,

JPL Technical Memorandum 33-731
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8. -  Regions 1 through 7: Complete Pressure Balance Equation

The p;res sure equation for the tube can now be written, and by solving
this equation, the value of f (ratio of the bulk tube flow velocity to the vehicle
velocity) can be determined using '

AP7 = _API +AP6 +~AP5+ APZ +AP3+ AP4~ (2-24)
Normally Positive Negative
negative values values
‘value '
L L 2 ‘
vD T fD ) [32 .o Cl(?. - o)+ O'ACZ - 2C3(l - 0
2 1 | . |
2T (£, 0 (1 - 8)% = T (0 - B2 (2-25)
- ¥ - o

where the + sign is used fors > § and the - signis used foro<p.

In summary, in order to calculate the steady-state incompressible
drag coefficient of a vehicle traveling in a single, unvented tube, it is first
necessary to determine 3 from the pressure balance equation (Eq., 2-25),
An iterative solution is necessary, since the friction factors (f) are based
upon the appropriate Reynolds numbers as well as relative roughness, With
B calculated, the vehicle drag coefficient may be directly determined from
Eq. (2-14). | |

III, TEST PROCEDURE/DATA ACQUISITION

A.  FACILITIES

; The experimental investigations were carried out in the VICS-70 and
VICS-120 facilities. (VICS is an acronym for Vehicles In Confined Spaces. )
- Both tubes are vertically oriented with honed inner surfaces of 5. 28-cm dia.,
~ which corresponds to about 1% scale. The two test section tubes are 21,3 m_ '
: (70 ft) and 33.2 m (109 ft) long, respectively; vertical orientation permits the

convenient us e of gravity to propel the model vehicles down the test section-

JPL Technical Memorandum 33-731



tubes at equilibrium as well as nonequilibrium conditions. Reynolds numbers
on the order of 3 X 104 were obtained in the VICS-70 using air in an
open-ended test section. In order to investigate the effects of test section
tube length on model performance, constrictions in the form of orifices were
used at the tube exit to effectively increase its length, Heavy ‘ga.ses such as
CO2 and "Freon 12" and6pressurization to 1.034 X 106 N/m2 gage increased
Reynolds numbers to 10, with a closed test section simulating an infinitely

long tunnel,

Since, under pressurization, the tube length of this earlier facility
was effectively infinite, the longer, more versatile VICS-120 facility (Fig. 1)
was put into operation, The ends of this test section tube are connected to a
common plenum so that the tube ends are effectively open when the facility
is pressurized. This was validated by making runs at atmospheric pressure
with the test section first connected to the plenum and then open to atmo-
sphere, with identical results. Reynolds numbers_' of ub to 4 X 106 were
achieved with the facility at nearly 50 atmospheres of CO2 and model veloc-
ities of 10 m/s (the Reynolds number of a full-sized train traveling at 30 m/s
is about 7 X 106). Nominal test section tube L/D is 630, whicih scales to a
3. 2-km-long tunnel, In later experiments, a plastic roughness liner was
inserted inside the VICS-120 test section tube in order to study the effects of
internal ribbing., This modification increased the L/D ratio to 840 due to the

smaller internal diameter,

Although a "pneumatic!' catapult launcher has been built for the
VICS-120, experiments to date have been performed by simply reléaéihg
the model from rest. This low-kinetic-energy operation allows the use of a
rather simple arrestor. It consists of large-diameter pipe, packed with a

series of plastic sponge slugs, which stack up as the model is bfought to rest.

B. MODELS

It was determined early in the program that gravity-propelled, low-
Reynolds-number studies required light-weight models for steady-state

| equilibrium investigations, Styrofoam was used in these cases, since it

afforded light weight while retaining structural integrity. Lead-ballasted

aluminum tube models were used for the moderate- to high- Reynolds-number

tests, In order to investigate "train-like roughness,' car separation grooves

JPL Technical Memorandum 33-731
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and simulated window and door grooves were cut in thick-walled (0. 64 cm)
sfyrene tube models. The basic nose and tail shapes used throughout the
program were hemispherical, Only a brief investigation was performed on
the effects of changes in the nose and tail shapes from flat to streamlined.
Highly detailed trains were simulated by using both HO- and N-gage plastic
hobby-model train cars. An example of each type of model is shown in

Fig, 2. All models had at least two sets of three runners or skids in order
to keep them centered in the test section, since data repeatability was found
to suffer without them, Brief eccentricity studies were performed and found
to have little effect. The drag increased about 5% as the model approached
the tube wall.

C. MEASUREMENTS

Photo-cell and side-wall static pressure transducers could be located
at up to 18 positions along the VICS-120 test section tube. Since most of the
program involved steady-state operation, the use of six photo-cell staitions
and six pressure transducer stations was found to be adequate. Model posi-
tion history could then be determined from all 12 stations, V.yielding a rather
detailed velocity history. For steady-state operation, a drag ‘coefficient
could easily be determined from the equilibrium velocity., The six pressure
transducers were connected to an oscillograph and produced a detailed
"'signature'' as the model passed, as well as discrete levels of the pressure
gradient along the test section tube, This gradient was then related to the
flow velocity in the tube from well known pipe friction laws. A more direct
flow velocity measurement was occasionally made using a pitot-static tube
near the test section exit on a few runs. In all cases, the agreement with

the indirect pressure gradient method was excellent.

D. DATA REDUCTION

Determination of the model velocity along the test section was straight-
forward, following directly from the oscillograph record of model position
history. Equilibrium or steady-state conditions were obtained in the majority
of the runs, The criterion was that the model acceleration be less than
0.01 g over the last 10 m of the test section tube, where the sidewall pres- :
sure transducers were concentrated. Once a steady-state model velocity

was determined, the drag coefficient C. was easily c,émputed by noting that,

D
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under equilibrium conditions, the model drag is equal to its weight:

C,. = drag/qa, whereq = 1/2pv2.

D :
The flow velocity in the test section, both ahead of and behind the
model, was, for the most part, inferred by the pressure gradient along the

tube monitored by the side-wall pressure transducers., The well known

Darcy-Weisbach pipe friction loss equation may be written:

AP 2

_ i1 ¢
L - D2P

or, in terms of the ratio of the flow velocity to the model velocity,

B =Y _ (APD/Lf)l/z
v Q9 )

This is an iterative solution, howevef, since f is a function of the Reynolds
number and hence, of q (the convergence is rapid, requiring no more than

three iterations).

Friction factors on the model wall and tube wall in the annular region
were determined from portions of the pressure signature as the model 'passed

a transducer,

For nonequilibrium runs, the model drag does not equal its weight, and
a more complex reduction is necessary., The !'slug theory' (Section VIA)
was used for a/g >0 in order to galc:ulate% the ratio of the flow velocity to
ss’ the

_ steady-state ratio for which AB = 0. The assumption is made that the nor-

the model velocity B at a position near the tube exit (0,9 L) andp
malized drag coefficient,

°p

(& =
Do Wop?

is not sensitive to B. For model accelerations less than 0.1g, a simplify-

ing assumption may be made for the instantaneous drag coefficient,

D, q
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Therefore,

1-Bgs 2
Cp = Cp, 1-p
ss i

Determination of the friction factors and momentum coefficients (Sections
IVC and D) was not adversely affected by model accelerations of less than
0.1g. '

A more complete treatment of the data reduction procedure may be
found in Ref. 3.

IV, DATA PRESENTATION

A, DRAG

The drag coefficient data for all of the conditions investigated had
essentially the characteristic shown in Fig. 3 when plotted against model
Reynolds number, The drag coefficient decreased with increasing Reynolds
number; above a Reynolds number of about 106, the decrease in the drag data
became quite small as Reynolds number continued to increase, This behavior
with Reynolds number is much the same as the turbulent pipe flow friction
factor with a distributed roughness on the pipe wall somewhere between 10~

to 10”3 of the pipe diameter. This is true even for the ribbed-tube case.

- Theoretical calculations of the drag compare quite favorably w1th the experi-

mental data, generally within 5%, as shown by the dotted fairings.

-

The effect of blockage ratio upon the drag is shown in Fig. 4. In the

case of the smooth-wall tube with L./D = 630, the increase in drag coefficient

- with increasing blockage ratio is moderate compared to the situation for the

infinite tube length or the ribbed* tube of L/D = 840. As can be seen, the
effect of the ribbing (direct measurements in the VICS-120 facility yielded
a pipe flow friction factor of 0. 095, about six times greater than for the
smobth tube) tends to give the _CD vs o curve for the L/D = 840 ribbed tube

‘the same characteristic as the LL/D = o smooth tube,

*The helical ribs, which are 0,02 D in height, are spaced on 0, 22-D centers.
Their cross-section is trapezoidal, with a base thickness the same as the
hexght See sketch in Fig, 4.
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When the blockage ratios of the smooth and train-like models in the
ribbed tube are based upon the diameter inside the ribs, they are 0.49 and
0. 71, respectively, rather than the plotted values of 0.46 and 0, 66, which
are based upon the tube diameter at the base of the ribs. If the higher values
of the blockage ratio are used when plotting the model drag for the ribbed
tube case, the LL/D = o curve nearly coincides with the L./D = « curve for
the smooth-tube case. This suggests that the addition of ribs in a tube
essentially increases the effective blockage ratio and the effective tube
length for I./D<w ., Therefore, a detailed knowledge of the flow in the
annular region may not be required in order to estimate the effect of this
type of ribbing (which yields a pipe flow friction facto“rv about the same as

many realistic subway tunnel rib geometries) on vehicle drag.

The train-like roughness approximated by annular grooves on the
models generally increased the drag by about 15% for all the conditions
tested, But the drag of the highly detailed HO- and N-gage models is con-
siderably greater than that for the smooth models, This is seen in Fig, 4 for
the HO-gage model in the smooth tube by comparing the + symbol with the o
symbols. The increase in drag of an actual train geometry over the ideal-
ized smooth-wall cylinder is about 75%. The increase in drag for the N-gage
model (¢ = 0, 36) in the ribbed tube is double that of the smooth cylindrical

configuration,

' The effect of vehicle length upon the drag coefficient increases as the
blockage ratio decreases. As can be seen in Fig, 5, the{/d increase from
15 to 30 for o = 0.71 results in about a 20% increase in C D while for

o= 0,52, a 25% or so increase in C results,

In order to demonstrate the effect of tunnel length on the drag coeffi-
cient, it is necessary to rely upon theoretical calculations, since the tests
in the VICS-120 facility were performed only at L/D = 630 (about a 3; 2-km
long smooth tunnel) and at L/D = infinity. * Figure 6 shows that the effect
of tunnel length becomes more pronounced as the blockage ratio increases,

The eight data points shown agree quite well with the theoretical data.

*In the earlier VICS-70 facility, a range of effective L./Ds from 290 to 104,
and of course infinity, was obtained by using various sized orifices on the
lower end of the tube to restrict the flow., These tests, performed at
Rq~ 3 x 10%, indicated that the theoretical model adequately predlcted the

effect of tube length on vehicle drag.
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Unless otherwise stated, the vehicle nose and base shape was the
bésic hemispherical configuration. A limited study was done to determine
the effect of varying the nose and base geometry. Since the siidy in the
VICS-120 facility included blockage ratios of only 0. 71 and 0. 83 at Rd ~ 106,
the data taken over a wider range of blockage ratios in the VICS-70 facility
at a low Reynolds number are shown in Fig, 7, These two series of tests
gave consistent results, The ellipsoidal-flat configuration yielded results
comparable to those obtained with the standard hemispherical-hemispherical
configuration, At ¢ = 0, 90, there does not seem to be any significant effect
of nose-base geometry upon drag; but at ¢ = 0,50, the effect of a flat nose or
a streamlined base on the ellipsoidal-flat configuration is significant, being
about 15% and 25%, respectively,

Usually the model was constrained to be concentric with the tube. In
order to observe the effects of off-center operation, the tri-skid guides were
adjusted to put one side of the model about 0.5 mm from the tube wall,
These results for the test in the VICS-70 facility are shown in Fig, 8, The
effect upon drag for o = 0, 74 is insignificant, while at ¢ = 0,50, eccentric
operation increases the drag by about 5%, Tests in the VICS-120 facility at
high Reynolds numbers, which gave comparable results, showed that the

effects of eccentricity remained about 5% at o = 0, 23,

B. . FLOW VELOCITY IN TUBE

The flow velocity was inferred from the pressure gradient in the tube
ahead of the model for every run by the use of generally accepted turbulént
pipe flow friction factors as a function of Reynolds number for the tube
roughness factor., This procedure was verified a number of times for the
smooth tube during the test program under widely different conditions by a
direct measurement of the flow velocity with a frangible pitot-tube and a
static pressure port on the tube wall. In the case of the ribbed tube, fric-

tion factor vs Reynolds number data were scarce, so it was necessary to

“make measurements of the flow velocity directly. Centerline velocities were

“converted to bulk flow velocities, assuming a fully developed turbulent flow

profile, The friction factor was determined from an iteration procedure and
found to be constant. For the remainder of the runs in the ribbed tube, the

flow velocity was inferred in the usual manner from the pressure gradient.

JPL Technical Memorandum 33-731



A sample of the tube flow velocity ratio (B) data as a function of vehicle
Reynolds number is shown in Fig, 9 for ¢ = 0,52 and 0, 72, The data scat-
ter makes it difficult to establish any trends with Reynolds number, This
large scatter in the B data is not consistent with the small scatter in the Cph
data, since CD is very sensitive to 3, Therefore it appears that the scatter
in the B data is strictly an instrumentation and data reduction problem, even
though the differences between the direct and indirect measurements of flow

velocity in the tube are small and exhibit little scatter.,

As a consequence of the scatter in 3, smoothed values of g vs Rd
were used in order to further reduce the data for each run rather than the
parti’cular B for each run, However, this approach made only a small
improvement in the subsequent data analyses (momentum loss coefficients
and friction factors), The fairings appearing in Fig, 9 are from the theoreti-
cal model, and are certainly compatible with the data, It is interesting to
note that the theoretical fairings are nearly horizontal, both barely increas-

ing with Reynolds number.

RMS-type fairings (slopes based upon theoretical consideration) were
put through the B vs R4 data for the various blockage ratios (and other con-
ditions) in order to derive the effect of blockage ratio on the flow velocity in
the tube. The result of this is shown in Fig, 10 ifo*r‘ both the smooth and
ribbed tubes. In spite of the large scatter in the B vs R_d data, the resulting
B vs o data form a smooth, reasonable progression, and compare favorably
with the theoretical curve shown for t"e smooth-tube case, The theoretical
fairing of the two data points for the ribbed-tube case is based upon the fol-
lowing assumption, The ribbed-tube length was replaced by a smooth tube
six times longer (the ratio of the friction factors) in L./D, The model block-
age ratio Wa.s: based upon the tube area inside of the ribs. The favorable
comparison between the curve and the data demonstrates that this simple
approach can adequately predict the bulk flow velocity in the tube. This

same approach, usedto estimate the drag coefficient, works equally well.

"Theoretical curves of the effect of tube length upon the flow velocity
in the tube are shown in Fig, 11. The experimental data at /D = 630 agree
fairly well with the theory. : '
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C. MOMENTUM COEFFICIENTS

1. Nose

The momentum loss coefficients were determined from the pressure
signature of the model during the equilibrium portion of its travel through
the tube, The pressure signature is ‘merel'y the pressure history at a point
on the tube as the model passes it. The pressure drop as the nose of the
vehicle passes over the pressure port can be expressed by a momentum loss

coefficient C. over the model nose, From the derivation of the theoretical

1
model, C1 is defined as follows:
c. = 2 (1 - o-)z 1
1 o(2-0)\1-p 1/zpvz
where a, is the drop in pressure at the model nose,

1
A value of unity indicates that the measured pressure drop over the
model nose is identical to that calculated from one-dimensional Bernoulli
principles. A value below unity indicates an experimental drop less thah
calculated, which is a surprising result that was generally obtained for the
higher Reynolds numbers and blockage ratios. This can be explained, in
part, by the use of the nondimensionalizing term, which is based upon the
average bulk flow velocity rather than upon the average dynamic pressure in

the gas flowing through the tube,

A summary of this coefficient as a function of model blockage ratio at
Rd = 106 in a smooth tube appears in Fig. 12a. Although the scatter in the

Cl‘vs Rd

ables which affect it. From the C1 vs Rd data, a typical example being

shown in Fig. 13, it appears that this coefficient is affected by tube length as

data is large, it still is possible to get an ap‘préciation of the vari-

well as the Reynolds number (the dashed fairing shown is for Reynolds num-
ber effect at L/D = infinity). From Fig. 12a, the ve“hicle blockage ratio is
shown to be an important pax"ametervfor 0 <.0.5, Atthe lower blockage
ratios, there are indications that C1 is also a function of nose“-geometry,
with a flat nose giving a larger value than the basic hemispherical nose.
This increase in C1 results in an increase in the theoretical drag, which is

consistent with the trend that was experimentally observed.
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2. Base

‘ Unlike the pressure drop over the model nose, the pressure drop over
the base of the model, in general, was a very difficult quantity to measure
with high confidence. Fortuiaately, the difficulty of quantifyinyg it is
inversely related to its effect on the vehicle drag. Hence, the large scatter
in the C, vs Ry
shown in this figure is typical of that for the other blockage ratios. In spite

data shown in Fig. 14 is quite acceptable, The fairing

of the problem of gensrating meaningful fairings, a fairly consistent pattern
emerged, as can be seen in the summary plot (Fig. 12b), This coefficient
was obtained from the pressure signature data using the following relation

based upon the theoretical model:

2
C2 = g{2 -a‘)a—ICI

where a, is the pressure drop at the model base. A value of zero indicates

no pressure drop.

3. Wake

The coefficient C3 for the pressure recovery in the wake of the
vehicle is depicted as being constant in Fig, 12c. The basic C3 vs Rd data
(Fig. 15) have considerable scatter, but RMS-type fairings through all of the
data result in fairly consistent results. The calculation of C3 from the

pressure signature is

o
1
S

b
a

Q
1!
BN —

€1

—
!
q

[

where b is the pressure rise in the wake. In order for the momentum
balance to be preserved in thé theoretical model, C, must equal unity. Its
general value of 1.25 is not too different from unity to cause concern, since
the overall aerodynamic phenomenon is likely to be considerably more com-

plicated than the scheme assumed for the simple theoretical model,
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4, Sensitivity

The sensitivity of the theoretical calculated drag to variations in the
C factors is generally low. Details of a sensitivity analysis for o= 0,71
appear in Section VD, For ¢ = 0,23, a percentage change in C1 ‘affects the
drag to a somewhat greater percentage, but by ¢ = 0, 83, the effect on drag
is an order of magnitude less. The effect of variations in CZ or C3 on the
theoretical drag is about an order of magnitude less than the percentage

change in CZ or C3 for all blockage ratios and tube lengths investigated.
D. FRICTION FACTORS

1. Tube

The large amount of readily available turbulent pipe flow friction
factor data can be used to estimate the pressure gradient in the tube
upstream of the vehicle., Such data are available not only for uniformly dis-
tributed roughness but also for some internal ribbing configurations. In
these experifnents with the ribbed tube (ribs being trapezoidal in cross-
section), the experimentally determined friction factor of 0.095 can be com-
pared with the 0.11 value that is indicated in Ref. 4 for ribbing that is -
similar except that the rib cross-section is square. For the smooth tube,
the generally accepted turbulent pipe flow friction factor for €/D = 10'4 as a

function of Reynolds number was found to be satisfactory.

2. Vehicle Wake Effect

Because of the presence of the model wake, there is a difference in
the pressure gradient along the tube downstream of the model from that
upstream of the model. This difference can be accommodated by using a
ratio of the downstream to upstream turbulent pipe flow friction factors. In
the shorter tube (L/D = 290), the downstream friction factor was about 13%
greater than the upstream one for the blockage ratios investigated
(0.5 <0<0.9). Inthe longer tube facility (L/D = 630), the ratio fD/fU was
considerably less, being unity for ¢ = 0,23 and jncreasing up to about 1. 05
for 0 = 0.83. The overall scatter of the data upon which these ratios are
based is s,howh by the vertical scatter bars in Fig. 16; it is felt that the
indicated fairings (which are based on all the data) are quite indicative of

the actual situation. It is reasonable that the ratio of f.D/fU decreases
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toward unity as the tube length increases, since the measured pressure
gradients are an average value for the entire distance from the tube

entrance to the model just before it exited the tube,

3. Aunnular Region

The annular friction factor for the smooth tube wall case is shown in
Fig. 17 for ¢ = 0,52 and 0.71. As a guide for determining a rép#es?enfcative
fairing through the data, the Nikuradse curve for ¢/D = 10'3 and a level
curve for ¢/D = 10_4 are included along with the smooth-wall curve for the
turbulent pipe flow friction factor as a function of Reynolds number. The
annular Reynolds number is based on the flow velocity in the annular region
relative to the vehicle and on the annular diameter (D - d). In calgtﬂating
these friction factors from the annular gradient portion of the pressure sig-
nature, the simplifying assumption was made that the friction factors on
the model and tube wall in the annular region were the same, This is not
quite true because of the difference in Reynolds number on the tube wall
from that on the model wall, However, based upon the theoretical model
and the generally accepted smooth-wall circular pipe friction curve, they

are within 5% of each other,

The effective roughness parameter (€/D) in the annular region for the
smooth model in the smooth tube is between 10-3 and 10-4. ‘The annular
friction factors are in the general vicinity of the circular pipe ones. As can
be seen by comparing Fig. 17a with Fig. 17b, the annular friction factor
decreases somewhat with increasing blockage ratio. A summary of the
annular friction factor as a function of vehicle blockage ratio is shown in
Fig. 18 for an annular Reynolds number of 5 X 105 (which more or less cor-
responds to Ry= 107). It clearly shows the trén'd of a decreasing friction
~ factor with increasing blockage ratio. The dashed horizontal fairings are .

the usual circular tube data.

Also included in Fig. 18 are the results for the ribbed-tube case, which

higher level, the data of the annular friction factor as a function of annular
Reynolds number for the ribbed-tube case (see Fig. 19) look just like the
data for the smooth tube shown in Fig., 17. In reducing the annular friction ’
factor data, an effective blockage ratio was used, based upon the tube aiea
inside the ribs, giving ¢ = 0,49 and 0,71 rather than o = 0,45 and 0. 66,
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respectively. Here again, the assumption was made that the friction factor
in the annular region was the same on both the tube wall and model wall.
Since this is not a valid assumption because of the considerable difference in
wall roughnesses, the annular friction factors shown are the effective values,
and can be used only for cases where the relative roughnesses are the same
as those used for these studies. In the long run, this is no real problem,
be%cause the data can be re-reduced once one assumes a ratio for the tube-
tof—model wall friction factors. This is done by an iterative process, using
the smooth-wall data to establish the initial ratio for the next calculation
step. The first iteration would assurne that the tube wall annular friction
factor is 1.3 times that for the smooth model (because of the 30% higher

effective factor shown in Fig. 18).

One step in the data reduction for the annular friction factor should be
pointed out. The annular gradient in the pressure signature must be reduced
by the gradient along the tube ahead of the model. This is necessary in
order to convert the data from a point in space to a point in time (which is

the basis for the theoretical model).
V. ANALYSIS

A, ELEMENTS OF AERODYNAMIC DRAG

The simplified theoretical model presented earlier shows the total

aerodynamic drag to be composed of the following five basic elements:

(1) Bernoulli effec.ts at the vehicle nose (referred to as form drag

for brevity).
(2) Friction force on the cylindrical wall of the vehicle,

(3) Pressure gradient in the annular region due to skin friction on

the cylindrical wall of the vehicle,

(4) Pressure gradient in the annular region due to skin friction on

the tube wall immediately surrounding the vehicle.

(5) Pressure drop as the flow expands over the vehicle base

(referred to as base drag for brevity).

Since the theoretical model, using the experimentally determined

coefficients (C and f) adequately predicts both the aerodynamic drag and the
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tube flow velocity over a wide range of conditions, it is reasonable to expect

that the use of this theoretical model will do a realistic job of separating the

total aerodynamic drag into its basic elements,

Should one desire to evaluate the contribution of the various elements
to the total drag, the use of the theoretical model is a real convenience
because doing so by direct measurements would be extremely difficult. Fig-
ure 20 shows the relative contribution of these five elements to the total

aerodynamic drag for the basic test condition.

The dominant contribution of the drag is from the Bernoulli pressure
drop effect over the nose; for an L/D = 630 smooth-wall tube, it contributed
about 65% of the drag at ¢ = 0,23, about 40% at ¢ = 0, 23', and about 40% at
o = 0,83, The contribution of the sum of the two elements of the vehicle
wall skin friction varies from 28 to 40% as the blockage ratio increases,
The expansion over the base makes a very moderate contribution, going
from about 7 to 12%. At the lowest blockage ratio tested, the effect of the
tube wall friction in the annular region is negligible, and increases up to
only 6% for o = 0, 83, o

The effect of either longer tubes or tubes with internal ribbing is
fnainly to increase the contribution of the annular pressure gradient due to
the tube wall skin friction in the annular region at the expense of all the
other elements. This increase can be significant, becoming about as much

as one-fourth of the overall drag at the highest blockage ratio.

B. PRESSURE SIGNATURE CHARACTERISTICS

The major effect upon the characteristics of the pressure signature
is due to the blockage ratio. Typical pressure signatures are shown in
Fig. 21 for the four main blockage ratios examined in the VICS-120 facility.
The major effects of increasing blockage ratio on the shape of the signatures

is an increase in the annular pressure gradient and a decrease in the

*Even though there are five distinct elements, one must not neglect the fact -
that the vehicle wall friction drag and the pressure gradient in the annular
region due to the friction on the vehicle wall are really not separable in the
sense that one cannot exist without the other and perhaps should be consid-
ered as a single element. Nevertheless, in this report, they are taken to
be separate identifiable (although directly related) elements.
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pressure rise in the wake relative to the pressure drop over the model nose,
In order to quantify the major characteristics, the pressure signature is
divided into the five pressure steps shown in Fig. 22, The pressure signa--
tures obtained for each run have been analyzed using the definition of the
pressure characteristics described in Fig., 22, where A is used to normalize

the other four pressure steps.

A descriptive sample of these pressure characteristics is shown in
Fig. 23 to serve as a basis for comparing the characteristics of pressure
signatures obtained in other investigations. Both al/A and b/A are strong
functions of blockage ratio, while az/A and c/A are weak functions of the
blockage ratio. These data are for the higher Reynolds number conditions

(Rd > 105) in a smooth-wall tube.

C. DRAG INFERRED FROM PRESSURE SIGNATURE

- The steady-state drag data presented in this report were obtained by
equating the drag force to the model weight, a simple, direct way of
measuring the aerodynamic drag under the equilibrium test conditions
achieved during these investigations. However, it should be possible to
infer the drag from the pressure signature. From theoretical considera-
tions, assuming one-dimensional flow, the drag force is equal to the pres-
sure drop across the vehicle (the value A shown in Fig. 20) times the tube
cross-sectional area, decreased by the friction force on the tube in the
annular region and by the pressure drop that occurs in the tube ahead of the

vehicle for a distance equal to the length of the vehicle:

jus

' - BV 1 2 2
Veh;cle drag = AA -2 fTDe(l = cr) 2PV - AplfJEV

The two negative terms in the above expression are generally small: less
than 5% of AA. Neglecting them results in an approximate form of the

pressure-inferred drag of

C _ AA
D ~ 2
p . 1/2pv-a
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A fairly extensive sample of the relationship of this pressure drag coefficient
with the model-weight drag coefficient is shown in Fig. 24. As can be seen,
the comparison is quite favorable, the average being just below the line of

exact correspondence.

The consequences of this favorable comparison of the pressure-
signature-inferred drag with the model weight drag are far-reaching. Itis a
direct confirmation that aerodynamic drag can be obtained by an extremely
simple technique — accurate pressure measurements. This means tf:hat very
simple test setups can be used to obtain the aerodynamic drag of vehicles
traveling in tubes, not only in model-scale tests but in field tests on full-
scale train-subway systems. It is not necessary to rely upon the complex,
and generally unsatisfactory technique of measuring the deceleration of a

coasting train in order to infer the aerodynamic drag.

D. SENSITIVITY OF PREDICTED VEHICLE DRAG COEFFICIENT TO
VARIATIONS IN CONSTANTS

‘ The relative importance of the various momentum constants (C) and
friction factors (f) that are used in the analytical models should be known in
order to place proper emphasis on the requirements of obtaining and using
them. Therefore, a limited analytical study was performed to determine
the sensitivity of the calculated vehicle drag'coefficient to changes in the
values of the arbitrary constants used in the flow velocity ratio and drag

coefficient expressions in the theoretical model described in Section II.

This analytical sensitivity study was carried out for one blockage ratio
under two conditions: (1) a vehicle traveling in a smooth-wall tube with an
effective length-to-diameter ratio (L/D) of infinify (obtained by closing off
the lower end of the test section tube); and (2) a tube with an L/D of 630,
These two cases approximate the conditions for many of the experimental

runs which were made in the VICS-120 facility,

In order to determine the sensitivity of CD to the annular friction

factor and the various momentum coefficients, the nominal values shownin
Table 2 were first assumed. Each of the coefficients was, in turn,
increased and decreased by 20%, and the change in the drag coefficient (CD)

was determined,
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Table 3 summarizes the result for this blockage ratio. Since a
positive variation in the constants had essentially the same proportional
effect upon the drag coefficient as a negative variation, only the averages of
the effecis on CD for the positive and negative variations of the constants
are shown. In every case, an increase in any of the constants resulted in an

increase in CD'

For the L./D = infinity case, the effect of variations in the C constants
decreases with increasing vehicle blockage. The consta.nt‘C,1 is the domi-
nant one in predicting drag coefficient. The sensitivity to friction factor is
less at the lower blockage ratios; at the higher blockages, the friction factor

becomes significant and dominates the sensitivity of the C factors.

For the L./D = 630 case, the same qualitative trend with blockage ratio

on CD is still true for C_, but to a lesser degrée. However, the effect of

annular friction factor d(lacrea.s‘eys. with increasing vehicle blockabge ratio,

rather than the reverse noted for the L/D = infinity case. This is because
the tube flow velocity ratio increases with increasing blockage fatio, hence
minimizing friction effects compared to the L/D = infinity case, where the

tube flow velocity remains zero.

The use of the nominal values of the momentum coefficients and the
friction factors for predicting vehicle drag by means of the theoretical
model is verified by the generally good agreement between the experimental

data and the calculated values.
VI. UNSTEADY AERODYNAMICS

An actual,ﬂ‘slt.lbway train may spend very little time operé.ting under
steady-state vco;nditions. In order to perform design studies, it is, there-
fore, necessary to understand the ja.;erodynamic consequence of unsteady
opera.tibn. A simple theory is presented and a sample problem is discussed
in order to give the reader an appreciation of the importance of aerodyna-

mics in the system.
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A, SLUG THEORY

When a model is accelerating (or decelerating) throughout the test .
section, the drag is never equal to its weight, and the data reduction
becomes more complex, As shown in Sketch 4, the far-field drag is made

up of four distinct parts:
(1) Pressure difference across the ends of the tube,
(2) Wall friction up- and downstream of the model.
(3) ‘Wall friction in the annular region,

(4) Flow acceleration forces,

——
P [] i U—o
exit -V ;\ ( -—v C Pinlet
C C B
Fu Fu Fo
Sketch 4

Assuming that the flow is incompressible (a generally good approxi-v
mation for low acceleration rates as per Ref. 5), the far-field drag may be

written as follows:

: _ 1.2 ‘
Dep = (Pexit = Pinle) & + 277V ™D(L - 2)Cp
(6-1)
1 2
- 5 PurDIC, +pA (L - Jz)%t‘-’
A
where; for the sake of simplicity, CF = C = CF' the effective skin
| _ U Fp
friction coefficient on the pipe wall.
The near-field drag may be more familiarly written:
1 2 | | ‘
DNF =5pv Cpha (6-2)

JPL Technical Memorandum 33-731 7 » 29



but here we will introduce and substitute a term called the normalized drag

coefficient,

c, = —2— (6-3)

which is relatively insensitive to B (Ref. 3), so that

1 2 2
Dyp = 2PV 2Cp (1 -§) (6-4)

Using the following relationships,

- = Pintet = Fexit
172,V
f = 4CF
V = Bv
a = oA
w v {2
Dpp = Dng

where both p and v are functions of time, and everything else is -assumed v

convstant’ (independent of time and/or Reynolds number), and déﬁning

JPL Technical Memorandum 33-731



F = f - a
- 1
P = s5pA
T = (L-£)
D LC
-f- : lTTDefA _ FA.
A 4 A A

then

F-f)-vzﬁz + 2pL (B%t! + vg%-) - ;?sz(%—:—-g)z

(6-5)

For the usual case, where v = v(t) is known and B(t) is to be determined,

Eq. (6-5) may be rewritten as

, ' f
4B _ @ [co T —° 7 .21 F - o¢C - A 1,52
i = 2T |°p, * AT _G)z] T ““p, 1 -o)? Ve
| (6-6)
-9 e + _f_A __Edv
T | P (1.2 var
or
ae 2. pdv -
th = ¥(Cy - C,p - Cap®) - £E N (6=7)

vdt
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where

_ o 3 nD{ o
Cir=z2L-n | * f]

o I D
N S — =
©2 (L - 2) CD@ ' 4A(1 - o) A]
_ 1 [ 1, -2 mD{
C3=zL-Dn ‘f 5 -%-9Cp - PNT :,"ZfA]

With the velocity history known, the unsteady drag of the vehicle may
be computed by first solving for p(t) from Eq. (6-7) and using that result in
Eq. (6-4). Note that the equilibrium flow velocity ratio f may be determined
from Eq. (6-7) by setting both df/dt and dv/dt equal to zero,

B. SYSTEM POWER REQUIREMENTS

The time that an intra-urban subway train operates under steady-state
conditions may be only a small pbrti‘on of its total running time. Even
though the train might reach its cruise speed in the order of a minute, the
tunnel flow velocity upstream or downstream may not stabilize for several
minutes (if at all), depending upon the length of the tunnel (Ref. 6). The
forces on a train which must be overcome by the propulsion units may be

broken into three categories: aerodynamic, inertial, and frictional.

The aerodynamic forces are a function of the velocity squared, and the
horsepower retjuirefnent is a function of the velocity cubed. Figure 25
presents the cruise horsepower required as a function of velocity for a
three-car train., The rolling friction between steel wheel and rail is also
shown in this figure for the same twelve-axle train. Under unsteady condi=-

tions, however, the flow in the tunnel, as well as the train, is accelerating.

Therefore, additional forces are involved.

In order to best show the interrelationships between the power avail-

able and unsteady power requirements, a sample case will be described.
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Passenger comfort requirements dictate that train accelerations do not
exceed 0.1 g or about 1 m/sz. The example, then, will consist of a
82,000-kg, three-car, 62% blockage-ratio train (with realistic detailing
and undercarriage) with a total of 1120 kW of power at the rail, accelerating
from rest at a vented-to-atmosphere station through a 3.2-km unvented
tunnel, Cases are presented for both a smooth-walled tunnel and one with a
typical internal ribbing configuration. The train increases its acceleration
slowly when moving out of the station until it reaches an acceleration of

1 m/s2 and holds that as long as possible with the power available., That is,
this is a constant power operation with a constraint of 1 m/s2 as the maxi-
. mum acceleration. Figure 26a presents the resulting velocity schedules in
the two tunnels. It becomes readily apparent that the train is power-
limited in both cases, with accelerations falling to less than 1 m/s2 after
less than 20 s, when it has reached a speed of 13 m/s. The train operating
in the ribbed tunnel reaches its maximum cruise velocity of only 22 m/s
after about 80 s. The train in the smooth tunnel would require almost
2-1/2 min to reach its cruise velocity of just under 31 m/s. If there is
another station stop at the end of the 3.2-km tunnel and if the train were
able to decelerate at 1 m/s2 (this may not be practical because of the brak-
ing requirements from cruise velocity and the inertia of the air flow in the
tunnel as the train approaches a stop), the train in the smooth tunnel would
have to start decelerating after only about 110 s and would therefore never
reach maximum cruise conditions, Using this schedule, then, the 3,2-km
station-to-station journey would take about 3 min in the ribbed tunnel, and

just over 2-1/2 min in the smooth tunnel.

The air flow rate in the two tunnels during this operation is shown in
Fig. 26b. Notice that the flow accelerates much more rapidly in the ribbed

tunnel, even though it will equilibrate at a much lower velocity.

The instantaneous drag coefficient is shown in Fig. 26c and reflects
the situation exhibited by the tunnel flow velocity. That is, during the first
few#s’econds, the flow is essentially at rest and the tunnel appears to the
~ train to be infinitely long; hence, the drag coefficient (not the drag force)
is at its ma;ximum.. As the flow speeds up, the drag coefficient begins to
- decrease (more fapidly in the ribbed tunnel since the flow acceleration is

higher). It should also be pointed out that for a train entering a tunnel at a
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speed which it maintains throughout the tunnel, both the drag coefficient and
the drag force are at their maximum when the train first enters, and both

decrease to their steady-state values.

In order to gain perspective into the importance that aerodynamics
plays in the system, power requirements are shown in Figs. 27 and 28,
Figure 27 shows the relative importance of the three contributors that were
considered in the system power requirement for the smooth tunnel case.
The rolling friction is only a weak function of the velocity and accounts for
only about 45 kW at 30 m/s. The power required to accelerate the train
mass is clearly dominant during the initial acceleration period. As the
velocity is increased to, say, 15 m/s (21 s), aerodynamic drag draws more
than a fourth of the total system power available, and that increases to over
75% as 30 m/s is approached. The situation is even more dramatic in the
ribbed tunnel shown in Fig. 28. Here the aerodynamic drag becomes the
dominant component (drawing more than half the total power available) when
the train is traveling only 16 m/s and accounts for well over 90% of the
available horsepower at cruise conditions which are limited to less than
23 m/s.

VIIL. RECOMMENDATIONS

Because of the excellent results that have been obtained, it is possible
to ob‘servé certain problem areas that were not originally anticipated. In
ordei: to a_pply data from tests in small-scale facilities to actual full-scale
systems with a high degree of confidence, the following additional studies

should be performed.

Tests on the effects of major protuberances such as wheel ftrucks
should be carried out in order to establish the value of the protuberance

coefficients in the near-field theory of Ref. 6.

An additional series of tests should be performed on models with
realistic gedmetric details in order to help develop confidence in applying
the cﬁifrent data to full-scale trains traveling in tunnels by use of the theo-
retical models. This is important because the large increase in drag
measured for geometrically realistic train models as represented by the

highly detailed HO- and N-gage model train cars has led to concern about
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applying the small-scale facility data of idealized train models to a
full-scale system. To date, only a half-dozen runs using HO- and N-gage

train models) have been made with such detailed configurations.

The experimental program in the rib-roughness tube of the VICS-~120
facility should be extended. Only two blockage ratios were investigated
(45 and 66%) at a single tunnel-rib geometry., Data at a lower and a higher
blockage ratio, longer train lengths, and a variation in the rib geometry are
required in order to firmly establish the basis for applying tunnel roughness

scale data to equivalent full-scale systems.
VIII, SUMMARY

The main purposes of these studies were to obtain information neces-
sary for the development of a near-field theoretical model and to provide
verification of the aerodynamic scaling laws involved in high-blockage sub-
way systems. Both of these purposes were achieved. The results point out
that high-blockage subway systems have major aerodynamic considerations
peculiar to this type of application. The aerodynamic forces may be one to
two orders of magnitude greater than outside the tunnel. When an intra-
urban train is traveling atr cruise conditions, the aerodynamic forces can
dominate the power requirements. When the train is operating under
unsteady conditions, such as accelerating out of a station, the inertial forces
are expected to be a dominant part of the power requirements only during the
initial stages, even though the aerodynamic drag coefficient may be at its
maximum. However, as shown in the examples presented in this paper, the
aerodynamic forces are extremely important under steady cruise conditions
and limit the unsteady operation in terms of maximum power acceleration,

It is obvious, then, that aerodynamics should be raade an essential part of

the system design tradeoff study.

The aerodynamic data obtained in this experimental investigation, only
a small poftion of which is included in this report, cover’ a very extensive
range of conditions that are thought to be ‘applicé,ble to actual subway-train
rapid transit systems. When these aerodynamic data are used in detailed
system analysis, it will be possible to determine whether they cover a

sufficient range of conditions to an adequate degree of precision.

JPL, Technical Memorandum 33-731

35



36

O o

ot

2
drag force on tunnel wall surrounding model = %p[v L'—p—)] wD2f4'—r-

‘DEFINITION OF SYMBOLS

cross-sectional area of vehicle
cross-sectional area of tube

cross-sectional area of tube inside ribs

-~

aerodynamic drag coefficient = —DZ—
1/2pv-a
(P - Pd)A
aerodynamic drag coefficient = 4 >
1/2pv-a
aerodynafnic drag coefficient
(Pu - Pd) - (AP/AL)upStreamﬂA - Fw

1 /vaza
diameter of vehicle
inside diameter of smooth tube
aerodynamic drag
diameter of tube inside ribbing
friction factor on test section tube wall
annular friction factor for 78R
friction factor on tube wall in vicinity of model
friction factor on model wall

force
f

1-0
acceleration of gravity
tunnel rib height

length of vehicle

length of tunnel
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m. mass

P static pressure
PU static pressure immediately upstream of vehicle
PD static pressure immediately downstream of vehicle
AP pressure difference
Rd Reynolds number = E}’pﬂ
RD tunnel flow Reynolds number = -‘%—Q

Reynolds number = p(utv) (D -d)

B
u veiocity of flow relative to test section in annular regioh
A\ air velocity relative to test section
v vehicle velocity relative to test section

v train acceleration

B bulk flow velocity ratio = V/v

Y ratio of specific heats = Cp/Cv

7 constant of proportionality = fT/fV
Y spacing of roughness

o blockage ratio = a/A

o, rib blockage ratio = ’a/Ar
€ roughnek'ss height
v kinematic viscosity = p/P
1 viscosity

P density
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Table 1. VICS run summary

Test _
: Model o Model Reynolds section Test
Blockage length ; wall Number length section
ratio o g/d Nose Tail roughness Ry L/D roughness
0.23 15,30 ‘Hemi, Hemi. Smooth 5 X 105 - 630, Smooth
’ | 3 x 10° ‘

0.36 14 Flat Flat Detailed® 2.4 - 3.6x10°> 845,  Ribbed

0,45 15 Hemi. Hemi. Smooth and 2 X 10° _ 845,©  Ribbed
3 train-like 6

. . 107 ,

0.50 15 Ellipsoidal Flat Smooth 3 X 104 - © Smooth
‘ 2 X 10'5

0.52 15,30 Hemi. Hemi, Smooth and 2 X 105 - 630, = Smooth
train-like 9 x 105

0.62 14 Flat Flat Detailed® 3 X 10° 630 Smooth

0.66 15 Hemi. Hemi. Smooth and 6 X 104t - 845, Ribbed

train-like 106 :

0.71 15,30 Hemi., flat, Hemi,, flat, Smooth and 3 X 104 - 630, Smooth
‘ Ellipsoidal 3-dia, ogive train-like 3 % 106

0.74 15  Ellipsoidal Flat Smooth = 2 x 107 - o Smooth

) 8 X 104; : ‘
-~ 0.83 15,30 Hemi,, flat Hemi., flat, Smooth 3 X 105 - 630, Smooth
- : 3-dia. ogive 4 x 10'6_ |

0.90 15 Ellipsoidal Flat Smooth 4 x10° - @ Smooth

2 X 104

‘ ®N-gage scale train model.

1£.-€€ WNPUBIOWA [BI1UYd3 ], Td[l

bHO-.g_alge scale train model;



Table 2, Nominal momentum coefficient values

¢ L/D c, c, c, fAI
0.71 630 1,00 0.16 1.25 0.012
0.71 e 0. 85 0.16 1.25 0.012

Table 3. Percent variation in C for a 20%

variation in the C constants (all walls smooth

o= 0,71, £/d =15, Rd—10)
ac., %
Constant D
L/D =630 L/D=w
C, | 8 ‘15
a
C, o 4 -
N 4 11

aC3 does not enter CD calculation for L/D = o,
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Fig. 3. Effect of Reynolds number on drag
coefficient (all walls smooth,
L/D =630, 2/d = 15)
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Fig. 4. Effect of blockage ratio on drag
coefficient (Rq = 10°, £/d = 15)
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Fig. 6. Effect of tube length on drag coefficient
(R, = 100, all walls smooth, £/d = 15)
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Fig. 7. Effect of vehicle nose and base shape on drag
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Fig. 10. Effect of vehicle blockage ratio on
velocity ratio of flow in tube

(R 106, smooth model wall,
0/3 215

1] e e S S S B S S S

0 i 1 I " i e | 4 T T

100 v 10? 10

L0

Fig. 11. Effect of tube length on velocity ratio of
flow in tube (Rq = 106, all walls smooth,
£/d = 15) ’
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Fig. 13. Effect of Reynolds number on nose
momentum coefficient (smooth tube
wall, L/D = 630)
0.6 " MODEL i ' ‘
SYM 2/6 WAL
o 15 SMOOTH
o { TRAIN-LIKE
0.4+ © 30 SMOOTH -
a  § TRAIN-LIKE °®
SV |SOLID SYMBOLS: Lb <2~ 5 ° o
=] <o
[] o] (K )
0.2_0.'0.74 ‘Dmb Q ADE :J o _
.__.__%___._9_0 00— == = — —— Qo .
7 00&% a a
e 00 O a &
’ o
0 i 1 ; I ¥ ]
10° 10° 10° 10’

REYNOLDS NUMBER

Fig. 14, Effect of Reynolds number on base

momentum coefficient (smooth tube
wall, L/D =630)
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