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SUMMARY 

This study concerns the flow disturbances and energy 

transformations that a vehicle traveling in a tube produces 

in the adjacent columns of air. The analysis accounts for 

compressibility, friction, and heat exchanges. The results 

are applied to the calculation of the power required in rela

tion to blockage ratio, vehicle speed, and mode of propulsion. 

At the higher speeds, the power required is foupd to depend 

very critically on the mode of propulsion. 
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SYMBOLS 

a speed of sound, fps 

A cross-sectional area of the tube, sq. ft. 

Av maximum cross-sectional area of the vehicle, sq. ft. 

B = Av/A (blockage ratio) 

specific heat at constant pressure, ft-lb/slug oR 

c~ nondimensional friction factor 

D = M{I + ~I M;f#:i1 
(rvL_t-;/:..- ~~/) 

1. '" (l ~ '\.. /4 'hi<)-

;.,. tA.. .;: / cA A -=- fJ ,4 (/'1 "V 

F = 'pA + mU :;:: pA(lrY/tf2j 

G = (I + Y M 2.)( / -I- .ljL i12-) -*' 
(stream force) 

• 

specific stagnation enthalpy, ft-lb/slug 
,/.'AIA 
J5r4~ (mass flow rate in vehicle-fixed frame of reference), 
slugs/sec 

m = 

M Mach number in vehicle-fixed frame of reference 

Mo "" U,W /t::?o 
N = /'1(/ + .t;1 1'1,* e+ r M:2.)-1 

p static pressure, psf 

po stagnation prS$sure in vehicle-fixed frame of reference, psf 

P ) power factor = (power required)/poA Uw 

q heat input per unit mass, ft-lb/slug 

r radius of tube, ft. 

R gas constant, ft-lb/slug oR 

T static temperature, oR 
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TO stagnation temperature in vehicle-fixed frame of 
reference, oR 

TO* stagnation temperature in tube-fixed frame of reference, oR 

u flow velocity relative to the vehicle, fps 

Uv velocity of the vehicle relative to the tube, fps 

liw = -uv (velocity of the tube in vehicle-fixed frame of 
reference), fps 

x distance from vehicle along tube, ft. 

y = (uw-u)/uw (ratio between velocity of the flow and velocity 
of the vehicle, as measured in tube-fixed frame of reference) 

Z = N6D (See tabulation in the Appendix, for r m 1.4) 

r ratio of specific heats 

e thrust required, lb. 

f density of gas in the tube, slugs/cu. ft. 

Subscripts (see Fig. 1): 

o conditions outside the tube, assumed to be uniform 

1 nearest station ahead of the vehicle where the flow can be 
treated as one-dimensional 

2 station at tail end of vehicle 

3 terminal station of energy addition in internal propulsion; 
upstream end of wake 

4 wake station downstream of which TO* is constant 

e external propulsiori 

i internal propulsion 

t throat of fluid transfer passage 

iv 



INTRODUCTION 

A vehicle may be propelled through a tube in an infinite 

variety of ways, but these may be grouped, for convenience of 

analysis, in three main categories. The first category, which 

includes conventional wheel traction and linear induction motor 

drives, is that in which thrust is generated as the reaction to 

a force exerted by the vehicle on a stationary external structure. I ! 

Here the fluid in the tube merely acts as a resisting medium. In 

the second category (typified by pneumatic dispatch syste~), the 

fluid is driven through the tube by a pump or by a high-pressure 

supply, and the vehicle is carried along by the fluid in this 

motion. In the third category, the vehicle still derives its pro

pulsion from displacements of the fluid columns within the tube 

but these displacements are produced by the forces which are exert

ed on the fluid by the vehicle itself. The vehicle propels itself 

in this case by the fore-to-aft transfer, through itself and/or 

through the space which separates it from the tube wall, of the air· 

or other fluid that fills the remainder of the tube. 

The present study deals with propulsion modes of two of these 

three categories: the first and the third. For lack of better de

signations, the former will be referred to as "external propulsion" 

and the latter as "internal propuls ion". Combinations of internal 

and external modes of propulsion will also be considered. 
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The situation studied here is that of a straight, horizon

tal and infinitely long tube, within which a vehicle is traveling 

at constant speed. The external air in the vicinity of the tube 

is at rest and in uniform state throughout, and the tube is open 

to the surrounding atmosphere at tOO. The present investiga

tion concerns the flow disturbances that the moving vehicle pro

duces inside the tube, the associated losses, and the effect that 

these losses have on the power required to maintain the motion of 

the vehic 1e. 

Similar situations have been treated, for incompressible 

fluids, by To11mien (Ref. 1). One of the consequences of neglect

ing compressibility is that, the power available being finite, the 

calculated flow velocities must become everywhere vanishingly small 

as the tube length considered is increased indefinitely. In con

trast, when compressibility is taken into account, the vehicle is 

found to be capable of generating large flow disturbances over 

long stretches of the tube even when the length of the tube is .in

finite. As a result of these disturbances and of the attendant 

thermodynamic transformations, each particle of the air in the 

tube undergoes a thermal cycle as it travels from - 00 to + OOin 

the vehicle-fixed frame of reference. With external propulsion, 

the work output in this thermal cycle is negative, whereas with 

internal propulsion the cycle is utilized for the propulsion of 

the vehicle itself. 



F-3 

It is precisely with sllch motions and cycles that this study 

is concerned, and special attention is given to their dependence 

on blockage ratio, mode of propulsion and vehicle speed, and to 

their effects on the required power. The dependence of the power 

required on the mode of propulsion is found to be very critical, 

particularly at the highei speeds. 

General governing equations for the flow outside of region 1-3. 

In the vehicle-fixed frame of reference the flow is steady. 

Therefore, the governing equations for the flow outside of region 

1;3 can be derived, in this frame of reference, in the same manner 

as the familiar equations of steady one-dimensional flow with 

friction, heat exchanges and chemical reactions. The distinguish-

ing feature of the present situation is that the walls of the tube 

are moving at the uniform veloc ity U.w in the direc tion of the 

relative flow, which is taken to be the positive x direction. The 

velocity ilw is, of course, equal and opposite to the velocity of 

" i ' /_;.f~;' I. .. u" "2:"" fJ .i.1f the vehicle relative to the ground. u'&t r' 

From the definitions of c~ and F, 

Therefore, 

dF -=?A. i (u.w - U) /Uw -Ii / dX 
F='pA(I+ ~MZ.) 

(1) 
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From the energy equation 

and neglecting changes of specific heats, there follows, after 

some manipulation, 

(2) 

or 

(2 I) 

The continuity equation may be written in the form (Ref. 2) 

whence 

or 

d£+ 
F 

dN 
AT 

Since A is constant 

(3) 
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d(lfi'M2) 
Ir i'MZ. 

From the definitions of G and N 

Therefore, 

Finally, 

=. 'zL ~+ 1+~l1z clA/ 
I /- /t?z AI 

Eqs. 1, 2, 3, 3', and 6 yield 

A special case: adiabatic flow. 

(6) 

The governing equations for the adiabatic case are eqs. 1 

thr0ugn 6 ' with dq III 0 throughout. When Uw .. 0, they reduce to 
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the Fanna flow equations. 

Adiabatic flows are of 'limited interest in relation to the 

problem at hand. The following discussion concerns only the 

main trends of t.he transformations in such flows. 

Eq. 3 I shows that dAi < 0 if Y is in the range 
dx 

o < !:I < Y+I 

or, for air ( ~' = 1. 4) , 

o <. ,'1 < 

When y is within this range, the loca 1 flow Wlch nu.mber 

(n:d.ative to the vehicle) increases or decrea,ses in the direction 

of the flow depending on whether the local Elmv velocity (relative 

·to thE.\ vehicle) is supersonic or subsonic. The convel;'se is tru.e 

if y falls outside of the range indicated above. 

-jf' and ~!Q are, as expected, positive or negative de-· 

pending on whether y is pos itive or negative. 

Eq. 4 reveals that the stagnation pressure (relative to the 

vehicle) increases or decreases in the direction of the flow, 

regardless of whether the local flow is subsonic or supersonic, 
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depending on whether y falls within the range 

or outside of it. 

Finally, Eq. 6' shows that, if y falls within the range 

o < y < ~ , then the flow velocity increases or decreases in the 

direction of the flow, depending on whether the flow is supersonic 

or subsonic. The converse is true when y is outside this range. 

Qualitative information of this kind is useful in the quick 

detection of solutions that are incompatible with the boundary 

conditions, as will be shown in the discussion of somewhat differ-

ent situations in the following sections. 

Selection of an analytical model for the present investigation. 

In the applica tion of the general equations developed above 

to the study of the flow in tube-transport systems, special at ten-

tion must be paid to the evaluation of the heat-exchange deriva

tives. These derivatives depend not only on the thickness and 

thermal conductivity of the tube walls but also, at each station 

of the tube and at each instant, on the local time derivatives of 

the enthalpy and velocity of the internal flow, hence on the local 

gradients of these quantities in the vehicle-fixed frame of refer-

ence and on the velocity of the vehicle. 
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It is obvious, however, that. the actual program of heat 

exchange between the internal flow and the surrounding atmosphere 

must lie between two extremes. At one extreme is the case of zero 

conduct~vity - the adiabatic flow. This case is of no more than 
• f 

~Ll,~1, ... ",1 
~~~ interest in relation to the problem at hand. At the 

other extreme is the case of infinite conductivity, whereby the 

internal boundary layer is kept everywhere at the temperature of 

the external air. For moderate velocities of the vehicle, the 

latter extreme is believed to be very close to the actual situa-

tion. 

Under the conditions that are to be considered in this prob-

lem, the flow is fully turbulent in those regions where it under-

goes its most significant transformations. Furthermore, as will 

be shown presently, all these transformations, throughout most of 

the subsonic range of vehicular speeds, take place very gradually 

and over great distances, both ahead of the vehicle and behind it, 

except in its immediate proximity. These observations suggest a 

simple ana1yti,ca 1 model, whereby the tube wall i,s viewed as ac t ing 

li,ke a very large heat exchanger, through whi,ch the heat flows in 

such a manner that the stagnation temperature TO* of the flow 

relative to the tube wall is made to remain everywhere (except 

around and immediately behind the vehicle) substantially equal to 

the external temperature To' 
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A. more exact, but necessarily only nume·rical ,analys is of 

the same problem is carried out in Ref. 3, where Eqs. 1 through 

6 of the present paper are applied ~iththe stipulation that 

-J"(}~. .~" f,f.'4"'t' l /J ..•.. r: 
r ;"'l-r.[ 7' 

Q . 
Iv....t~ - ,t:.i-t:· .. "ltjl('.,,,,,«"< 

. (it, 

where K is a constant. The analytical model proposed here, al-

though less exact, is believed to describe the actual physical 

situation in fair approximation over a wide range of speeds. It 

also has the advantage that it leads to closed-form solutions 

which lend themselves to clear and informative interpretation. 

Nevertheless, its plausibility is limited, as has been noted 

above, to those situations in which the tube can be viewed as 

performing the function of a "very large" heat exchanger - very 

large, that is, in relation to the heat transfer rates that it is 

called upon to provide. As the speed of the vehicle is increased, 

the rate at which energy is dissipated in the internal flow in-

creases and the gradients of all flow properties ahead of the 

vehicle become steeper and steeper. At very high speeds, the 

constant-To* condition cannot be maintained, and the path of the 

transformation must approach that which is finally established 

when all the flow changes ahead of the vehicle take place through 

one or more shocks in the neighborhood of station 1. The condition 

that is approached is that of an iSQenergetic process in the vehicle-

fixed frame of reference. 
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The flow transformation ahead of the vehicle will, accord-

. 0* . ing1y, be analyzed as a constant-T process for moderate sub-

sonic speeds, and as a constant-T~ process for supersonic speeds. 

In the transonic range, the flow process may be expected to 

follow an intermediate path. 

Behind the vehicle, the condition TO* = constant is tenable 

under all conditions downstream of a station 4 which is itself 

some distance - as yet unspecified - downstream of station 3 

(Fig. 1). The region between stations 1 and 3 is one in which 

rapid transformations take place and energy is added to the flow 

in some modes of ihterna1 propulsion. The distance from 3 to 4 

is the distance required for enough heat to be extracted from the 

flow to bring TO* to a substantially stationary value. 
'V 

7()~- 7-/ J (tA. ~CAv) 
f.'. - .,. J.- \r 

The flow ahead of the vehic 1e. f' -=-t,,"n 'i. ~~ I,. + {.JIA-"""') -~,.. ~ 
~ ,Of- L [I"''''''') A.~ t\l.] 

The constant-To* condition will be analyzed first. ~ 

From the definitions of TO* and TO there follows 

h ;f TO* T w ence, ... • 0' 

(8) 
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and 

(9 ) 

Eq. 9 reveals the important (and potentially useful) fact 

. that the stagnation temperature of the internal flow, relative 

to the vehicle, is lower or higher than the stagnation tempera-

ture that would be measured in the free stream at the same Mach 

number MQ, depending on whether u/uw is smaller or greater than 

1.0 (i.e., depending on whether y is positive or negative). 

When y = .5, the internal stagnation temperature relative to the 

vehicle is equal to the external static temperature. This seem-

ing paradox is explained by the above-noted heat exchanger action 

of the tube. 

From Eqs. 8 and 9, 

(10) 

Also, 

and 
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whence 

Finally, Eqs. 1, 6, 11, and the continuity equation 

yield 

~ - ~-P(/-J)z. 
(1- '1) IJI 

(11) 

Therefore, when cons ideration 1:;: given to a flow region in 

which changes of c']" can be neglected, 

Eq. 12 permits the calculation of the change of velocity 

from a station a to a station b in ar~ region, upstream of station 

1 or downstream of station 4. On th/! right-hand side of the equa-

tion, the It+" sign applies when y;:~O and the rt tt sign when 

y < O. 

, ,' .... 

If the Reynolds number is found to undergo large changes 

within the region considered, the calculation should be repeated 

on subregions small enough that the ~:;hanges of c r in each may be 

neglected or adequately accounted fOT' by the use of suitable aver-

ages. 
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The stream force can be calculated as a function of y from 

the continuity equation in the form 

FN~::: constant 

which, together with Eqs. 9 and 11, yields 

F (J -.tJ = cons tant 
~ - ¥ Jl. -+ 1(1-:t)"l. Mo 

2 
At + 00 , y ::: 0 and F == poA(lt+ rMo ) • Therefore, 

"e :::; 
I - '(i./~2.y2. + rM 2(/_ J) ~7f /-.J (13) 

~ == F 
!=bA(1 + ~M1j 

""" _I, (1_ )'-1 A/J2" 2.' 
I-!I Z 1-Io J I (14) 

As has been noted earlier, the assumption of a constant TO* 
becomes untenable at speeds approaching the speed of sound in 

the atmosphere surrounding the tube, and at supersonic speeds it 

becomes more plausible to treat the flow ahead of the vehicle as 

isoenergetic in the vehicle-fixed frame of reference. When all 

flow changes take place through shocks around the nose of the 

vehicle, conditions at station 1 are obviously the same as at in-

finity, and the flow from station 1 to the throat can be treated 

like the inflow through a supersonic intake. If, on the other 

hand, changes occur ahead of station 1, then the flow at 1 is 
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subsonic, Ml is determined by conditions further downstream, and 

the continuity equation gives 

h _ FoAlo 
. PoA - ;:>0 A~ . .L 

_ No {f + ¥11/)2. (15) 
A{ 

An example. 

To illustrate the application of Eqs. 9 through 14, consider 

the flow ahead of a vehicle traveling at 550 fps within a tube 

surrounded by air at Po = 2000 psf and at To = 500 oR. At this 

temperature the speed of sound is ao = 1100 fps. Therefore, 

Mo ; .5. Let A = 100 sq. ft., and let the blockage ratio and the 

mode of propulsion be such that y = .5 just ahead of the vehicle. 

With the origin (x = 0) at station 1, the equations above provide 

the following description of the flow~ 

TABLE I 

y u.. F 
fps PoK" 

M 
0 

--L --L 
Po Po 

0 550 1. 350 .500 1. 00 1.186 

· 1 495 1.425 .450 1.11 1. 275 

· 2 440 1. 528 .401 1.249 1. 395 

.3 385 1. 667 .351 1.442 1. 55 

.4 330 1. 860 .301 1. 651 1. 76 

· 5 275 2.145 .252 1.971 2.065 

average 

TO 

~ 
1.05 

1.04 
2.25 

1.03 
2.0 

1. 02 
1.8 

1. 01 
1. 75 

1.0 

distance 
ahead of 
vehicle 
miles 

24.5 

11.5 

6.27 

2.71 

o 
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The calculated Mach number just ahead of the vehicle, 

Ml - .252, is the Mach number that would be maintained by a 

well streamlined body of blockage ratio lj~.58, i.e., by a 

vehicle of maximum diameter equal to about 76% of the diameter 

of the tube. 

The stagnation pressure ahead of the vehicle is seen to be 

considerably higher than the free-stream stagnation pressure at 

the same Mach number. On the other hand, the stagnation tempera

ture relative to the vehicle is everywhere lower than the stagna

tion temperature that would be measured in the free stream at the 

same Mach number, in accordance with the general observations 

made in the discussion of Eq. 9. 

Inspection of Eq. 12 and of Table I reveals a strange diffi-

rulty: if one were to carry out a similar calculation for positive 

values of x, starting, e.g., with y = .5 at station 4, y would be 

found to increase monotonically, approaching 1.0 asymptotically, 

as x increases indefinitely. This result would indicate that the 

region behind the vehicle is an infinite wake in which the flow 

veloc~ty relative to the vehicle continues to decrease with in

creasing distance from the vehicle. Such a wake would clearly be 

incompatible with the boundary condition y+~ = O. It becomes 

necessary, therefore, to re-examine the solutions in order to 

determine which flows are possible in the region behind the vehicle 
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and which are not. 

The flow behind the vehicle. 

Because of the boundary condition y+oo = 0, the only 

possible flows behind the vehicle are those in which dy ~o 
dx 

for y S 0, respectivelyo 

Eq. 12 yields 

dy = + 
eI(!) 

where the rr + II sign applies when y :> 0 and the " " sign when 

y -< o. 

(16) 

The numerator of the right-hand member of Eq. 16 is always 

positive. 

Now, if y '> 0, the 11 + tt sign applies in Eq. 16. On the 

other hand, where y > 0, the stability of the wake demands that 

dy/dx be negative. Therefore~ a wake with y ,. ° is compatible 

with the boundary conditions only if the denominator of the 

right hand member of Eq. 16 is negative" 1. e., if 

(17) 

This condition must be satisfied everywhere, including 

station 4, where y will have a higher value than at any station 

further downstream. 
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Where y <0, the "_" sign applies in Eq. 16 but the flow is 

stable only if dy ~O. Therefore, the compatibility condition 
dx 

requires again that the denominator of the right-hand member of 

Eq. 16 be negative. In this case, however, the highest value of 

y anywhere downstream of station 4 is zero. It follows then from 

Eq. 17 that, where y <0, the flow is compatible with the bound
"" t).w./~" 

ary conditions wherever M; ::> ~ The line of demarcation be-

tween stable and unstable wake conditions at station 4 is plotted 

as curve a in Fig. 2. It should be noted that the condition 

Y4 = ° represents a singularity, because it is a condition that 

is compatible with the boundary conditions for all values of Me: 

when Y4 = 0, the flow is at rest relative to the tube everywhere 

downstream of station 4. 

Curve b in Fig. 2 is a plot of the equation 

which represents the vanishing of the denomination of the right-

hand member of Eq. 16. If Y4 and Me are such that the initial 

point lies in the negative quadrant below this curve (like point 

P in the figure), y will change downstream of station 4 in the 

manner indicated by the arrow until curve b is reached. At that 

point y becomes discontinuous, and no solution is found for the 

flow downstream of the station at which this discontinuity occurs. 
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The only physical meaning that can be attributed to the 

"unstable wakes" is that they cannot exist except as nonsteady 

transients through which the downstream boundary conditions 

eventually impose on the flow the condition Y4 = 0. Therefore, 

the only steady-flow condition that is possible behind the 

vehicl.es, when ~ is lower than the critica.l value for wake 

stability, is one in which the flow is at rest (relative to the 

tube) everywhere downs tream of station ~ .. 

This result is of great importance in the determination of 

the drag of the vehicle and of the power required to maintain 

its motion with various means of propulsion. 

According to Eq. 16, downstream of station 4 the derivative 

dy/dx can only vanish asymptotically or be identically zero 

everywhere. Therefore, y in this region can only vary monotoni

cally with x or remain constant. 

The flow transformation from station 3 to st.ation 4 can be 

analyzed as follows= 

The energy equation between these two stations, in the 

vehicle-fixed frame of reference) may be written in the form 

(18) 
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where q3-4 is the heat received by the unit mass of the fluid 

between the two stations: 

Equs. 7 and 9 may be re-written as 

(7' ) 

and 

(9') 

Furthermore, 

,.c; =,P3 A + ~ l.I..:s 

,:: 'p3 14 + n7 "I., (/ - !:I3) (19) 

and, from Eq. 13, 

(13') 

These equations yield 

h = I (I 
I'a /- j'f 

(20) 

i.e., (by virtue of Eq. 14), P3 = P4' 

Finally, from Eq. 20 and the continuity equation in the 

form 
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one obtains 

I 
/-!/3 

or 

When Y4 = 0 (i.e., when Mo is below the critical value for 

stability of the wake), P3 = P4 = Po and 

~ = I-!h =O'_/;tI1o"{~+:2(i'-')112~f_) (22) 

o = po A -+ m Uw (1- !i:s) (23) 

/1:t = /110 -z. (I - ,i3) 

': _1_ rrl + 2. ('t-I)/I102.l.i:4 i _I "2 (-/ l~ raJ) (24) 

All other flow properties at station 3 are then readily 

calculated for this case. If, on the other hand, MO is above 

the critical value, the wake is stable and Y4 is no longer 
" 

uniquely determined by the boundary conditions. The flow at 

station 3 can then be specified independently of these conditions. 

. These results will now be -applied to calculation of the power 

required to maintain the steady level motion of simple vehicles by 
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various means and under various conditions. 

Power required. 

The following calculations concern only the power required 

for propulsion and do not account for the drag of supporting and 

stabilizing devices; nor do they account for the possible utili-

zation of boundary layer air in internal modes of propulsion, or 

for the efficiencies of the components of machinery through which 

the required power is delivered from its prime source to the 

vehicle or to the flow. The vehicle is assumed to be in each 

case a body of revolution, with its axis in line with the axis 

of the tube. 

The various modes of propulsion are evaluated in terms of a 

nondimensional power factor P, which is defined as the ratio be-

tween the power required and the quantity PoAuw. 

In the case of external propulsion, the power required is 

the product of the drag and the velocity of the vehicle. Thus, 

F,-5. 
~A~ 
flo 

(25) 

When internal propulsion is considered, the power required 

is calculated as the increment of stagnation enthalpy (relative 

to the vehicle) that must be imparted to the flow in the unit of 

time in order to maintain the steady motion of the vehicle. The 
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transfer of energy to the flow is assumed to take place in every 

case between stations 1 and 3. Thus, 

p. = rn C!e (13
0 

- 7;1 
• ,Po A IIw 

= -L 73°_ 7,0 
r-/ To 

The following conditions and modes of propulsion will be 

considered: 

(1) Mo = 0.8, with 

(l,a) external propulsion, and 

(l,b) internal propulsion, by means of a fan 
ahead of station t. 

(2) Me = 2.5, with 

(2,a) external propulsion, 

(2,b) internal propulsion by means of a crypto
steady energy exchanger ahead of station 
t, and 

(2,c) internal, ramjet-type propulsion 

(26) 

Condition 1. MQ = 0.8. The diameter of the vehicle considered 

is equal to 68.5% of the diameter of the tube. Thus, B = .469 

and At/A = .531. The relative flow is sonic at station t. This 

being a borderline situation, the power factor will be calculated 

first for a constant-To* flow and then also for a constant-TO 

flow ahead of the vehicle. 
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With external propulsion, the relative flow is iso-

energetic from station 1 to station 3. Assuming the flow to be 

isentropic from station 1 to station 6, the continuity equation 

g~ves Dl • .53lD(1) - .3077, hence Ml = .328. Then, Eqs. 11, 13, 

and 9 yield 

!II • · 6 

1 z 2.738 
/'0 Cl -t = .$744 

C) 

S · th fl btl d 3' i . T3° T 0 1nce e ow e ween an 1S soenerget1c, = 1. 

Furthermore, Me is subcritical. Therefore, P3 = Po, and Eqs. 22 

and 24 give Y3 = .125 and M32 = .56. Finally, 

and 

-_ If - ~ 955 
LJ =. ?c:>'7 

It should be noted that in this condition the flow receives 

no energy and is not otherwise disturbed between stations 2 and 

3. Therefore, station 3 effectively coincides with station 2. 

Since the cross-sectional area at 2 is the same as at 1, the 

stagnation pressure ratio is obtained from the continuity equation 

for the isoenergetic flow between these two stations as 
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The large loss of stagnation pressure is due primarily to 

a shock between stations t and 2. 

For the condition of internal propulsion, the thrust 

generator considered in this ,case is a fan located ahead of 

s tat ion t. With y = 1.4, and neglecting the entropy increment 

through the fan, the continuity equation between stations 1 and 

t may be written as 

(27) 

Furthermore, P2 = P3 = Po because, as before, Me is sub-

critical and stations 2 and 3 coincide. Also, since the flow 

is isoenergetic from t to 3, T3° ~ T2° = Tto. Finally, the net 

horizontal force acting on the vehicle mllst be zero, hence 

F2(= F3) = Fl' With these conditions, Eqs. 9, 11, 13, 14, 22, 

24 and 27 yield: 

!It ::=: .235 

M ~ .615 1"// 

to= 1. 0679 

5 9 
.. 1.25 . 

To 

,7'3 := .95 

~ =.84 

F, r; 1 4 fiA ==/ill == .98 

It is interesting to note that, whereas the total pressure 

loss from station t to station 2 is higher in this case than 

with external propulsion, the overall entropy rise between 

stations 1 and 2 is actually 30% lower. 
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= --.t. 7,;~ 7;0 =. 638 r-/ 

Thus, the ratio between the power required with this mode 

of internal propulsion and the power required, for the same 

vehicle and at the same Mach number Mo ' with external propulsion, 

If To = 500 oR, hence a o = 1100 fps, the velocity of the 

vehicle in the condition just considered is 880 fps. The rnaxi-

mum velocity of the air ahead of the vehicle, relative to the 

tube, is 529 fps with external propulsion and 207 fps with in-

ternal propulsion. The maximum velocity of the air in the wake, 

relative to the tube, is 110 fps with external propulsion and 

83.5 fps (in the direction oppos ite to the direction of motion 

of the vehicle) with internal propulsion. 

Intermediate situations, involving both internal and ex-

ternal propulsion, may be investigated as follows: 

For various values of Yl' Eq. 11 provides Ml , hence Dl' 

Then, Eqs. 13, 27, and 9 provide the corresponding values of 

h
O 

1,0 and 

obtained as 1 + vM32. Th diff b t F d F i th o e erence e ween 1 an 3 s e 

thrust that must be provided by external forces to maintain the 
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steady motion of the vehicle. The results are plotted, for the 

condition under consideration, in Fig. 3. Values of Yl inter-

mediate between .235 and .6 are produced when propulsion is of a 

mixed type, i.e., both internal and external, the latter component 

of the thrust being Fl - F3. The power factor P decreases mono

tonically as the mode of propulsion is changed from purely external 

(Yl = .6) to purely internal (Yl = .235). The condition Yl < .235 

occurs when the internal thrust exceeds the value required to main-

tain steady motion. 

If the constant-To* condition is replaced by the assumption 

of an isoenergetic flow ahead of station 1, the following results 

are obtained. 

With external propulsion, Ml = .328 as before, but Eq. 15 

yields 

£ - 2.3/f5 fi/l -

Furthermore, since T3° = Tlo = Too_ 1.128 To, Eqs. 22 and 24 give 

2 M3 = .64, hence (remembering that P3 = Po' because Me is sub-

critical) 

and 

Ii = I + r ;1f.Jz- == I. 836' AA 

= ;:; -F; = /.049 
All 
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For the case of internal propulsion, the condition F3 = Fl 

and Eqs. 15, 17, and 24 yield Ml = .621, T 0 3 = 1.1745 To M3 2 - .739, 

and Fl/PoA = F3/poA = 2.03. Then, since Tl
o 

= 1. 128 To' 

A - r 
;;D_ T,0 

r693 l - r-I To -

Thus, the modified analytical model yields Pi/Pe = .662. 

This result is very close to that obtained through the use of the 

constant-To* assumption (Pi/Pe = .668). It appears, therefore, 

that the latter assumption can be used with confidence for all 

subsonic speeds up to at least Mo = .8. However, the calculated 

power required is, at this Mach number, between 8 and 10 percent 

higher when the flow is assumed to be isoenergetic than when the 

constant-To* assumption is used. 

Condition 2. Mo = 2.5. The diameter of the vehicle is 72 J9., of 

the inner diameter of the tube. The nose of the vehicle is de-

signed to produce, through a train of oblique shocks, a stagnation 

pressure ratio (Pto/po~) of .. 80 at Mo = 2.5 in the absence of flow 

disturbances ahead of station 1. The stipulated diameter ratio 

corresponds to B = .525 and At/A •. 475. 

With external propulsion, the flow is choked at t and sub-

sonic at 1. If the flow in this condition is assumed to be isen-

tropic between 1 and t, the continuity equation gives 
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Dl = .475 (Dl) = .275, hence Ml = .Z89 and Nl = .2609. Then 

Eq. 15 yields Fl/PoA = 14.39. 

Assuming P2 o / Pl o = .95, one obtains 

D2 = Dl/·95 = .29, hence MZ = 2.194, N2 = .3972 

/fAA=(;l{/I4.JIf/AA = 9.44 

and finally 

The possibility that the flow may be subsonic at 2 must be 

excluded. In fact, with the supersonic solution (M2 = 2.194) 

selected above, 

If the flow at 2 were subsonic, the pressure there would be 

at least five times higher and would increase further from there 

in the direction of the flow. This situation would be incompat-

ible with the boundary conditions. Therefore, the flow at 2 is 

supersonic and underexpanded. It is possible that the flow will 

adjust itself to a lower pressure further downstream through a 

pattern of expansion waves between stations 2 and 3. 

With internal propulsion, if a cryptosteady energy exchanger 
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is used to energize the flow between 1 aud t, the disturbances 

ahead of 1 can be "swallowed". Then the flow at 1 is undisturbed, 

and F1 = Fo ' M1 = Mo ' and T1° = Too 

The input of energy is assumed to take place isentropical1y 

behind the oblique shocks surrounding the nose, through which the 

stagnation pressure ratio retains the stipulated value .8. A 

further 5% loss of stagnation pressure is assumed to take place 

between the throat and station 2. Then, 

and the continuity equation 

becomes 

(28 ) 

On the other hand, the momentum equation (F2 = Fo) may be 

written in the form 

(29) 

Eqs. 28 and 29 yield 
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whence 

;% = 2.320 Af = ,39/7 

Therefore 3 T2
o /To

o = (.3917/.3846)2 = 
7:~ 

7:6 = iO -2.25 

= 2.334 

1.03 73, and finally 

The ratio between the power required with this mode of in-

ternal propulsion and the power required, for the same vehicle and 

at the same Mach number MO, with external propulsion, is in this 

It can be shown that the flow is always underexpanded at 2 

with internal propulsion if the supersonic solution for Mz is 

lower than Mo' Indeed, from the condition F2 = F3' one obtains 

if 

This confirms that in the example just treated no shock 

occurs between stations t and 2. However, as before, it is likely 

that expansion waves will be present between stations 2 and 3. 
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These waves will not affect the power required. 

If the mode of propulsion is of the ramjet type, the required 

power factor is somewhat higher, although still one order of ~gni

tude lower than with external propulsion. It should be noted that 

the use of purely thermal propulsion in the type of vehicle under 

consideration would not be practical, not only because it ~ould 

require the assistance of auxiliary devices for acceleration to 

the design speed, but also because it would not provide for sta

bility of the flow ahead of the throat. This stability, as well 

as some of the thrust required at the lower speeds, could be pro

vided by a fan or by an ejector pump ahead of station t. In the 

present analysis of cruising operation at Mo = 2.5 it is assumed, 

for simplicity, that whereas most of the energy input is in the 

form of heat addition to the flow between stations t and 2, the 

work performed by the pumping device ahead of t is just enough to 

make up for the loss of stagnation pressure between t and 2. The 

calculated power factor will, of course, account for the total 

power that is required for this combined operation. 

Under these conditions, the loss of stagnation pressure from 

I to 2 is again 20%, and the momentum equation (F2 = Fa) and con

tinuity equation (poD/~ = constant) become 

.862 ... Go 
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and 

whence M2 = 2.223 and T20/Too = 1.0601. 

there follows T2
o/To = 2.385 and 

o 
Then, since To ITo = 2.25, 

/) - I' 
~ - ~-I 

?;o_ T/) 
~ = .4-72 7: 

This power factor is less than one tenth of the power factor 

for external propulsion. It should be noted, however, that the 

calculated value of Pi for thermal propulsion is very sensitive to 

changes in the losses associated with heat addition and in the dis-

tribution of mechanical and thermal input components. Even a 

moderate increase of stagnation pressure loss downstream of t, if 

not compensated through an increased allocation of power to the 

mechanical input device ahead of t, may result in a substantial 

increase of power required. 

The input of thermal energy may be effected either through 

combustion of a fuel or by transfer of heat from a suitable source 

(e.g., a nuclear reactor), The increase of stagnation temperature 

that is required for thermal propulsion is relatively small and 

should be obtainable with heat exchangers of acceptable size and 

drag. In some cases it may be advisable to carry out the addition 

of heat subsonically (in order to reduce the attendant loss of 
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stagnation pressure) and to re-accelerate the flow to supersonic 

speed through a converging-diverging passage downstream of the 

heating region. 

Internal, ramjet-type propulsion with heat addition behind the 
vehicle. 

Under certain conditions it may be desirable to add heat to 

the flow between stations 2 and 3 rather than upstream of station 

2. When this is done, thrust is generated in much the same manner 

as it is in most conventional ramjets, except for the fact that, 

in the case of the vehicle in the tube, the structure of the 

"combustion chamber" is part of the stationary tube and not of the 

moving vehicle. Of course, no flow process downstream of station 

2 can have any effect on the vehicle unless the flow at this 

station - and for some distance upstream of it - is subsonic. 

It has been shown that when the flow at 2 is subsonic the 

pressure there is too high to be supported by a stable wake under 

the conditions examined in the preceding examples. This diffi-

culty is eliminated, however, when the subsonic flow condition at 

2 is sustained by a Rayleigh process between 2 and 3, because the 

rate of heat input that is capable of maintaining this condition 

is always above the critical value that produces thermal choking 

at the downstream end of the heating region. With M3 = 1, the 

upper limit of the pressure upstream of station 3 is no longer 
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controlled by the downstream boundary conditions. 

The calculation of the power factor is particularly simple 

with this mode of propulsion because, from the conditions 

F3 = F2 = Fo and M3 = 1, one obtains 

whence 

(30) 

For Mo = 2.5 in air, Pi = 3.27 .. This power factor is well 

above the value calculated above for the case of heat addition be-

tween t and 2, mainly because of the large entropy i~crement that 

is produced by the shock through which the flow becomes subsonic 

upstream of 2. Nevertheless, this mode of propulsion has several 

attractive features that make it worthy of consideration despite 

its higher power requirements. Its most important advantage is 

that it permits the input of propulsive energy, in the form of 

heat, from sources which are activated by the passing vehicle but 

fixe'd to the tube. 

Di~cussion of results, and concluding remarks. 

The simple analysis developed in this study reveals that the 

flow disturbances that are set up by a moving vehicle in a tube, 
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are largely determined by the mode of propulsion. The same can 

be said, of course, of the attendant flow losses and of the power 

required. In other words, the thrust that is required to main-

tain the motion of a vehicle in a tube depends on the manner in 

which the thrust itself is generated. The dependence is parti-

cularly critical when the speed of the vehicle is high. This 

result is illustrated by the relative magnitudes of the power 

factors calculated in the examples above for a few, randomly 

selec.ted modes of propulsion. 

It is generally possible to find, for each configuration of 

the vehicle and for each cruising speed, an internal mode of pro-

pulsion that produces smaller velocity fluctuations in the adjacent 

fluid columns - and, accordingly, requires less power - than any ex-

ternal mode. The potential superiority of internal over external 

modes is small at low speeds but increases with increasing cruising 

speed and becomes impressive at high subsonic and at supersonic 

speeds. 

Some merit, from the standpoint of power required, may be 

found under special conditions in mixed schemes, involving both 

internal and external propulsion. 

Ji' 

During acceleration with internal propulsion, the air just 

ahead of the vehicle is induced to flow, relative to the tube, in 
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the direction of the acceleration of the vehicle or in the opposite 

direction, depending on the speed of the vehicle and on the excess 

of thrust over drag. An internally propelled vehicle, accelerating 

from rest to cruising speed, generates forward-facing expansion and 

compression waves, in this order of succession. The net effect of 

these waves ahead of the vehicle, in the final steady state, is in 

most cases a forward-facing flow if the cruising speed is subsonic. 

In general, it is only at supersonic speeds that an internal thrust 

generator can eliminate all disturbances ahead of the vehicle with

out producing an excess of thrust oyer drag. 

Nevertheless, even at subsonic speeds, the flow disturbances 

ahead of the vehicle can be reduced, by appropriate means of inter

nal propuls ion, to a much lower amplitude than would be produced by 

external propulsion. As a consequence, the increment of stream 

force (relative to the vehicle) that is imparted by wall friction 

to the disturbed flow ahead of the vehicle is normally smaller with 

internal than with external propulsion. 

The flow behind the vehicle undergoes for some distance certain 

rapid transformations, the nature of which has been examined in de

tail by Hagerup in a recent study (Ref. 4). The subsequent behavior 

of the "wake"depends on the speed of the vehicle and on the mode of 

thrust generation. Although there is much in the behavior of the 

wake that is still incompletely understood, it has been ascertained 
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that there is a range of operating regimes within which the bound

ary conditions demand that the wake flow be substantially at rest 

r.elative to the tube everywhere except in close proximity to the 

vehicle. Outside of this range the wake is "stable", in the sense 

that even relatively large local perturbations within it may be 

compatible in steady state with the boundary conditions. Of course, 

i.f in the vehic le-fixed frame of reference the wake flow is sonic 

or supersonic at any station, the downstream boundary conditions 

can have no effect on the flow upstream of that station. 

When flow disturbances are sustained in steady state over 

great distances ahead of the vehicle, the stagnation temperature 

of the air, relative to the vehicle, is lower than it would be in 

flight at the same Mach number through the surrounding atmosphere. 

At high travel speeds, at least a portion of the power input 

for internal propulsion must be supplied ahead of the throat of 

the air transfer passage. The purpose of this arrangement is to 

reduce the amplitude of the flow disturbances ahead of the vehicle 

at high subsonic speeds and to prevent the propagation of such 

disturbances altogether at supersonic speeds. 

At very high speeds, thermal modes of internal propulsion, in 

which the input of energy (except for the relatively small fraction 

which must be supplied ahead of the throat) is in the form of heat 
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addition to· the flow, promise attractive advantages of economy 

and mechanical simplicity. These modes also lend themselves to 

interesting possibilities in the utilization of heat from nuclear 

reactors. 

Special attention should be given to thermal modes in which 

the heat sources are fixed to the tube and successively activated 

in such synchro~ism with the passing vehicle that they produce a 

substantially steady regime of heat addition in the vehicle-fixed 

frame of reference. 
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APPENDIX 

Function Z for r. 1.4 
M l M Z M Z 

0.122 3.555E-07 0.202 9.833E-06 0.282 7.528E-05 
0.124 3.967E-07 0.204 1.041E-05 0.284 7.842E-OS 
0.126 4.419E-07 0.206 1.113E-05 0.286 8.161E-05 
0.128 4.913E-07 0.208 1.184E-05 0.288 8.501E-05 
0.130 5.453E-07 0.210 1.257E-05 0.290 8.846E-05 
0.132 6.042E-07 0.212 1.335E-05 0.292 9.201E-05 
0.134 6.684E-07 0.214 1.416E-05 0.294 9.567E-05 
0.136 7.382E-07 0.216 1.501E-05 0.296 9.944E-05 
0.138 8.139E-07 0.218 1.590E-05 0.298 1.033E-04 
0.140 8.961E-07 0.220 1.683E-0,5 0.300 1.013E-04 
0.142 9.851E-07 0.222 1.781E-05 0.302 1.114E-04 
0.144 1.081E-06 0.224 1.883E-05 0.304 1.156E-04 
0.146 1.185E-06 0.226 1.990£-0.5 0.306 1.200E-04 
0.148 1.298E-06 0.228 2.101E-05 0.308 1.244E-04 
0.150 L418E-06 0.230 2.218E-05 0.310 1.290E-04 
O. 1.52 1.549E-06 0.232 2.339E-05 0.312 1.337E-04 
0.154 1.689E-06 0.234 2.466E-05 0.314 1.385E-04 
0.156 1.839E-06 0.236 2.599E-05 0.316 1.435E-04 
0.158 2.000E-06 0.238 2.736E-05 0.318 1.486E-04 
0.160 2.1'13E-06 0.240 2.880E-05 0.320 1.538E-04 
0.162 2.358E-06 0.242 3.029E-05 0.322 1.591E-04 
0.164 2.556E:-06 0.244 3.185E-05 0.324 1.646E-04 
0.166 2.768E-06 0.246 3.347E-0.5 0.326 1.103E-04 
0.168 2.994E-06 0.248 3.515[-05 0.328 1.760E-04 
0.170 3.234£-06 0.250 3.690E-05 0.330 1.819E-04 
0.172 3.491E-06 0.252 3.871E-05 0.332 1.879E-04 
0.174 3.764E-06 0.254 4.060E-05 0.334 1.941E-04 
0.176 4.055E-06 0.256 4.255E-05 0.336 2.004E-04 
0.178 4.364E-06 0.258 4.458E-05 0.338 2.069E-04 
O.lBO 4.692E-06 0.260 4.669E-05 0.340 2.135E-04 
0.182 5.039E-06 0.262 4.881E-05 0.342 2.203E-04 
0.184 5.408E:-06 0.264 5.112E-05 0.344 2.272E-04 
0.186 5.799E-06 0.266 5.346E-05 0.346 2.343E-04 
0.188 6.212E-06 0.268 . 5.588E-05 0.348 2.415E-04 
0.190 6.650E-06 0.270 5.839E-05 0.350 2.489E-04 
0.192 7.112E-06 0.272 6.098E-05 0.352 2.S64E-04 
0.194 7.600E-06 0.274 6.365E-05 0.354 2.641E-04 
0.196 8.115E-06 0.276 6.642E-05 0.356 2.720E-04 
0.198 8.65BE-06 0.278 6.928E-05 0.358 2.600E-04 
0.200 9.231E-06 0.280 7.223E-05 0.360 2.882E-04 



M Z M Z M Z 
0.362 2.965E-04 0.442 7.726E-04 0 .. 522 1.519E-03 
0.364 3.050£-04 0.444 7.881E-04 0.524 l.541E-03 
0.366 3.137£-04 0.446 8.039E-04 0.526 1.562E-03 
0.368 3.225E-04 0.448 8.197E-04 0.528 1.584E-03 
0.370 3.315E-04 0.450 8 .• 358E-04 0.530 1.606E-03 
0.372 3.407E-04 0.452 8.521E-04 0.532 1.628E-03 
0.374 3.500E-04 0.454 8.665E-04 0.534 1.650E-03 
0.316 3.595E-04 0.456 8.851E-04 0.536 1.672E-03 
0.378 3.692E-04 0.458 9.018E-04 0 .. 538 1.694E-03 
0.380 3.791E-04 0.460 9.167E-04 0.5ltO 1.717E-03 
0.382 3.891E-04 0~462 9.358E-Olt 0.542 1.739E-03 
0.384 3.993£-04 0.464 9.531£-04 0.544 1.762E-03 
0.386 4.09/E-04 0.466 9.705E-04 0.546 1.78ltE-03 
0.388 4.202E-04 0.468 9.881E-04 o •. 548 l.B07E-03 
0.390 4.309E-04 0.470 1.006E-03 0.550 1.830E-03 
0.392 4.418£-04 0.412 1.024E-03 0.552 1.853E-03 
0.394 4.529E-04 0.474 1.042E-03 0.55lt 1.876E-03 
0.396 4.642E-04 0.476 1 .. 060E-03 0.5.56 1.899E-03 
0.398 4.756E-04 0.478 1.078E-03 0.558 1.922E-03 
o.ltOO 4.872E-04 0.480 1.097E-03 0.560 1.945E-03 
0.402 4.990E-04 0.482 1. 116E-03 0.562 1.968E-03 
0.404 5.110E-04 0.484 1.135E-03 0.564 1.991E-03 
0.406 5.231E-04 0.486 1.154E-03 0.566 2.015E-03 
0.408 5.355E-04 0.488 1.173E-03 0.568 2.038E-03 
0.410 5 .. 480E-04 0.490 1.192E-03 0.570 2.062E-03 
0.412 5.607E-04 0.492 1.211E-03 0.572 2.085E-03 
0.414 5.735E-04 0.494 1.231E-03 0.574 2.109E-03 
0.416 5.866£-04 0.496 1.251E-03 0.576 2.132E-03 
0.418 5.998E-04 0.498 1.271E-03 0.578 2.156E-03 
0.420 6.132E-04 0.500 1.291E-03 o •. 580 2.180E-03 
0.422 6.268(-04 0.502 1. :311E-03 0.582 2.203E-03 
0.424 6.406E-04 0.504 1.331E-03 0.584 2.227E-03 
0.426 6.546E-04 0.506 1.351E-03 0.586 2.251E-03 
0.428 6.687E-04 0.508 1.372E-03 0.588 2.275E-03 
0.430 6.830E-04 0.510 1.393E-03 0.590 2. 299E-03 
0.432 6.915E-04 0.512 1.413E-03 0.592 2.323E-03 
0.434 7.121E-04 0.514 1.434E-03 0.59lt 2. 347E-03 
0.436 1.210E-04 0.516 1.455E-03 0.596 2.371E-03 
0.438 7.42oE-04 0.518 1.1t 17E-03 0.598 2. 39.5E-03 
0.440 7.572E-04 0.520 1.498E-03 0.600 2.419E-03 



M Z M l M Z 
0.602 2.443E-03 0.682 3.386E-03 0.762 4.202E-03 
0.604 2.467E:-03 0.684 3.409E-03 0.764 4.220E-03 
0.606 2.491E-03 0.686 3.431E-03 0.766 4.237E-03 
0.608 2.515E-03 0.688 3.454E-03 0.768 4.2.55E-03 
0.610 2.539E-03 0.690 3.476E-03 0.110 4.212E-03 
0.612 2.563E-03 0.692 3.498E-03 0.712 .4.289E-03 
0.614 2.587E-03 0.694 3.520E-03 0.714 4.306E-03 
0.616 2.611E-03 0.696 3.542E-03 0.116 4.323E-03 
0.618 2.635£-03 0.698 3.564E-03 0.718 4.340E-03 
0.620 2.6.59E-03 0.700 3 • .585E-0] 0.180 4.351E-03 
0.622 2.683E-03 0.702 3.607E-03 0.782 4.373E-03 
0.624 2.707E-03 0.104 3.629E-Q3 0.784 4.389E-03 
0.626 2.731E-03 0.706 3.650E-03 0.786 4.406E-03 
0.628 2.755E-03 0.708 3.671(:-03 0.788 4.422E-03 
0.630 2.779E-03 0.710 3.693E-03 0.790 4.431E-0.3 
0.632 2.803f:-03 0.712 3.114E-03 0.792 4.453E-03 
0.634 2.827[-03 0.114 3.735E-03 0.794 4.469E-03 
0.636 2.8.51E-03 0.716 3.756E-0.3 0.796 4.484E-03 
0.638 2.875[-03 0.718 3.716E-03 0.798 4.499E-03 
0.640 2.898E-03 0.720 .3.197E-03 0.800 4.514E-03 
0.642 2.922E-03 0.122 3.818E-03 0.802 4.529E-03 
0.644 2.946E-03 0.124 3.838E-03 0.804 4.544E-03 
0.646 2.910E-03 0.126 3.858E-03 0.806 4.559E-03 
0.648 2.993E-03 0.128 3.879E-03 0.808 4.513E-03 
0.650 3.017E-03 0.730 3.899E-03 0.810 4.581E-03 
0.652 3.040E-03 0.732 3.919E-03 0.812 4.602E-03 
0.654 3.064E-03 0.734 3.938E-03 0.814 4.616E-03 
0.656 3.087E-03 0.136 3.958E-03 0.816 4.629E-03 
0.658 3.111E-03 0.738 3.978E-03 0.818 4.643E-0·3 
0.660 3.134E-0.3 0.740 3.991E-03 0.820 4.657E-03 
0.662 .3.157E-03 0.742 4.016E-03 0.822 4.670E-03 
0.664 ).181E-03 0.744 4.035E-03 0.824 4.6B3E-03 
0.666 3.204£:-03 0.746 4.054E-03 0.826 4.696E-03 
0.668 3.227E-03 0.148 4.013E-03 0.828 4.109E-03 
0.670 3.250E-03 0.1.50 4.092E-0] 0.830 4.122E-03 
0.672 3.213E-03 0.752 4.111E-03 0.832 4.734E-03 
0.674 3.296E-03 0.154 4.129E-03 0.834 4.7lt6E-03 
0.616 3.31BE-03 0.756 4.i48E-03 0.836 4.759E-03 
0.678 .3.341E-03 0.758 4.166E-0] 0.838 4.771E-03 
0.680 3.364E-03 0.160 4.184E-03 0.840 4.783E-03 



M l M Z M Z 
0.842 4.794E-03 0.922 5.132E-03 1.002 5.233E-03 
0.844 4.806[-03 0.924 5.138E-03 1.004 5.233E-03 
0.846 4.811E-03 0.926 5.143E-03 1.006 5.232E-03 
0.848 4.829E-03 0.928 5.148E-03 1.008 5.232£-03 
0.850 4.840[-03 0.930 5 .• 152E-03 1.010 5.231E-03 
0.852 4.851[-03 0.932 5.157E-03 1.012 5.231E-03 
0.854 4.861[-03 0.934 5.162E-03 1.014 5.230E-03 
0.856 4.872[-03 0.936 5.166E-03 1.016 5.229E-03 
0.858 4.882£-03 0.938 5.170E-03 1. 018 5.228E-03 
0.860 4.893[-03 0.940 5.174[-03 1.020 5.227E-03 
0.862 4.903[-03 0.942 5.178E-03 1.022 5.226E-03 
0.864 4.913E-03 0.944 5.182E-03 1.024 5.224E-03 
0.866 4.922[-03 0.946 5.186[-0.3 1.026 5.223E-03 
0.868 4.932E-03 0.948 5.189E-03 1.028 5.221E-03 
0.870 4.942[-03 0.950 5.193E-03 1.0)0 5.220E-03 
0.872 4.951[-03 0.952 5.196[-03 1.032 5.218E-03 
0.874 4.960[-03 0.954 5.199f-03 1.034 5.216E-03 
0.876 4.969[-03 0.956 5.202[-03 1.036 5.214E-03 
0.8'78 4.978[-03 0.958 5.205E-03 1.038 5.212E-03 
0.880 4.986E-03 0.960 5.207E-03 1.040 5.209E-03 
0.882 4.995E-03 0.962 5.210E-03 1.042 5.207(-03 
0.884 5.003E-03 0.964 5.212E-03 1.044 5.205E-03 
0.886 5.012E-03 0.966 5.214E-03 1.046 5.202E-03 
0.888 5.020£-03 0.968 5.217E-03 1.048 5.200[-03 
0.890 5.027E-03 0.970 5.219E-03 1.050 5.197E-03 
0.892 5.035E-03 0.972 5.220E-03 1.052 5.194E-03 
0.894 5.043E-03 0.974 5.222E-03 1. 0.54 5.191E-03 
0.896 5.050E-03 0.976 5.224E-03 1.056 5.188E-03 
0.898 5.057E-03 0.978 5.225E-03 1.0.58 5. 185E-:-03 
0.900 5.064E-03 0.980 5.227E-03 1.060 5.102E-03 
0.902 5.071 E-03 0.982 5.22eE-03 1.062 5.178E-03 
0.904 5.078E-03 0.984 5.229[-03 1.064 5.175E-03 
0.906 5.085E-03 0.986 5.230E-03 1.066 5.171E-03 
0.908 5.091E-03 0.988 5.23lE-03 1.068 5.168E-03 
0.910 5.098E-03 0.990 5.231E-03 1.070 . 5. 161tE-03 
0.912 5.104E-03 0.992 5.232E-03 1.072 5.160E-03 
0.914 5.110E-03 0.994 5.232E-03 1.014 5. 156E-0.3 
0.916 S.116E-03 0.996 5.233E-03 1.076 5.152E-03 
0.918 5.121E-03 0.998 5.233E-03 1.078 5.11t8E-03 
0.920 5.127E-03 1.000 5.233E-03 1.080 5.14ItE-03 



M l M l ,., Z 
1.082 5.140E-0.3 1.162 4.906E-03 1.242 4.582E-03 
1.084 5.135E-03 1.164 4.899E-03 1.244 4.513£-03 
1.086 5.1:31E-03 1.166 4.892E-03 1.246 4.564E-03 
1.088 S.126E-03 1.168 4.884£-03 1.248 4.5.55E-03 
1.090 5.122E-03 1.170 4.817E-03 1.250 4.546E-03 
1.092 5.117E-03 1.172 4.810E-03 1.252 4.531E-03 
1.094 5.112E-03 1.114 4.862E-03 1.254 4.528E-03 
1.096 5.108E-03 1.116 4.855E-03 1.256 4.519E-03 
1.098 5.103E-03 1.118 4.847E-03 1.258 4.510E-03 
1.100 5.098E-03 1.180 4.840E-03 1.260 4.501E-03 
1.102 5.092E-03 1.182 4.832E-03 1.262 4.492E-03 
1.104 5.081E-03 1.184 4.824E-03 1.264 4.483E-0.3 
1.106 5.082E-03 1.186 4.816E-03 1.266 4.474E-03 
1.108 5.077E-03 1. 186 4.809E-03 1.268 4.464E-03 
1.110 5.011E-03 1.190 4.801E-03 1.210 4.455E-03 
1. ll2 5.066E-03 1.192 4.193E-03 1.212 4.446f-03 
1.114 5.060[-03 1.194 4.185E-03 1.214 4.431E-03 
1.116 '.055E-03 1.196 4.711E-03 1.216 4.421E-03 
1.118 5.049E-03 1.198 4.169E-03 1.210 4.418E-03 
1.120 5.043E-03 1.200 4.161E-03 1.280 4.409E-03 
1.122 ~.037E-03 1.202 4.153(-03 1.282 4.399[-03 
1.124 5.031E-03 1.204 4.145E-03 1.'284 4.390E-03 
1.126 5.02SE-03 1.206 4.136E-03 1.286 4.381E-03 
1.128 5.019E-03 1.208 4.128E-03 1.288 4.311E-03 
1.130 5.0l3E-03 1.210 4.120E-03 1.290 4.362E-03 
1.132 5.001E-03 1.212 4.111E-03 1.292 4.352E-03 
1.134 5.001E-03 1.214 4.103E-03 1.294 4.l43E-03 
1.136 4.994£-03 1.216 4.695E-03 1.296 4.333E-03 
1. 138 4.988[-03 1.216 4.6a6E-03 1.298 4. ·324E-03 
1.140 4.981E-03 1.220 4.618E-03 1.300 4.314E-03 
1.142 4.975[-03 1.222 4.669E-03 1.302 4.305E-03 
1.144 4.968E-03 1.224 4.661 E-03 1.304 4.295E-03 
1.146 4.962E-03 1.226 4.652E-03 1.306 4.286E-03 
1.148 4.955f-03 1.228 4.643E-03 L.308 4.276E-03 
1.150 4.948E-03 1.230 4.635E-03 1.310 4.261E-03 
1.152 4.941E-03 1.232 4.626E-03 1.312 4.251E-03 
1.154 4.934E-03 1.234 4.611E-03 1.314 4.241E-03 
1.156 4.927[-03 1.236 4.609E-03 1.316 4.238E-03 
1.158 4.920E-03 1.238 4.600E-03 1.318 4.228E-03 
1.160 4.913E-03 1.240 4.591E-03 1.320 4.218(-03 



M Z M Z M l 
l.322 4.20')[-0.3 1.402 3.817E-03 1.482 3.430E-03 
1.324 4.199E-03 1.404 3.808E-03 1.484 3.420E-03 
l.326 4.189E-03 1.406 3.798E-03 1.486 3.411E-03 
1.328 4.180E-03 1.408 3.788E-03 1.488 3.401E-03 
1.330 4.110E-03 1.410 3.778E-03 1.490 3.392E-03 
1.332 4.160E-03 1.412 3.768E-03 1.492 3.382E-03 
1.334 4.151E-03 1.414 3.759E-03 1.494 3.373E-03 
1.336 4.141E-03 1.416 3.749E-03 1.496 3.363E-03 
1.338 4.131E-03 1.418 3.739E-03 1.498 3.354E-03 
1.340 4.121[-03 1.420 3.729E-03 1.500 3.345[-03 
1.342 4.112E:-03 1.422 3.719E-03 1.502 3.335E-03 
1.344 4.102E-03 1.424 3.710E-03 1.504 3.326E-03 
1.346 4.092£-03 1.426 3.700E-03 1.506 3.316E-03 
1.348 4.082[-03 1.428 3. 690E- 03 1.508 3.307E-03 
1.350 4.073E-03 1.430 3.680E-03 1.510 3.298E-03 
1.352 4.063E-03 1.432 3.6711:::-03 1.512 3.288E-03 
1.354 4.053E-03 1.434 3.661[-03 1.514 .3.279E-03 
1.356 It .043E-03 1.436 3.651E-03 1.516 3.270E-03 
1.358 4.033[-03 1.438 3.641E-03 1. 518 3.261E-03 
1.360 4.02'.E-03 1.440 3.632[-03 1.520 3.251E-03 
1.362 4.014E-03 1.442 3.622E-03 1.522 3.242E-03 
1.364 4.00'.E-03 1.444 3.612[-03 1.524 3.233E-03 
1.366 3.994[-03 1.446 3.6031:- 03 1.526 3.224E-03 
1.36B 3.984 E-03 1.44B 3.593E-03 1.528 3.214E-03 
1.370 3.975[-03 1.450 3.583[-03 1.530 3.205E-03 
1. 372 3.965E-03 1.452 3.574E-03 1.532 3.196E-03 
1 • .314 3.955E-03 1.454 3.5641:-03 1.534 3.187E-03 
1. 376 3.945E-03 1.456 3.554[-03 1.536 3.178E-03 
1.178 3.935[-03 1.458 3.545E-03 1.538 3.168E-03 
1. 380 3.925E-03 1.460 3.535E-03 1.540 3.159E-03 
1.382 3.CJ16E-03 1.462 3.525E-03 1.542 3.150E-03 
1.384 3.906E-03 1.464 3.516E-03 1.544 3.141E-03 
1. 386 3.896E-03 1.466 3.506E-03 1.546 3.132E-03 
1.388 3.886E-03 1.468 3. 497E- 03 1.548 3.123E-03 
1. 390 3.876E-03 1.470 3.487E-03 1.550 3.114E-03 
L 3 en 3.866E-03 1.472 3.477E-03 1.552 3.105E-03 
1.394 3.857E-03 1.474 3.468E-03 1.554 3.096E-03 
1.396 3.847E-03 1.476 3.458E-03 1.556 3.087E-03 
1.398 3.837E-03 1.478 3.449E-03 1.558 3.07BE-03 
1.400 3.B21E-03 1.480 3.439E-03 1.560 3.069E-03 



M l M Z M Z 
1.562 3.060E-03 1.642 2.116E-03 1.722 2.403E-03 
1.564 3.051E-03 1.644 2.708E-03 1.724 2.395E-0.3 
1.566 3.042E-03 1.646 2.700E-03 1.726 2.388E-03 
1.568 3.0.33E-03 1.648 2.692E-03 1.728 2.380E-0) 
1.570 3.024E-03 1.650 2.684£-0.3 1.730 2.373E-03 
1.572 3.015E-03 1.652 2.675E-03 1.732 2.366E-03 
1.574 3.007E-03 1.654 2.667E-03 1.7.34 2.358E-03 
1.576 2.998E-03 1.656 2.659E-03 1.736 2.351E~03 

1.578 2.989E-03 1.658 2.651E-03 1.738 2.344E-Ol 
1.580 2.980E-03 1.660 2.643E-03 1.740 2.336E-03 
1.582 2.971E-03 1.662 2.635E-03 1.742 2.329E-03 
1.584 2.963E-03 1.664 2.627E-03 1.744 2.322E-03 
1.586 2.9.54E-03 1.666 2.619E-03 1.746 2.315E-03 
1.588 2.945E-03 1.668 2.611E-03 1.748 2.307E-03 
1.590 2.936E-03 1.670 2.603E-03 1.750 2.300E-03 
1.592 2.928E-03 1.672 2.595E-03 1.752 2.293E-03 
1.594 2.919E-03 1.674 2.587E-03 1.154 2.286E-03 
1. 596 2.910E-03 1.676 2.579E-03 1.756 2.279E-03 
1.598 2.902E-03 1.678 2.571E-03 1.758 2.272E-03 
1.600 2.893E-03 1.680 2.563E-03 1.760 2.265E-03 
1.602 2.885E-03 1.682 2.556E-03 1.762 2.251E-03 
1.604 2.876£-03 1.684 2.548E-0.3 1.764 2.250E-03 
1.606 2.861E-03 1.686 2.540E-03 1.766 2.243E-03 
1.608 2.859E-03 1.688 2.5.32E-03 1.768 2.236E-03 
1.610 2.850E-03 1.690 2.524E-03 1.770 2.229E-03 
1.612 2.842E-03 1.692 2.517E-03 1.772 2.222£-03 
1.614 2.833E-03 1.694 2.509E-03 1.774 2.215E-03 
1.616 2.625E-03 1.696 2.501E-03 1.776 2.209E-03 
1.618 2.616E-03 1.698 2.493E-03 1.778 2.202E-03 
1.620 2.808E-03 1.700 2.486E-03 1.780 2.195E-03 
1.622 2 .. 799E-03 1.702 2.476E-03 1.782 2.188E-03 
1.624 2.791E-03 1.704 2.470E-03 1.784 2.181E-03 
1.626 2.783E-03 1.706 2.463E-03 1.186 2.174E-03 
1.628 2.714E-03 1.708 2.455E-03 1.788 2.167E-03 
1.630 2. 766E-0.3 1.710 2.448E-03 1.790 2.161E-03 
1.632 2.758E-03 1.712 2.440E-03 1.792 2.154E-03 
1.634 2. 749E-0.3 1.714 2.433E-03 1.194 2.1ItlE-03 
1.636 2.741E-03 1.716 2.425E-03 1.796 2.140E-03 
1.636 2.133E-03 1.118 2.41BE-03 1.798 2.134E-03 
1.640 2.725E-03 1.720 2.410E-03 1.800 2.121E-03 



M Z M Z M Z 
1.B02 2.120[-03 1.B82 1.868E-03 1.962 1.645E-03 
1.804 2.113E-03 1.884 1.862E-03 1.964 1.640E-03 
1.HOb 2.107E-03 1.886 1.856E-03 1.966 1.635[-03 
1.808 2.100E-03 1. 088 1.851E-03 1.968 1.630E-03 
1.810 2.094E:-03 1.890 1.845E-03 1.970 1.624E-03 
1.812 2.087[-03 1.892 1.839E-03 1.972 1.619E-03 
1.814 2.080[-03 1.894 1.833E-03 1.974 1.614E-03 
1 .• 816 2.074E-03 1.896 1.827E-03 1. 976 1.609E-03 
1.818 2.067[-03 1.898 1.821E-0) 1.978 1.604E-03 
1.820 2.061E-03 1.900 1.816[-03 1.980 1.599E-03 
1. a 22 2.054t-03 1.902 1.810E-03 1.982 1.594E-03 
1.824 2.048[-03 1.904 1.804[-03 1.984 1.58<)E-03 
1. 826 2.041E-03 1.906 1.798E-03 1.986 1.584E-03 
1.828 2.035[-03 1.908 1.793[-03 1.988 1.578E-03 
1.830 2.029E-03 1.910 1.787E-03 1.990 1.573E-03 
1. 832 2.022E-03 1.912 1.7BIE-O) 1.992 1.568E-03 
1.834 2.016[-03 1.914 1.776E-03 1.994 1.563E-03 
1.836 2.009E-03 1.916 1.770E-OJ 1.996 1.559E-03 
1.838 2.003[-03 1.918 1.764E-03 1.998 1.554E-03 
1.840 1.997[-03 1.920 1.759[-03 2.000 1.549E-03 
1.842 1.990[-03 1.922 1.753[-03 2.002 1.544[-03 
1.844 1.984E-03 1.924 1. 748E-0 3 2.004 1.539[-03 
1.846 1.978E-03 1.926 1.742E-03 2.006 1.534E-03 
1.848 1.972E-03 1.928 1. 737£-03 2.008 1.529[-03 
1.850 1.96.5E-03 1.930 1.73lE-03 2.010 1.524E-03 
1.852 1.959E-03 1.932 1. 726E-03 2.012 1.519E-03 
1.854 1.953E-03 1.934 1. nOE-03 2.014 1.515E-03 
1.856 1.947E-03 1.936 1.715[-03 2.016 1.510E-03 
1.858 1.941E-03 1.938 1.709E-03 2.018 1.505E-03 
1.860 1.935E-03 1.940 1.704E-03 2.020 1.500E-03 
1.862 1.928E-03 1.942 1.698E-03 2.022 1.495[-03 
1.864 1.922[-03 1.944 1.6931:-03 2.024 1.491E-03 
1.866 1.916E-03 1.946 1.688E-03 2.026 1.486E-03 
1.868 1.9 LOE-03 1.948 1.682[-03 2.028 1.481[-03 
1.870 1.904E-03 1.950 1.677E-03 2.030 1.476E-03 
1. 872 1.898E-03 1.952 1.672E-03 2.0.32 1.472E-03 
1.874 t.892E-03 1.954 1. 666E- 03 2.034 1.467E-03 
1.876 1.886E-03 1.956 1.661E-0) 2.036 1.462E-03 
t.870 1. 880E-03 1.958 1.656E-OJ 2.038 1.458E-03 
1. 880 1.874E-03 1.960 1.650E-03 2.040 1.453E-03 



M Z M Z M Z 
2.042 1.449E-0.3 2.122 1.276E-03 2.202 1.125E-03 
2.044 1.444E-03 2.124 1.272E-03 2.204 1.121E-03 
2.046 1.439E-03 2.126 1.268E-03 2.206 1.118E-0] 
2.048 1.435(-03 2.128 1.264E-03 2.208 1.114E-03 
2.050 1.430E-03 2.130 1.260E-03 2.210 1.llIE-O] 
2.052 1.426E-03 2.132 1.256E-03 2.212 l.l07E-03 
2.054 1.421E-03 2.134 1.252E-03 2.214 l.l04E-03 
2.056 1.417E-03 2.136 1.248E-03 2.216 1.l00E-0) 
2.058 1.412E-03 2.138 1.244E-03 2.218 1.097E-03 
2.060 1.408E-03 2.140 1.240E-03 2.220 1.093E-0) 
2.062 1.403(-03 2.142 1.236E-O] 2.222 1.090E-03 
2.064 1.399E-03 2.144 1.232E:-03 2.224 1.087E-0] 
2.066 1.394E-03 2.146 1.228E-03 2.226 1.08lE-03 
2.068 1.390E-03 2.148 1.225E-03 2.228 1.080E-01 
2.070 1.386E-03 2.150 1.221E-03 2.230 1.076E-Ol 
2.072 1.381E-03 2.152 1.217E-03 2.232 1.073E-0.3 
2.074 1. ,) 77E-03 2.154 1.213E-03 2.234 1.070E-03 
2.076 1.372E-03 2.156 1.209E-03 2.236 I.066E-OJ 
2.078 1.368E-03 2.158 1.20SE-03 2.238 1.063E-0] 
2.080 L.364E-03 2.160 l.202E-0) 2.240 1.060E-OJ 
2.082 l.3,59E-03 2.162 1.198E-03 2.242 1.056E-03 
2.084 1.355E-03 2.164 1.194£:-03 2.244 1.053E-03 
2.086 I.351E-03 2.166 1.190E-03 2.246 I.OSOE-O,) 
2.088 1.347E-03 2.168 1.187E-03 2.248 1.047E-03 
2.090 1.342E-03 2.170 1.183E-03 2.250 1.043E-03 
2.092 1.338E-03 2.172 1.179E-03 2.252 1.040E-03 
2.094 1.334E-03 2.174 1.175E-O] 2.254 1.037E-03 
2.096 1.330E-03 2.176 1.172E-03 2.256 1.0.3'tE-03 
2.098 1.325E-03 2.178 L .. 168E-03 2.258 l.030E-03 
2.100 1. 321E-03 2.180 1.164E-03 2.260 1.021E-03 
2.102 1.317E-03 2.182 1.16lE-03 2.262 1.02ltE-03 
2.101t 1.313E-03 2.184 1.1S7E-03 2.264 1.OZlE-03 
2.106 1.309E-03 2.186 l.lS3E-03 2.266 1.018E-03 
2.108 1.305E-03 2.188 1.150E-03 2.268 1.01ltE-03 
2.110 1.300E-O] 2.190 1.146E-03 2.Z70 1.011E-03 
2.112 L.296E-03 2.192 l.143E-03 2.272 1. 008E-03 
2.114 1.292E-03 2.194 1.139E-03 2.274 1.00SE-03 
2.116 1.288E-03 2.196 1.135E-03 2.276 I.002E-0) 
2 .. 116 1.28ltE-03 2.198 1.L32E-03 2.278 9.987E-01t 
2.120 1.280E-03 2.200 1.128E-03 2.280 9. 956E-04 



M l M Z M l 
2.282 9.925E.-04 2.362 8.768[-04 2.442 7.757[-04 
2.28't 9.894£:.,..04 2.364 8.741f-04 2.444 7.734£-04 
2.286 ').B63E-04 2.366 8.714E-04 2.446 7.71 OE-04 
2.208 '} • 832 E- U 't 2.368 8.6881::-04 2.448· 7.687E-04 
2.290 ').80n:-04 2.370 8.6611:-04 2.450 7.663E-04 
2.292 J.71lF-04 2.372 8.634[-0/t 2.452 7.640E-04 
2.294 9.7411:-04 2.374. 8.608£:-04 2.454 7.617E-04 
2.296 9. lllE-04 2.376 8.581[-04 ?456 7.594E-04 
2.298 9.6d1t-04 2.378 8.555[-04 2.458 7.571 [-04 
2.300 9.651E-04 1. .. .380 8.529[-0' .. 2. 'i 60 7.5'+8E-04 
2.302 9.621[-04 2 .. 382 8.503E-04 2.462 7.525E-04 
7..304 9.591[-04 2.38'l 8 .. 't76E-04 2.464 7.502E-04 
2.306 9.561f.-()4 2.386 B~450f-04 2. 't66 7.480E-04 
2.3013 9.532E-04 2.388 8.425(-0' .. :?460 7.457E-04 
2.310 ').5021:-04 2.390 8.399[-0'. 2.'t70 7.434E-04 
2.312 'J.4lJE-0't ?.392 8.373[-04 2.472 7.412E-04 
2.314 9.443E-04 2.3'14 8.347i.-04 2.474 7.389E-04 
2.316 <J.414E-04 2.396 O.322E-Cl't 2.476 7.367E-04 
2.3li; (~. 385.E-U4 2.398 8.296E.-04 2.478 7.34SE-04 
2.320 9.356[-0'. 2.400 8.27IE-04 2.480 7.323E-04 
2.322 '~ • .327E-04 2.402 8.246E-0't 2.482 7.301E-04 
2.324 ').298f-04 2.'t04 <3.221E-C4 2.484 7.279E-04 
2.3?6 9.26'')[-04 2.406 8.1.9SE-04 2.486 "1.257E-04 
2.328 <) • 2 It 1 E - 0 4 2.408 8.170£-04 2.488 7.235E-04 
2.330 9.2LU-04 2.410 fI.145E-04 2.490 7.2131:-04 
2.332 9.184[-04 ? • itl 2 8.1?lf>Cl4 2.492 7.19lF.-04 
2.334 9.155E:-04 2_'t1't 8.096E-04 2.494 7.169[-04 
2.336 9.127E-U i t 2.416 8.071E-()4 2.496 7.148E-04 
2.338 9.09') E-04 2 .. 418 8.046[-O't 2.4')8 7.126E-04 
2. JltO 9.011£;-04 2. (t,2;') 8.022[-04 2.500 -(.105[-04 
2 .. 342 J.O/d(-O'i 2.422 7.997[-O't 2.502 7.083E-04 
2. :H4 9.015(-0'+ 2.42 '. 7.973[-04 2.504 1.062E-04 
2.3't6 8.91:l7F-O/t 2.42u '7.9't9F-04 2.506 7.0/,1E-04 
2.3'.8 8.959[-O't 2. ,(~ 2 3 '7. '~25F:-04 2.508 7.020E-04 
2.350 8.932E-04 2.'(,30 7 .. 1)00[-0 Ii 2.510 6.999E-04 
2.352 8.904E-04 2 .. idZ 7.fH6[-04 2.512 6.978E-04 
2.354 8.877E-04 2~434 7.8~)2C-04 ;~.514 6. 9.~ 7E-04 
2.356 8 .. 850[-04 2.436 7.82flE-04 2.516 6.936[-04 
2.358 8. Ll22E-O{~ 2.4.38 '1.805[-Of.,. 2.518 6.915£-04 
2.360 3.7~5E-04 2 • It'~O '7.181 E -04 2.570 6. 894F.-04 



~ l M Z M Z 
2.522 6.873E-04 2.602 6.100E-04 2.682 5.423E-Q4 
2.524 6.853f-'04 2.604 6.082E-04 2.684 5.407E-04 
2.526 6.832[-04 2.606 6.064E-04 2.686 5.3<J1E-04 
2.5213 6.1312E-04 2.608 6.046E-04 2.688 5.376E-04 
2.530 6.791E-04 2.610 6.028E-04 2.690 5.360E-04 
2.532 6.771E-04 2.612 6.011E-04 2.692 5.344E-04 
2.534 6.7.51E-04 2.614 5.993E-04 2.694 5.329E-04 
2.536 6.731E-04 2.616 5.975E-04 2.696 5.313[-04 
2.538 6.710[-04 2.618 5.957E-04 2.698 5.298£:=-04 
2.540 6.690E-04 2.620 5.940(-04 2.700 5.283E-04 
2.542 6.670E-04 2.622 5.922E-04 2.702 5.267E-04 
2.544 6.650E-04 2.624 5.905E-04 2.704 5.252E-04 
2.546 6.63lE-04 2.626 5.888E-04 2.706 5.237E-04 
2.54/3 6.6111:-04 2.628 5.B70E-04 7..708 5.221E-04 
2.550 6.591E-04 2.630 5.853E-04 2.710 5.206E-04 
2.552 6.571E-04 2.632 5.836E-04 2.712 5.191E-04 
2.554 6.552E:-04 2.634 5.818E-04 2.714 5.1 76 E-04 
2.5,6 6.532E-04 2.636 5.801(:-04 2.716 5.161E-04 
2.550 6.513[-04 2.638 5.784E-04 2.71B 5.146E-04 
2.560 6.493E-04 2.640 5.767E-04 2.720 5.131E-04 
2.562 6.474[-04 2.642 5.750E-04 2.722 5.116E-04 
2.564 6.455E-04 2.644 5.733E-04 2.724 5.102E-04 
2.566 6.435E-04 2.646 5.717E-04 2.726 5.087[-04 
2 •. 568 6.416E-04 2.648 5.700E-04 2.728 5.072E-04 
2.570 6.397E-04 2.650 5.683E-04 2.730 5.057E-04 
?,.572 6.378E-04 2.652 5.666E-04 2.732 5.043E-04 
2.574 6.359E-04 2.654 5.650E-04 2.734 5.028E-04 
2.576 6.340E-04 2.656 5.633E-04 2.136 5.014E-04 
2.5"78 6.321E-04 2.658 5.617E-04 2.738 4.999E-04 
2.580 6.303E-04 2.660 5.600E-04 2.140 4 .. 985E-04 
?582 6.284E-04 2.662 5.584E-04 2.742 4.971£-04 
2.584 6.265(-04 2.664 5.568E-04 2.744 4.956E-04 
2.586 6.247E-04 2.666 5.551E-04 2.746 4.942E-04 
2.58U 6.228(-04 2.668 5.535E-04 2.1'+8 4.928E-04 
2.590 6.210E-04 2.670 5.519E-04 2.750 4.913£-04 
2.592 6.191(-04 2.672 5.503E-04 2.752 4.899E-U4 
2.594 6.17 3E-04 2.674 5.487E-04 2.754 4.805E-04 
2.596 6 .. 155£-04 2.616 5.471E-04 2.756 4.811E-04 
2.5'18 6. 136E-04 2.678 5.455E-04 2.158 4.8'57E-04 
2.600 6.118(-04 2.680 5.439E-04 2~760 4.843E-04 



M Z M l M l 
2.762 4.829E-04 2.842 4.308E-04 2.922 3.850E-04 
2 .. 764 4.815E-04 2.844 4.296E-04 2.924 3.839E-04 
2.766 4.802E-04 2.846 4 .. 284E-04 2.926 3.829E-04 
2 .. 768 4.788E-04 2.848 4 .. 272E-04 2.928 3.818E-04 
2.770 4.774E-04 2.850 4 •. 260E-04 2.930 3.807E-04 
2.772 4.760E-04 2.852 4.248[-04 2.932 3.797£-04 
2.774 4.147E-04 2.854 4.236£-04 2.934 3.786E-04 
2.776 4.733E-04 2.856 4.224E-04 2.936 3.776[-04 
2.778 4.720E-04 2.858 4.212E-04 2.930 3.765£-04 
2.780 4.706E-04 2.860 4.200E-04 2.940 3.7.55E-04 
2.782 4 .. 693£:-04 2.862 4.188E-04 2.942 3.744E-04 
2.784 4.679E-04 2.864 4.176E-04 2.944 3.734E-04 
2.786 4.666[-04 2.866 4.165E-04 2.946 3.724E-04 
2.788 4.652E-04 2.868 4.153E-04 2.948 3.713E-04 
2.790 4.639[-04 2.870 4.141[-04 2.950 .3.703E-04 
2.792 4.626[-04 2.872 4.130[-04 2.952 3.693[-04 
2.794 4.613E-04 2.874 4.118E-04 2.954 3.683E-04 
2.796 4.600E-04 2.876 4.106E-04 2.956 3.672E-04 
2.798 4 .. 586E~04 2.878 4.095E-04 2.958 3.662£-04 
2.800 4.573E-04 2.880 4.083E-04 2.960 3.652E-04 
2.802 4.560£-04 2.882 4.072E-04 2.962 3.642E-04 
2.804 4 .. 547E-04 2.884 4.060E-04 2.964 3.632E-04 
2.806 4.534E-04 2.886 4.049E-04 2.966 3.622E-04 
2.808 4.521E-04 2.888 4.038E-04 2.968 3.612E-04 
2 .. 810 4 .. 509E-04 2.890 4.026[-04 2.970 3.602E-04 
2.812 4.496E-04 2.892 4.015E-04 2.972 3.592E-04 
2.814 4.483E-04 2.894 4.004E-04 /..974 3.582E-04 
2 .. 816 4.470E-04 2.896 3.993E-04 2.976 3.572E-04 
2.818 4.458E-04 2 .. 898 3.981E-04 2.978 3 .. 563E-04 
2.820 4.445E-04 2.900 3.9701::-04 2.980 3.553E-04 
2.822 4.432E-04 2.902 3.959[-04 2.982 3.543E-04 
2.824 4.420E-04 2.904 3.948E-04 2.984 3.533E-04 
2.826 4.407E-04 2.906 3.937£-04 2.986 3.523E-04 
2.828 4.395E-04 2.908 3.926E-04 2.988 3.514E-04 
2.830 4.382E-04 2.910 3.915[-04 2.990 3.504 E-04 
2.832 4.370E-04 2.912 3.904E-04 2.992 3.495E-04 
2.834 4.357E-04 2.914 3.893E-04 2.994 3.485E-04 
2.836 4.345E-04 2.916 3.882E-04 2.996 3.475E-04 
2.838 4.333E-04 2.918 3.872E-04 2.998 3.466E-04 
2.840 4.320[-04 2.920 3.861E-04 3.000 3.456E-04 



M l M Z M Z 
0.£142 4.194E-03 0.922 5.132E-03 1.002 5.233E-03 
0.844 4.806[-03 0.924 5.138E-03 1.004 5.233E-03 
0.846 4.817E-03 0.926 5.143E-03 1.006 5.232E-03 
0.848 4.829E-03 0.928 5.148E-03 1.008 5.232E-03 
0.850 4.840[-03 0.930 5.1.52E-03 1.010 5.231E-03 
0.852 4.851E-0) 0.932 5.151E-03 1.012 5.231E-03 
0.854 4.861E-03 0.934 5.162E-03 1.014 5.230E-03 
0.856 4.872E-03 0.936 5.166E-03 1.016 5.229E-03 
0.858 4.882E-03 0.938 5.170E-03 1.018 5.228E-03 
0.860 4.893E-03 0.940 5.174[-03 1.020 5.227E-03 
0.862 4.903E-03 0.942 5.118E-03 1.022 5.226E-03 
0.864 4.913E-03 0.944 5.182E-03 1.024 5.224E-03 
0.866 4.922[-03 0.946 5.186[-0.3 1.026 5.223E-03 
0.868 4.932E-03 0 .. 948 5.189E-03 1.028 5.221E-03 
0.810 4.942E-03 0.950 5.193E-03 1.030 5.220E-03 
0.872 4.951E-03 0.952 5.196E-03 1.032 5.218E-03 
0.814 4.960E-03 0.954 5.199E-03 1.034 5.216E-03 
0.876 4.969[-03 0.956 5.202[-03 1.036 5.214E-03 
0.878 4.978E-03 0.958 5.205E-03 1..038 5.212E-03 
0.880 4.986E-03 0.960 5.207E-03 1.040 5.209E-03 
0.882 4.995E-03 0.962 5.210E-03 1.042 5.207[-03 
0.884 5.003E-03 0.964 5.212E-0.3 1.044 5.205E-03 
0.886 5.012£:-03 0.966 5.214E-03 1.046 5.202E-03 
0.888 5.020E-03 0.968 5.217E-03 1.048 5.200E-03 
0.890 5.027E-03 0.970 5.219E-03 1.050 5.197E-03 
0.892 5.035E-03 0.972 5.220E-03 1.052 5.194E-03 
0.894 5.043E-03 0.974 5.2221:-03 1.054 5.191E-03 
0.896 5.050E-03 0.976 5.224E-03 1.056 5.188E-03 
0.898 5.051[-03 0.918 5.225E-03 1.058 5.185E-03 
0.900 5.064E-03 0.980 5.227E-03 1.060 .5. L 02E-,03 
0.902 5.071E-03 0.982 5.228E-03 1.062 5.l78E-03 
0.904 .5.078E-03 0.984 5.229[-03 1.064 5.175E-03 
0.906 5.085[-03 0.986 5.230E-03 1.066 5.171 E-03 
0.908 5.091E-03 0.988 5.231E-03 1.068 5.168E-03 
0.910 5.098E-03 0.990 5.231 E- 03 1.070 5.164E-03 
0.912 5.104E-03 0.992 5.232E-03 1.072 5.160E-03 
0.914 5.110E-03 0.994 5.232E-03 1.014 5.156E-03 
0.916 5.116E-03 0.996 5. 233E- 03 1.016 5.152E-03 
0.918 5.121E-03 0.998 5.233E-03 1.018 5.148E-03 
0.920 5.127E-03 1.000 5.233E-03 1.080 5.144E-03 




