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ABSTRACT

Problems involving adlabatiec flow of compressible
flulds in horizontal condults of conatant cross-section
usually require tedious trial and errop solutions,
Although several somewhat simplified methods have Leen
developed, most of these methods are not ideally suliied
for problems involving flow between two sections of s
condult,

The graphlesl solutions presented in this paper,
relating pressure and tempesrature ratics to friction and
inltial Mach numbers, nave been developed specifically
for flow between sectlions of a condult, Use of the graphs
requires only the knowledge of initial condltions and
determination of the friction factor,

Initial velocitles from 3%0% to 70% of the initial
acoustic veloclity have been presented in this paper.
Graphs for initlal velocities of 5% to 304 of tne initlal
acoustic veloeclity nave previously been presented vy
Straub.(7) Combination of ovotn papers provides a
continous range of initial veloclties from 5% to 70% of

tne initial acoustlie velocity,



INTRODUCTION

Flow equations for compressible fluids in conduits of
constant crose~section nave been developed for both
isothermal and adlabatlie conditions, For isothermal
conditlions both algebraiec and graphlcal methods of cealculation
nave been developed and presented in many texts, Eguations
for adlabatic flow have been presented by Dodge and Thompsan{3)
and summarized by Perry.(é) These equatlons, containing
speclfiec hest ratios, pressure ratlios, velocity ratios,
Hach numbers, and frictlon, require the use of trial and

error methods for most solutions, Because of the complexity

fL/Ry = -2,3 [ (k+1) /K] [10g (Vp/V1)]

+(1/5) [ (1/19)%4(R=1)/2] [1-(v;/¥,)? ]
Po/Py = (13/¥2) ((1e[(x-1)/2] (y)2a-(vp/y )QJ)
2771 1/ %2 1 2/ 71
To/Ty = (Po/Py)(Vo/Vy)

of these equations, several investigators nave presented
various types of graphlical solutions,

Dedge and Thompson, besides presenting tne Llow
equations, i1llustrated pruphically the complex relationships
between velocity, frictlion, and pressure drop for gases
with a specific heat ratio of K = 1,32, Tnils graph, bowever,
cannot be read with any degree of accuracy, and toe

presentation of only one specifie heat ratioc makes linterpolation



for other specific heat ratios impossible, A aimilar graph,
presented by Bindertl) for a specific heet ratioc of XK = 1.4,
involves the same accuracy and interpolation limitations,

A graphieal solution employing conditions in a stagnant
reservolr has been developed by La@ple.{B) Since velocity
in a stagnant reservolr 1s negligible, thecretical isothermal
flow tnrough a frietionless nozzle was employed as a
reference flow rate, For flow from a stagnant reservolr
into a plpeline, the Lapple chart provides a rapid method
of calculation, For flow between two sections of a
condult, however, a lengthly trial and error ecalculation
is required to determine conditions in the theoretlocal
reservolr before a solutlon can ve obtalned,

(8) relating velocity

A nomograpn developed by Thompson,
and friction to pressure drop for isotnermal flow can be
pdspted for adlabatle flow.'?) Altaough tne use of the
norograph for isothermal flow requires very little prelininary
calculation, several rather tedlious calculations are
necessary for adlabatie flow,

A method of calculatlon, based on the thermodynamie
properties of the fluid, employing the "Fanno lines"” 1s

also avallavle, This method, altnough quite accurate,

requires the use of a specisgl set of rather lengthly tables,



Becguse of the difficulties involved when using the
above methods of calculatlion, straub(7) presented an accurate
graphical solution similar to those 1llustrated in Dodge
and Thompson, and Binder, Additlonal parametric curves
relating temperature ratiog to friction ani initial Hach
numbers were ilncluded to increase tne utility of the graphs,
Hach numbers from 0,050 to 0,300 were employed, to cover
as wide a range of conditlons as possible witnout sacriflocing
accuracy,

Since many flow problems involve inlet velocitles
greater than ¥ = 0,300, 1t was fell that construection of
similar graphs wlth kaen numbers of 0,300 to 0,700 would
provide a valuable contribution to the work of Straub,

This paper nas therefore been prepared as an extension
of Straubts work, A comilnation of both papers provides

a continous range of #acn numbers from 0,050 to 0,700,



RESULTS

The graphs presented on the followlng pages represent
the relationship of pressure drop and temperature drop
to 1nitial Haoh number and friction for perfect gases
flowing adiabatically through condulta of constant eross-
ssction, With these grapns and the graphs presented by
straub'?) 1t 1s possible, knowing the inlet conditions
and the friction facter, f, to determine the conditlons
of flow at any point along the condult for initial Mach
numbers up to 0,700,

The curve on each graph marked, Pe/Pl represents
the maximum possible pressure drop attalnable in the
conduilt from the given inlet conditions, At this point
the veloclty at the esonduit outlet equals the acoustie

velocity, thereby producing maximum flow conditlions,
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CONCiLUS IONS

The solution to many problems concerning adlabatiec
flow of compressible fluids in norizontal condults of
constant cross-~gection can be greatly simplified by the
use of the grapnical relationsnips presented in tnis
theslis, These grapns, constructed for original Mach
nutbers of 0,300 to 0,700, represent an extension of the
work of Straub.(7) By combining both sets of grapus, it
is possible to solve flow proolems with inlet velocitiesa
for alr from a minimum of 55 ft,/sec, to a waximum of
790 ft./sec, at 75°F,

Further work toward the constructlon of similar
graphs for otner specific heat ratios between 1,1 and 1,67
would simplify and increase tne accuracy of interpolation
vetween graphs,

Construction of grapns with inltlal Maci numbers
above 0,700 would have only limlited applicatlion, naxizmum
L/D ratios, for gases sucu a8 alr, would be less than

10, requiring condults of snort lengtns or large diameters,



DISCUSSION

The flow equations employed in this paper, summarized

by Perry,(63 are as follows!

TL/Ry = =2.3 [(k+1)/K] {108 (V,/¥)) ]

+(1/K) [(01/v)%+  (x-1)/2] [1=(vy/v2)%] (1)
Py/Py = (V1/Vp) [1+ ((x-1)/2) (37)* ( 1~<v3/v1}2)] (2)
To/Ty = (Po/Py)(Vo/Vq) (3)
¥ach number ﬁlw?lfel Ry=D/%, for eircular conduits,

By selecting constany valueg of specific heat ratios, K,
and Macih numbers, M, and subvstituting selected values for
va/vi in equations 1 and 2, points on the parametric Maoh
number curves were determined, The resulting values of
P,/Py multiplied by V,/Vy gave T,/Ty. The selected vo/Vy
valuege together with the determined values of fL/D, Pa/?l
and TE/TI for specific values of K and ¥, are included in
the appendix as Tabulated Results,

Since the work of Straub{Y) covered tine range of Hach
numbers from 0,050 to 0,300, tnls paper hae been presented
for Mach numbers beginning st 0,300, Haxlimum kMach numbers of
0.700 were considered sufficlent to maintaln maximum scouracy
in the graphs, It was naturally necessary to employ the
same speclfic heat ratlos as those of Straub, K=1,1, 1.4 and 1,67,



The curves of Ta/Tl not only increase the utility of
the graphs, but also incresse the range of application,

For instance, without the TQ/TI curves it 1é necessary to
know inlet pressure and velocitlies for direct use of the
graphs, In many practical problems, flow rates represent
the conditlion to be determined, In thls case knowledge of
the upstream and downstream temperatures and pressures give
sufficient information to determine FalPl and ?E/Tl. These
values are all that are required to determine the point on
the graph necessary to glve tne initial velocity.

The limiting pressure ratlio, represented by the curve
Pe/Py, indicates the point where the discharge velocity has
reached the gcoustic wvelocity, A further increase in pressure
drop cannot be accomplished without firset changing inlet
conditlons, Limiting pressure ratlo curves were determined

from tne following formula appearing in Dodge and Thompson, !>’

Po/Py = 512 J/[}le)/(ﬁ¢l)] [1+ (2/(K”1)ﬁ12)]

Three assumptions were used in the development of the
flow equations 1, 2, and 3 and were therefore employed in
the construction of the grapns presented in this problem,
Thege assumptions are as follows:

1, The friction factor remalins constant throuchout

the condult,



2, Veloeity distribution across the condult orossg-

section 18 unifornm,

%. All gases are perfeont, requiring no correction

for compressibility.

For certaln design problems some correction will
e necessary for these assumptions,

In problems involving large veloelly changes it might
be necessary to first solve the problem using the initial
friction faetor, f, Then from the downsiream conditions,
the rinal friction factor eould be determined, and the
solution repeated using the arithmetic average of the
initial and final friction factors,

Velooity dlstribution asoross condulis is dlsocussed
in many texts, If necessary, corrections for aoctusl
frictional velocitles are easily appliled,

The compressibility correotion for gases 1s negliglible
under normal pressure and temperature condltions, but
under extreme conditions of pressure and temperature these

corrections beoome significant,
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CORSTRUCTION OF GRAPHS

The computation w&llvbe carried out to determine a
point on the My = 400 curve for the graph of K = 1.4,
Arbitrarily selecting a veloeity ratio, Vp/vy = 2,0
and employing the Mach number and specifiec heat ratio,
¥ and K, as noted above, the followlng equations can then
be solved for fL/D,

fL/Ry = [-2.3(k00)/&] (108 (va/v1)]

+(1/6) [(1/43)%+(x-1)/2] [1-(vy/v2)?]

1L/ MRy

[~2.3(2.842)/2.8] [20g 2.0]

+(1/1.4) [(1/.&0)%(1.%1}/2] [1*(1/2.0)2]
fL/Ry = 2.2672

fL/D = 0,5668

£L/D
£L/Ry

The pressure rgtio is determined from the following

equation,

Po/Py = (V/¥p) [1s ((8-1)/2) (402 (1-(vp/vp)?) ]
Pa/py = (1/2.0) [1+ ((1.2-1)72) (.500)% (1-(2.0)%)]
Po/Py = 0,4520
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The temperature ratio is then easlily determined from

the following expression,

TEITl = (PE/PI)(VB/vl)
To/Tp = (.4520)(2.0)
To/T, = ,90800
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SAMPLE PROBLEM

To compare the several methods for aolving a problem

of this type, a sample problem is presented,

Pata:
Alr enters a standard 4 inch steel 1line at 3000 f£t.3/min,

at a pressure of 14,0 psia and a temperature of 7HOF,

Determine the discharge conditions 20 feet from the inlet.

A, Hethod of Trial and Error,

P, = (.0808)(14,0/1%.7)(492/535) = 0.0707 1b.ft,>

Ty = 460475 = 5350R,

M, = 0,017% cp.(1/1488) = 1.196x1077 1b. mass/ft. sec.
D = 4,026/12 = 0,335 ft,

Vy = 3000/60(144/12,73) = 567 £t,/sec,

Re = DVp/u = (.335)(567)(.0707)/1.196x1075 = 1,12x106
From the Reynold's number curve in the Chemleal
Engineer's Handbook, (6)

f = 0,003
For ailr the apeocific heat ratioc, K = 1.4

Cy = [KgeRTy/m = [1,4x32,2x1546x535/29 = 1133 ft./seo.
¥y = V3/Cy = 567/1133 = .500

fL/D = (,0043)(20)/.335 = 0.2565

fL/Ry = YEL/D = 4(,2565) = 1,026
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From the Chemical Engilneer's Kanﬂbeok.(é)
rL/y = [~2.3(k41) /&) [108 (V,/vy) ]

@/x) [(e, /v 2ex=11/2] [1-0vy/9p)? ]
Pa/Py =(V1/vp) 1+ ((R-1)/2) (87 (1—(v2/v1)2)]
Assuming Vo/Vy = 1,50
fL/Ry = [=2.3(1.%+1)/1.4 ] (105 1.50]

-'@/1.2%) {(1/.509)2*(1.&-1}/2] [1-(1/3..5@)2]

fL/Ry = 0,957, which does not check the correct value

AdJusting Vg/Vy = 1,60 and repeating the above
calculations givee fL/Ry = 1,026,

Therefore Po/Py

=(1/1.60) [1+ ((1.3-2)/2) (.500)2 (1-(1.60)%)] = .576
Pp = Py(Pp/Py) = (14.0)(,576) = &,06 pela,
Tp = T(Po/Py) (Vo/V1) = (535)(.576)(1.60) = 493°R,

B, Hethod Using Fanno Tables.

When using the Fanno T&bles(a) a length of flotitious
duct puet be added to the actual duct so that the exlt

veloocity equals the acoustlic veloclity.,

Actual Duct et Fictitiocus Duct
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the friction factor used in the Fanno Tables isa
equal to 4f

therefore £* = 4f = B(,0043) = ,0172.
From the Panno Tables with K = 1,4 and My = ,500
£'L/Dug? (X*~Xy)/D=1,069  T3/T¥=1.143  P,/P*=2,133

From the original data L = Xp=-X; = 20

thereforeft'L/D = rt(xenxl)/s = 1,026

£1(x*~Xp) /D = {19 (¥-x3) /0] £ (xp=Xp) /D |
=1,069~1.026 = 0,043

From the Fanno Tables with K = 1.4 and £'L/D = 0,043
T,/T¥ = 1,052 P, /P = 1,224

therefore Tp=Ty (To/T%) (T7/7;)=535(1.052) (1/1,143)=492°R,

and P,=Py(Pp/PX) (P /PJ)=14,0(1.224)(1/2,138)=8.02 psia.

Lapple Hethod,

when using the Lapple ehartsiz) it must be assumed

that the alr enters the plpe through a frictionless nozzle

from a reservoir of stagnant alr, Therefore condlitlions in

the theoretical reservolr must be determined,

vy \

Py Po
V=0 T T,
Py }
T,
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Gy = VIFa = (567)(.0707) = 40,1 1&./:3.3 sea,
p, = 14,0(14%4) = 2015 1b,/ft.°

Assuming 91/99 = 0,900, from the Lapple chart of
K=14 with ¥ =0

@/G, ., = 0.688 and T,/7, = 0.972
then Ty, = 7y/.972 = 535/.972 = 550°R,

Gypy = 07,688 = 40,1/.688 = 58,2 1b,/£%.° sec.

ent = Po [/ EcB/®RTq

a

p, = 58.2// (32.2)(29)/(2.718) (1546) (550)
p, = 3890 1b./1%.%
9l/pa = 2015/2890=0,698, which does not check the
assumed value of 91/FQ = ,900

Adjusting plfpa = 841 gives G/G,.,

= 0,952 from the Lapple chars,

Repeating the previous calculations gives T, = 562°R,
Gony = 47.7 and P, = 2395

therefore pl/pa = 2015/2395 = 0,841, This checks the
assumed value,

Then for ¥ = 1,026, XK = 1,4 and G/Gen1 = 0,840 the
Lapple chart gives pB/pQ = 0,495 gnd Tp/T, = 872
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Py = Py(pa/py)(p/Py) = 14,0(,.495)(1/,841) = 8,23 pela
T, = 1 {T,/T)(To/Ty) = 535(.872)(1/.952) = U90°R,

D, Jethod Using Thoumpson's Nomagraph, {8 (5)

The use of the nomograph first requlres the solution

for ¥ and Z in the following equations:

Y = (k1) 2/ [2e(R-1)1,7]

Y = (1.441)(0.5)%/ [24(1.8-1)(0.5)2]

Y = 0,286

1-2 = mty%k/ [2+(x-1)i%

N = £11/D = 1,026

1-2 = (1.026)(0.5)2(1.4)/ [2+(1.8-1)(0.5)%]
1-2 = 0,171 Z = 0,829

Connecting Y and Z with a atralght line on the nomograph
gives two values of X, Z= 470 and X = 620

The value of X clogsest to Z 18 the correct value %o bhe
uged, thersfore X = ,620

The P,/Py and Tp/T) ratios can then be calculated

from the following equations:

Po/Py = x<3.+ [(x-134,%/2] [1-»(1/3:3)]
.620 (}+ [(1.8-1)¢0.5)/2] [1-(2/.620 )1)
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Tg/?l - (PEIP;{)/X = ,570/.620 = ,920
PE = P {Pz/?l) = 1%,0(.570) = 7.98 psia
Ta - T}_ (Tg/?]_) = 535(»92‘3) = Hg2oR,

E, Hethod Using the Graphs Developed in This Thesis.

Using the X = 1.4 chart, with M = ,500 and fL/D = ,2565
Po/Py = 573 and Tp/Ty = ,920

Py = Py(Py/Py) = 14,0(.573) = &.02 psia

Tz = T1(T2/Ty) = 535(.920) = h92°R,

Summary of Results

Kethod Pp T,
Trial and Error 8,06 pela 4g93oR
Fanno Tables .02 oz
Lapple Charts 8.23 490
Thompson's Nomograph 7.98 hg2

Authorts Graph 8,02 kg2
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TABLE OF NOHENGLATURE

density of fluld, lbs, aass/ft.B

absolute temperature, °R,

viscosity of fluld, 1bs, mass/ft, see,

dlameter of pipe, f%,

velocity of fluild, ft./sec,

pressure of fluid, 1135,/:&13.2 abs,

Reynolds number, no units,

frietion factor, no units,

4t = rriction factor, no units,

cp/@v = gpecific heat ratio for fluid, no units,
acoustie veloeity in fluld, ft,/see,

conversion factor, (lbe, mass,)ft./(1lbs, force) aac.a
gas constant, (lbs, force)ft,/(lb, mole)®R,

molecular welgnt of fluid, 1bvs, maes/lb, mole,
length, ft,

hydraulie radius, f%, = D/% for circular ducts,
distance from gero reference point, ft, (Fanno method)

digtance from outlet of fictitious duet to zero
reference point, £t, (Fanno method)

mass veloeity of fluid, 1lbs, mass/ft.° seo,

= maxinmum mags veloglity for 1sotherm§1, frictionless
flow in & nozzle, lbs, mass/ft.“ sec. (Lapple method)
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¥ = Mach number, ratio of veloeity to acoustic velocity
in fluid, no units,

p = pressure of fluld, 1bs./rz.2 abs, (Lapple method)
sub 1 = gonditions at pipe inlet,
sub 2 = conditions at plpe outlet,

sub 0 = condltions in stagnant reservoir,(Lapple method)
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APPENDIX



Va/¥y

1,05
1.1
1.2
1.3
1.1
1.5
1.6
1.7
1,8
1.9
2.0
2,1
2.2

2.3
2.5

8W
L&

2,6
2.7
2.8

TABULATED RESULTE

K= 1,1

L./

0.2068
0.39%9
0.6882
0.9105
1,0818
1.2158
1.3215
1,4057
1.4733
1.5276
1,.5716
1.6072
1.6362
1,6%96
1.6784
1,6934%
1,7054
1,.7145
1.7215

B Q‘EOQ

Pa/Py

0.9519
0.9082
0,8317
0.7668
0.7112
C, 6629
0. 6206
0,.5832
0.5500
0,5201
0.4533
©.14659
Y
0,426k
o 4077
0. 3905
0.3746
0.3599
0, 3862

22

To/T1

0.99954
0.99905
0,99802
0.996%9
0.995568
0.99437
0.99298
0.99149
0.98992
0.98825
0. 98650
0, 98465
0.98272
0.98069
0.97858
0,97637
0.9740%
0.97169
0, 96922



23

K=1,1 M= 0,300
Vo/Vy £1./D P,/Py Ta/'r1
2.9 1.7268 0,3333 0.96665
3.0 1,7304 0.3213 0.96400
3.1 1.7325 0.3103 0,96125
3.2 1.7336 0.299% 0.95842
3.3 1.7339 0.28%5 0,95549

0,2934% = P,/Py



A

1.05
1.2
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1,9
2,0
2,1
2.2
2.3
2.4
2,5
2.6
2.7
2.8

TABULATED RESULTS

K=1,1

fL/D

0.1729
0.3300
0.,5740
0.7580
0. 3989
1,00%3
1.0939
1.1614
1,2150
1,2576
1.2915
1.3124
1,3395
1.3567
1,3697
1.3797
1.3371
1.3923
1.3957

e

= 0,325

Pa/Py

0.9519
0,9081
0.8314
0,7664
0.7107
06,6623
0.6199
0.542h
O, 5050
0,5191
0.4921
0,4676
0,453
0,42h9
0, 062
0. 3839
0.3729
0.3581
0, 3442

24

To/Ty

0,95546
0.99389
0.99768
0.99636
0.99493
0,99340
0.99176
0.54002
0.93317
0.92622
0.58416
0.38199
C.97972
0.97734
0.57486
0.47227
0.96953
0.56678
0.96388



Vo/Vy

2.9
300
3-1

K=1,1
fL/D

1.3977
1.3984
1.3980

K = 0,325
Pa/Py

0.3313
0.3193
0.3073
0.3180 = P /Py

25

T,/Ty

£.96083
0.95775
0.95453



Vo/vy

1.05
1.1
1.2
1.3
1.4
1.5
1,6
1.7
1.8
1.9
2.0
2,1
2,2
2,3
2.k
2.5
2.6
2.7
2.8

TABULATED RESULTS

K=1,1

rL/D

0.1440
0.2746
0.4765
0.6276
0.7425
0,8310
0.8993
0.9527
0.9943
1.0268
1,0521
1.0716
1.0866
1,0979
1.1060
1,1115
1,1151
1.1168
1.1172

i = 0,350

0.9513
0.9079
0.8311
0.7660
0,7101
0.6616
0.6190
0.5814
0.5479
0.5179
0, 4908
0,4662
0.4439
0.4234
0, hob5
0,3871
0.3710
0.3561
0. 3422

0‘3&26 = PQ/FI

26

To/Ty

0.99939
0,59871
0.99730
0.99577
0.99412
0.99234%
0. 9904k
0,98842
0.98628
0,98401
0.98162
0.97911
0,97643
0.97372
0.97085
0.96784
0,96472
0.96147
0.95811



V./Vy

1,05
1.1
1,2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2,0
2.1
2,2
2,3
2.4
2.5
2,6
2.7

TABULATED RESULTS

K=1,1

£1L./D

0.1243
0.2370
0.4103

0.,5393
0,.6366

0.7107

0.7675
0,.8111
o, 8447
0.8703
0.8898
0,9043
0.9149
0.9224
0.9271
0.9298
0.9307
0.9301

Ho= 0,375

Pp/Py

0,9517
0.9077
0.8308
0.7655
0,7095
0, 6608
0.6181
0, 5804
0.5468
0.5167
0,4895
0.4648
0. 4423
04217
0.4%027
0, 3852
0.3650
0.354%0

0.3673 = Po/Py

27

/Ty

0.99928
0.99852
0.99691
0.99515
0.99325
0.99121
0.98903
0.98671
0,98425
0,98165
0.97891
0,97602
0.97300
0,96984
0.96653
C.96309
0.95950
0.95577



Vo/Vy

1.05
1.1
1.2

1.3
1.0

1.5
1,6
1.7
1.8
1.9
2,0
2.1
2.2
2.3
2.4

2.5

TABULATED RESULTS

K=1,1

TL/D

0,.1066
0.2031
0.3506
0,594
0.5%07
0,6020
0, 6482
0.6871
0, 7094
0,7288
0,7430
0.7530
0.7597
0,7637
0,7654%
0,7654

M= 0,400

Po/Py

0.9515
0.9076
0.8304
0,7650
0,7088
0.6600
0,.6172
0.5793
0,.5456
0.5153
0.48d0
0,.4632
0.4406
0.4199
0.4008
0,3832

0.3919 = P /Py

28

/Ty

0.99912
0.99836
0.99648
0,9914k48
0.99232
0. 99000
0.98752
0,98483
0.98208
0.97912
0, 97600
0.97272
0.96928
0,96568
0.96192
0.95800



Vo/Vy

1,05
1.1
i.,2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4

TABULATED RESULTS

K=1,1

fL/D

0.0919
0.1749
0,3010
0.3932
0.4613
0,5119
0, 5494
0.5771
0.5973
0,6116
0,6214
0,6275
0.6310
0.6321
0,631%

¥ o= 0,425

Po/Py

0.9515
0.907%
0,8300
0, 7644
0.7081
0.6591
0,6162
0.5782
0, 5443
0.5139
0,bh865
0,.h615
0.4388
0.4179
0.3988

0.4166 = ¥ /P

29

T/

0.99907
0.99810
0.99603
0.99377
0.99133
0.98871
0.98591
0.9%293
0.97977
0.97643
0.97291
0.96920
0.96532
0.96126
0.95701



vB/vl

1.05
1.1
1.2
1.3
1.k
1.5
1.6
1.7
1.8
1.9
2,0
2.1
2,2

TABULATED RESULTS

K= 1,1

£L/D

0.0795
0.1513
0.2594
0.3377
0.3947
0,4364
0, 4666
0.h8g2
0.5033
0.5133
0.5195
0.5225
0,5232

U= 0,850

Ps/Py

0.9514
0.9072
0.8296
0.7639
0.7073
0.6582
0.6151
0.5770
0,5430
0.5124
0. 48hg
0,4597
0,4369

O 41l = PG/F1

To/Ty

0,995896
0.99787
0.99554
0.99301
0.99028
0.98734
0,95420
0.98086
0,97732
0.97357
0.96962
0.96547
0.96112



1,05
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0

TABULATED REBULTS

K=1,1

fL/D

0.0602
0,1143
0,1943
0,2506
0.2903
0.3179
0,.3366
0,.3438
0.3559
0.3592
0.3596

% = 0,500

?2/P1

0.9512
0.3067
0,.8288
0.7626
0.7057
0. 6562
0.6128
0.5743
0,54%00
0,5091
0,4813

0. &910 = PQ/PI

31

Ta/Tl

0.99872
0.99738
0.99450
0.99137
0.98800
0.98437
0.98050
0.97637
0.97200
0.96737
0.96250



1,05
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

TABULATED RESULTS

K=1,1

fL/D

0,0859
0,0869
0.1461
0.1862
0.2130
0.2302
0,2405
0, 2455
0,2468

M= 0,550
Po/Py

0.9509
0.9062
0.8278
0,7612
G.7039
0.6541
0,6103
0.5714
0.5367
0.5408 = P /Py

To/Ty

0,99845
0,99682
0.99334
0.98954
0.98548
0.98109
0.576%0
0,97141
0,96612
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TABULATED RESULTS

E=1,1 M = 0,600

v./V1 1L/D Po/Py T2/Ty

1.05 0,0350 0,9506 0.99815
1.1 0.0661 0.9057 0.99622
1.2 0.1094 0.8267 0.99208
1.3 0.1372 0.7597 0.98758
1.4 0,1542 0.7019 0.98272
1.5 0.1636 0.6517 0.97750
1.6 0,1673 0.6075 0,97192
1.7 0.1671 0,5682 0,96598

0.5907 = ?Gfpl



TABULATED RESULTS

K=1,1 M= 0,650

LPYAL fL/D Po/Py T2/ Ty

1,0% 0,0265 0.9503 0.99783
1.1 0,0499 0.9051 0.99556
1,2 0,0809 0.8256 0.99070
1.3 0.0991 0,7580 0.98542
1.4 0,1085 0.6998 0.97972
1.5 0.1117 0.6491 0.97359
1.6 0.1104 0, 6044 0.96704



35

TABULATED RESULTS

K=1,1 M= 0,700
Vo/¥y rL/D P,/ To/Ty
1,05 0,0198 0.9500 0.99749
1.1 0.0370 0.9044 0.99485
1.2 0,0582 0, 4284 0.98922
1.3 0,0653 0.7562 0.98309
1.5 0.0722 0,6975 0.97648
1.5 0.0705 0, 6462 0.96937

0.6914% = Py/P,



36

TABULATED RESULTS

K= 21,4 ¥ = 0,300

Vo/¥y fL/D Po/Py Tp/Ty

1,05 0.1623 0,.9506 0,99815
1.1 0.3098 0, 9057 0.99622
1.2 0.5391 0,.8267 0.99208
1.3 0.7122 0.7597 0.98758
1.4 0.8451 0.7019 0.98272
1,5 0.9484 0.6517 0.97750
1.6 1,0294 0.6075 0.97192
1.7 1.0935 0.5682 0.96592
1.8 1.1446 0.5332 0,95968
1.9 1,1853 0,5016 0.95302
2.0 1.2178 0.4730 0.94600
2,1 1,2437 0,870 0.93862
2.2 1,2646 0.,4231 0.93088
2.3 1.2811 0. 4012 0.92278
2.k 1,2940 0.3810 0.91432
2.5 1,3039 0, 3622 0, 90550
2,6 1,3116 0, 5847 0.89632
2.7 1.3170 0. 3284 0,83674
2.8 1.3208 0.3132 0.87688



2.9
340
3.1

K=1,4
£L/D

1,3234
1, 3246
1.3235

M= 0,300

0.2988
0,2853
0,2726
0.2763 = P,/Py

37

To/Ty

0.86662
0,85600
0, 84502



AL

1.05
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2,0
2.1
2.2
2.3
2.h
2.5
2,6
2.7
2.8
2.9

TABULATED RESULTS

K= 14

£L/D

0.1357
0.2589
0, hhgh
0.5924
0.7013
0.7854
0.8506
0.9016
0,9417
0.9730
0.9977
1,0168
1,0318
1.0831
1,051k
1.057%
1.0615
1,0638
1.0648
1.0647

M= 0,325

PalPy

0.9503
0.9051
0,8256
0.7580
0, 6998
0, 6491
0,604
0.5647
0.5293
0.%973
0,4683
0,4419
0.4177
0.3954
0.3748

.0.3556

0.3378
0.3212
0.3055
0.2908

Ta/Ty

0.99783
0.99556
0.99070
0.98542
0.97972
0.97359
0.96704%
0,96007
0.95268
0.94436
0.93662
0.92796
0.91848
0.90934
0.39944
0.88909
0.87832
0.86712

0.85550
0.84345



Vo/Yy

1,05
1,1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2,2
2.3
2.4
2.5
2.6
2.7

TABULATED RESULTS

K= 1,k

fL/D

0.1145
0.2184
0.3783
0.4973
0.5873
0.6560
0.7087
0.7493
0,.7806
0.8047
0.8230
0.8367
0.8470
0,8542
0.8590
0,8618
0.8630
0,8628

M = 0,350

PalPy

0,9500
0. 9044
0. 8244
0.7562
0.6975
0, 6462
0.6011
0,5610
0.5251
0, 4927
04633
0,4364
0.4118
0.3891
0.3681
0, 3485
0.3303
0.3133

00,3234 = P@/Pl

39

T2/

0.99749
0.99485
0.98922
0.98309
0,97648
0.96937
0.96173
0.95369
0,94512
0.93605
0.92650
0,91645
0.90592
0.#9489
0,88338
0.87137
0.85888
0,84589



V2/Vy

1.05
1.1
1.2
1,3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5

TABULATED RESULTS

K= 1,1

fL/D

0.0975
0.1858
0, 3209
0.4206
0.4953
0.5516
0.5942
0.6265
0.6508
0,6689
0.6821
0.6915
0.69%0
0.7019
0,7038
0.7040

= 0.375

Pa/Py

0,9496
0.9037
0.8230
0.7543
0.6950
0.6432
0,5976
0.5570
0.5206
0, 4877
0.4578
0.4305
0.4055
0.3823
0,3609
0. 3409

9;32471 = PQ/PI

To/Ty

0.99712
0.99409
0.98762
0.98059
0.97300
0.9648k
0,95612
0.94634
0.93700
0.92659
0.91562
0.90409
0.89200
0.87934
0,86612
0.85234



Vo/Vy

1,05
1.1
1.2
1.3
1.4
1.5
1,6
1.7
1.8
1.9
2.0
2.1
2,2

2.3
2.4

TABULATED RESULTS

K= 1,4

fL/D

0.0836
0.1%91
0.2739

0.3578
0.4200

0.4662
0.5005
0.5259
0.5445
0.5577
0.5668
0.5726
0.5759
0.5772
0.5767

¥ = 0,800

P,/P,

0.9493
0.3030
0.8216
0.7522
0.6923
0. 6400
0.5988
0.5527
0.5157
0, hgak
0.,4520
0, 42h2
0.3987
0.3751
0.3532

063710 = F{;/P

1

L5 1

0.99672
0.99328
0.98592
0.97792
0.96928
0.96000
0,95008
0.93952
0.92832
0.916h48
0, 90400
0,89088
0.87712
0.86272
0.84768



k2

TABULATED RESULTS

K=1,b M= 0,450

Vo/Vy £L/D Po/Py To/T1

1,05 0.,0623 ' 0,9484 0.99585
1.1 0.1185 0,9014% 0.99149
1.2 0,2023 0,8185 0.98218
1,3 0,2622 0.75877 0.97205
1.4 0,3052 0.6865 0,96112
1.5 0.3360 0.6329 0,94937
1.6 0.3577 0.5855 0,93682
1.7 0.3727 0.5432 0,92345
1.8 0.3825 0.5052 0.90928
1.9 0.3883 0.4707 0.89429
2,0 0,3911 0.4393 0.87850
2,1 0.3915 0. 4104 0.86189

0, 4150 = ?elpl
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TABULATED RESULTS

K= 1,4 ¥ = 0,500

Vo/¥y £L/D Po/Py To/Ty

1.05 0.,0h71 0.9475 0.99487
1.1 0,0894 0.8995 0.98950
1.2 0.1511 0,8150 0.97800
1.3 0.1938 0.7427 0.96550
1.4 0.,2232 0, 6300 0,95200
1.5 0.2429 0,6250 0.93750
1.6 0.2556 0.5763 0.92200
1.7 0.2631 0.5326 0,90550
1.8 0,2667 0.4933 0.83800
1.9 0.2672 0.5576 0,36950

0.8677 = Pe/Pl



Valy

1,05
1.1
i.2
1.3
1.4
1.5
1.6

TABULATED RESULTS

K=1,b

tL/D

0.0273
0.0515
0.0844
0.1047
0.1163
0.1217
0.1227

M = 0,600
Pa/Py

0.9454
0.8953
0.8069
0.7310
0.6649
0,6067
0.5548
0.5671 = Po/Py

/Ty

0.99262
0,98488
0,96832
0.95032
0,93088
0,91000
0.88768



Vo/Vy

1,05
1.1
1,2
1.3
1.5

TABULATED RESULTS

K=1.b
£L/D

0.0131
0.0243
0,0365
0.04%07
0.0395

¥ = 0,700

0.9428
0.8904
0,797%
0.7172
0.6471
0.6696 = P,/Py

45

To/Ty

0.98995
0.97942
0.95688
0.93238
0,90592



Vo/Vy

1,05
1.1
1.2
1,3
1.k
1.5
1.6
1.7
1.3
1.9
2.0
2.1
2,2
2.3
2.4
2.5
2.6
2.7
2.8

TABULATED RESULTS

K = 1,67

fL/D

0.1359
0,2594
o, 4508
0.5948
0, 7048
0.7900
0.38564
0.9085
0.949%
0.9823
1,0081
1,0283%
1,0843
1,0567
1.0661
1.0731
1,0782
1,081k
1.0833

B = 0,300

Po/Py

0., g9k
0.9033
0.%223
0,7532
0,6936
0,6415
0.5956
0.5547
0.5120
0.h8lg
0. h5hg
0.h272
0,%01%
0.3785
0.3569
0.3367
0,3178
0,3001
0.2835

ke

0.99691
0.99367
0.98673
0.97920
0.97106
0,96231
0.95297
0,94302
0.93246
0.92131
0.90955
0.397193
0,3a422
0,57066
0,85649
0,84171
0.82634
0.81036

0.79317



VQ/YI

2,9
3.0

K = 1,67
fL/D

1,084%2
1.,0840

b7

K = 0,300
0.2678 0.77659
0.2529 0.75880

0,2635 = PQ/PJ.



Vol

1,05
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2,1
2,2
2.3
2.4
2.5
2.6
2.7
2.8

TABULATED RESULTS

K= 1,67

tL/p

0,1136
0.2167
0.3756
0.59843
0.5842
0.6532
0.7064
0.7476
0.7736
0, 8044
0.8235
0.8380
0, 8491
0.8571
0,8627
0, 8664
0,.8685
0.8691
0.8686

M= 0,325

Pa/Pl

0.9489
0.9023
0, 8204
0.7505
0. 6900
0.6372
0.5905
0.5489
0.5115
0.4777
0.45469
0, 4187
0.3928
0.3688
0,365
0.3257
0.3062
0.2879
0,2707

0,99637
0.99257
0,98443
C.97559
0,96603
0.95577
0.94180
0.93312
0.92074
0,90765
0,89385
0.87934
0.86413
0.34820
0.83157
0,81423
0.,79619
0.77743
0.75797



Yo/ Vi

1,05
1.1
1.2
1.3
1.4
1.5
1,6
1.7
1.8
1.9
2,0
2.1
2.2
2.3
2.1
2.5
2.6

TABULATED RESULTS

K = 1,67

fL/D

0.0959
0.1824
0.3159
0.4146
0.4886
0.5448
0,5874
0.6199
0,647
0,6633
0.6771
0,6871
0.6942
0.6988
0,7014
0.702%
0,7021

M = 0,350

Pa/Py

0,9usk
0.9013
0, 8183
0. 7474
0.6861
0,6325
0.5850
0,5426
0, 5045
0.8699
0. b384
0,4095
0.3829
0,3582
0.3353
0.3138
0.2937

0,3091 = P,/Py

To/Ty

0.99579
0.99133
0.98194
0.97168
0,96060
0.94870
0,93598
0.92243
0.90807
0,.89289
0.87688
0, 86005
0.84241
0,8239%
0.80465
0,78454
0,76362



1,05
1,1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2,1
2.2
2.3
2.4

TABULATED RESULTS

K = 1,67

fL/D

0,0416
0.1554
0,2678
0.3503
0,8115
0.4573
0,591k
0,5169
0.5358
0.5494
0.55%0
0.5653
0.5693
0.5711
0.5712

K = 0,375

Po/Py

0,9478
0.9001
0.8161
0, 74h2
0,.6820
0,627h
0.5791
0.5359
0.4969
0.4616
0.4293
0.3997
0.3723
0. 3469
0.3232

0.,3321 = P/P,

/T

0.99517
0.99011
0.97927
0.96749
0.95477
0.94111
0,92651
0.91096
0, 89448
0, 87704
0.85867
0.83935
0.81910
0.79790
0,77576



Vo/Vy

1,05
1.1
1.2
1.3
1.4
1.5
1,6
1.7
1.8
1.9
2.0
2.1
2.2
2.3

TABULATED RESULTS

K = 1,67

rL/D

0,0699
0.1330
0.2284
0.2976
0, 3483
0, 3857
0.4129
0.8326
0, 4466
0,h562
0,4623
0.h657
0.4670
0, 1666

¥ = 0,400

Po/Py

0,9472
0.8949
0,3137
0, 7408
0.6775
0.6220
0.5727
0.5286
0.4889
04527
0,.4196
0.3892
0.3610
0.3348

0.3553 = Po/Fy
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To/Ty

0,99451
0.98874
0.97642
0.96302
0.94854
0.93300
0,9163%
0,89870
0.8799%4
0.86010
0,83920
0,81722
0.79%18
0,77006



Va/Ny

1,05
1.1
1,2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2,0

TABULATED RESULTS

K=1,67

fL/D

0,0521
0.095%0
0,168h
0.2175
0,2522
0.2765
0.2932
0, 3042
0,3109
0,.3142
0,3150

H = 0,450

Po/Py

0.9458
0,.8961

0, 8085
0.7332
0,6678
0,6101
0.5589
0.5128
0.4711
0.4331
0.3982

0.k025 = P,/Py
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T2/Ty

0.99305
0.93575
0,9701%
0.95319
0,93488
0.91520
0,89417
0.87179
0, 84804
0,82294
0.796K9



23

TABULATED RESULTS

K=1,67 M= 0,500

Va/Vy £L/D Fo/Py Ta/ Ty

1,05 0,0394% 0,9842 0.99141
1.1 0,0746 0.8931 0.98241
1.2 0,1255 0.8026 0.96315
1.3 0,1601 0.7248 0,94221
1.4 0.1834 0.6569 0.91960
1.5 0,1985 0.5969 0.89531
1.6 0.2076 0.54733 0,86935
1.7 0,212k 00,4951 0,84171
1,8 0,2138 0,4513 0, 81240
1.9 0.2127 0.4113 0.78141



5%

TABULATED RESULTS

K= 1,67 M = 0,600

Vo/Vy fL/D Po/Py To/Ty

1,05 0,0228 0,9406 0.98764
1.1 0,0828 0,.8861 0.97467
1,2 0,0695 0,7891 0,94694
1.3 0.0854 0,7052 0.91679
1.4 0,0938 0,6316 0.88422
1.5 0,0969 0.5662 0.8k925
1.6 0,0961 0.5074 0.81186

0.5497 = B /Py



1,05
1,1
1,2

1.3
1.k

TABULATED RESULTS

K= 1,67
£L/D

0.0128
0,0236
0,0358
0,0403
0.0397

M = 0,700
PalPy

0,9364
0.8778
0.7731
0,.6821
0,6017
0.6537 = Po/Py
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T2/Ty

0.98317
0.96553
0.92777
0,83674
0, 84242
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