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Submitted to the T)epGrtinent of Naval Architecture and Marine Engineering On

May 25» l°53i in partial fulfillment of the requirements for the degree of

Naval Engineer.

The object of this thesis is to investigate a number of sirople flow
exarrples of air-water mixtures and to present the results in a simple quick
reference form which can be valuable for engineering use in design and under-
standing the phenomena of flow of two-component mixtures. The problems
analyzed arei

!• The one-dimensional trajectory of droplets accelerated In a
gan stream

2. The variation of stream properties during the droplet accelera-
tion process

3. The variation of stream properties due to wall friction with
water present in the stream.

The procedure used was entirely analytical. The results of the first
problem were calculated, tabulated, and plotted In dimensionless form for
various water and air velocities, droplet diameters, distance moved down the

duct, and water and air properties. The plots should be valuable for engi-
neering use in detemlnlng the one-dimensional trajectory of spherical parti-
cles In a gas stroaTr. An iteration procediire using the plots can be used where
air velocity, droplet diameter, or stream properties vary during the acceleration.

The results of the second and third problem were calculated, tabulated,

and plotted in dimensionless form for vsrioufl water to air velocity ratios,

water to air mass rates, air Ilaoh numbers, and stream property ratios. The

results should be valuable for englneerinfj use in all regions except near
choking conditions in the stream. Near this condition the edr velocity increases
too rapidly for the droplets to accelerate with the air. Since this was one

of the assumptions in the analysis the plots are not correct in this rogion.

The analysis of the third problem incorporates in It a pseudo-frictlonal
term accounting for the e^'fect of momentum exchange of droplets with the duct
wall. "Hie exact nature of this effect is not known, but some correlation with

experimental data Is given.
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Th« objsot of this th«ai0 ! to inv«8tlgat« a number of simple flow

examples of air-water mixtures. The problems to be analysed aret
i

(1) the one-dimensional trajectory of droplets

aooelerated in a gas stream »

(2) the variation of stream properties during the

acceleration process » and

(3) the variations of stream properties due to

vail friction with water present in the stream.

This investigation is undertaken as part of the Aerothermopressor ^

Project at Massachusetts Institute of Technology, The Aerothermopressor

is a device to increase the stagnation pressure of a gas stream by reducing

the stagnation temperature throiigh evaporation of water injected into the

flow.

In the work on the Aerothermopressori there has been no quick refer-

ence guide to aid in design or in understanding the phenomena of flow of

air-water mixtures. The purpose of this thesis is to analyse these separate

effects and to present the results in a simple quick reference form which

can be valuable for engineering use in problems concerning flow of air-

water mixtures.
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The example studied is the injection of one droplet at a given initial

velocity into a moving gas stream. The problem is to determine the subse-

quent droplet velocities as a function of distance moved downstream and the

properties of the gas and droplet, :«••

The assumptions made aret "*

. .. .• > .. „'

K

(1) the gas velocity is constant, i."

(2) the droplet is spherical and of constant '

diameter during the acceleration, and

i (3) the table of drag coefficient vs. Reynolds

*'.*k.'^

;^'^'.«5^

im:.7. •^^%#?-
number as given in reference (l) and repeated

in Table I is correct. ^^
The details of this analysis are given in the appendix. It was necessary to

perform a graphical integration of a function of Reynolds number. The results

of one of these integrations is contained in reference (1). The other inte-

gratlon was done using the trapoaoidal rule. The results of both these lnt«-

:loV,>

!
gratlons are given in Table II.

li
Seoults V-L^rr-kA^M^,

;• Figures I and II are non-dimensional plots of droplet velocity vs. dis-

I tance moved downstream as a function of gas velocity, droplet diameter, and

!< the properties of the gas and droplet. This same information is given in ^
Table III. Figure I is for droplet velocity less than gas velocityi Figure

II is for droplet velocity greater than gas velocity. The plots in Figures I

and II are normalized to specific initial droplet velocities. For droplet

'^1^-^'.-
'v- ^ :> -is

5>

AT.-' :





I elooity less than gas vslooity, the initial droplet velocity is asstaned sero.

< For droplet velocity greater than gas velocity, the initial droplet velocity

II
is assumed twice the air velocity* For an initial droplet velocity other

M than the nornmlized conditions, it is necessary to subtract the distance

^ read at the initial condition from that of the final condition. This is
li

8ho\m in more detail in the appendix.
P

fc Figures T and 11 are used in the following manners From given initial

droplet velocity, gas velocity, droplet diameter, and gas and droplet proper-
V V d^

ties, calculate ^ and -^- . Enter the plot with these quantities to deteir-

mine the initial point at the intersection of ordinate sr and the curve

Vw * 1 tm.
corresponding to -«-* . Read on the absicoa the initial value ^ p * ^^"^

"a V d °w '^w

follow along the sane § ^ curve to the intersection of that ciirve and the
V - y ''a

desired ^ °^ ^ p^ distance from the initial point. Read off the value of

X fa * " ^ V
T- s* vAiich gives the distance from the initial point with the required ^ or
a., r.. y V^

the value of ^ at that distance respectively,
a

Figures III and IV are plots of distances required to reach specific

values of r* » .5».l as a function of droplet diameter, air Mach number, and

given air properties assuming initial droplet velocity is sero. Figure III

is for air stagnation temperature of 10 ? and stagnation pressure of 1 atmos-

phere. Figure IV is for air stagnation t^iqperature of 1500^ and stagna-

tion pressure of 1 atmosphere.

If the gas velocity, droplet diameter, or the stream and droplet proper*

ties are not constant, the solution can be approximated by assuming the varia-

tion to occur in a stepwise fashion and apply the plots successively over

each step. This can be done in the case of evaporaticm in vlhloh a curve of

droplet diameter vs. droplet velocity or distance may be assumed, or in the





case of a converging or diverging aeotlon in vhlohp because of known area

changea* a curve of gas velocity vs. distance can be assumed.

! The results obtained are given in dlnensionlesB form in as simple a

manner as possible. The plots should be valuable for engineering use in

determining one-dimensional trajectory of spherical particles in a gas stream.
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The example studied la the flow of an air-water mixture past two sections

1 and 2 in the flow. The problem is to determine the stream properties at

section 2 as a function of the water velocity at 2, the water rate, and the

stream properties at section 1,

The assumptions made are: —
'jyp^'K (^) Constant area flow

•

(2) Adlabatio—no change in stagnation temperature

•^ ^^^;^'-^ (3) No evaporation of water droplets

'''i^i^mM ^^^ ^° change in ttmperature of droplets
,

IVf^BafrvSiuTSJ gas relation holds for air.

The details of this analysis are given in the appendix. The general method

of performing the analysis is given in reference (2).

Rgg^ltfl

•^I^U Values of ^T? » rfj » p«» and ^ were calculated for «^ « 0, 1 for
a

various w«ter rates and Mach numbers. The star condition is a normalized

condition corresponding to^"OandM«land does not depend on the water

rate. These values are tabulated in Tables IV through VIII. The guiding prln-

clple in using the tables is that =-5 Is constant in going between tables.
o S?

_^^ Figures V through X show the effect of droplet acceleration on stream—
'w

^
properties assuming that at section 1, ^ 0, and at section 2, =^ « 1 for

a a
various initial Mach numbers and water rates. The numbers on each curve Indl-

w
cate the water rate to air rate ratio, ^ , and the letter S on some branches

&
of the curves indicate that a normal shock in the flow is necessary to reach

these states*

»

Ifr---

1 r
•M





:*)i: Flgxares V through X are used In the fonovdng manner i Knowing the

stream properties at section 1, the point of injection of the water, enter
w

the required plot with the Mj^ and ^ . Read on the ordinate the value of the

ratio of the desired property at section 2 to that at section 1.

The plots given are easy to use and are correct within the assumptions,

Howe^ror, near choking conditions the air velocity increases very rapidly* It

is erroneous to assume that the droplets will be able to accelerate with the

stream in the absence of very large drag coefficients. Therefore, near

choking conditions the plots will not give a correct answer to the variation

of stream properties due to droplet acceleration. However, the value of M-

where choking of the flow at section 2 is indicated is approximately correct.
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Tha example studied is the flow of an air-water mixture in a pipe with

wall fsriction and droplets striking the wall. The problem is, knowing the

initial stream properties and friction factor, to determine the stream proper^

ties at any section downstream.

The assumptions made arei

(1) Constant area flow

(2) Adiabatio—no change in stagnation temperature

(3) Vo evaporation of water droplete

U) No change in temperature of droplets

(5) Perfect gas relation holds for air
V

(6; For droplet entrained in air streaai ^ 1
, . V \
(7) For droplet on the wallj ^
(^) In each differential section an amount of water loaves

^^ the stream and hits the wall, and an equal amount of

water leaves the wall and is picked up by the stream

(9) That this amount of water is proportional to the

length of section

The details of this analysis are given in the appendix. The general method

of performing the analysis Is given in reference (2).

p la.Values of ^^KL.Lju.la. £. jL^ L. ^ '

L ^ J ^aax' p» ' ?» • piT • fSr* ^ • and

calculated for various water rates 2nd Kach numbers. The star condition is

a normalised condition corresponding to choking of the flow. These values.





%

,"4'
.

to slid© rule accuracy, are tabulated in Tables XII through TV and plotted In

Figures XI through XVII. These fli^ures ahow the effect of friction and

droplet nonentum exchange wi-th the walls on the ptrean properties. The mmbers

on each curve Indicate the water rate to air rate rattOf r* •

The symbol ^ in tho term L incorporates as a psexido-fric-

tional tern the effect of mcMnontum exchange of droplets with the wall. This

''w
term Is a function of the water rate to air rate ratio, -7" 9 the duct diameter^

*
I

and the droplet dlataeter and perhaps other stream properties. The nature I

of this function is not known, 'however, using the data of reference (3)
|

for sand together with the low Mach number analysis described in the appen-

^w -f
dix, it appears that K * .A "* for 1" diameter pipe and sand diameter of ^

200 fi and i^50 ^. It appears that the constant of proportionality is slightly I

smaller for sraller sand diameters. The effect of duct diameter is no known. 1

^.J^^ Figures XI through XVII are used in the following manner* Knowing the

initial stream, properties enter Fif^ure XI with the initial Kiach number, M^, g^
and ^ and read off the value ^ f ^ I^^^. Then knowing A § ^ and™
the length of duct from the initial section 1 to any other section 2, calculate

J^h^]h,2' Then calculate [^h ^ ^ax^ ' [^ f * ^] ^max^" t D * ^] h,i

Enter Figure XI with U^ * ^l L and rp and read off M,. Then entering
JL J ""2 aw

the desired plot of properties with M^, M^t and ^ , read off the value of
|a ^

the noraaliaed property at sections 1 and 2. From this form the ratio of the

property at 2 to that at 1. Knowing the value of the property at If the vlua

at 2 can be ocilculated.

Figure XVII is used to determine the Mach number cfter a normal shock

^w !h
knowing the ?!ach number and — just before the shock and assuming ^ = 1 on

^a w^ a

both sides of the shock, ^ter the plot with initial Tt and ^ to find initial

- - • If

it' " ^n^

t'f?^

,< •





point. Follow across horisontally with constant £; until reaching the same

curve* Read the value of M after the shock.

Provided more information can be obtained concerning the pseudo-fric-

tional term, K, the plots given can be valuable for engineering use. This

could veil form the basis of a thesis to determine \rfiether this simple model

of the flow is correct and to correlate data in the field to two^ccmponent

flows.

In addition* very near choking conditions this model of the flow is not

correct since the air velocity increases very rapidly in a very short length.

It is erroneous to assume that the droplets can accelerate with the stream

in the absence of very large drag coefficients. Therefore, near choking

conditions the plots will not give a correct answer to the variation of

strean inropertles due to friction.









mmfmiiMB,

i

" * --
1 .

;•':w
4-:.';^'

: 1

- ftrl -• : 1..1

).:.;4-^ ;j r

ir.'..-. '. X ..'

•::.}
"ir^r!";-

.

.

j;^;'m s±
' '^ Fq:
'M "Ti- I

' •
•

' .'. t1

2j !~.

'

"•"ITt' iH-
|--

: - ,i-L ^r-

M r::.,.
-r
"

.s-i-

+rr-

uT-Lt ^'f4T'
J. . ;j.

mr T •'?

:.4-;

1 ;

^
,

. [i!"

5?

1 .

:

'

1 - --1^

- 1 f tiii

M^l^ B
HH188jS88M8i MB| SB lun ^BSK HBH MM ^H|S9 ^^M Sh jjflja ^ffl

M
BBS11^5 9 ^^sinEMn

s Qffl s HH^^n
BDKniSIBIi9 HH E9HB|

iHEl 1 s
RMHUW

B^§ BMjM||j^B^H W
HSlj^ k!

Kjs n
E il Q ^Hffl HH 3 9H B »f

E1 ^7] ^^^^ mM flMMflBI^ASBS iJHHit 9"'j^BaM^j BHHHB*'
^E^J EffinKBa £HBuH MBgSBHgBHg s^

|HBlBfe *>

H^l
ki
isl
^i^l^E^^^H

@l
^H
HH
Sll
91n«HBS&^





lM^^«J^'-t«?i^^. 'r^^LISi

^^ iiiiiiTC^aSMBaMl^^SBSlBfBBMp^SuLFllB^STlrwi^

•

i'-lO

I

*

i
'

'

i !
"

'"
' •

;

'

-
1

1 •
1

-;-^'-l-' i

j 1 .IN

ir^J fiJ-'
-:']" tjfT-'- '[ '2 1^r

:
t

:[f-TT'5^;pytf;-rrT7;:j-3,~^;.
:
.

: t: : i
•

:

t"riT:-7i<>j'" T'oi;-. t-'-h^t::! oi" «

J, .1

A-iL . ^1 1
-• ^ :i .-:;-. 1 ^ 1 -

f
. J-





^u -_«?





g
iSB

ISba SHI^BS@M9h
iwi

HM Difl W^ ^HSnuiK
wl1^Hi

SB*"

tss

s1
H9 gHR Hn n Hi ^mBB
1sKIB Hi——II

bISI jiiH Mb fe niiBiBi
[
M ^^^S^^^n H ^^^1

^s bIH ^3 H Mi mBSm ! s M^BBBS B X9flC ^^H
H ——

1

1 1 ES'^uS H«• 1 li ihbbbbBil

SB) l^wffiBB BftW ^MH 1
I

m i^B n^^ 1 B
lamwiBmm BiHsm Hy ^^^

ESS ifflP^ M ilBSBB S ismspj^1^H
«aS n mSbb [HHitfisBb gM̂ BHjHllnB S
Bfi Igl lEHS GiS 1

|mB I^S^^Hmm ^n ^^^K
BSM ShI WW hbwbb tmm nSzKSa

JBl|HBBH a •KB nBE9 IBjm
^^^^1IP Ml BnbSm ii^

^s«»

^^^^1Hli^B

iS inP WMH ^ISIE—Ihbb 'S^H H^B
I 11 I 1 1 1 1





s .:wn:j£r. F)^r'iA-^:U'>d?c'.v
%

V
-4^-1

HJKqggj^Sggg

. ,-,f4J-..-i-|.

T 1 r- r 1- -r r

,...., u . Hr;;-t:r-r

,'r''- 1 ;.:].: :.•;-,, .".-.zii^ji

l-i -1 1 J -i ; - •(4-t-:- tt'i --i-HjI-l-r" t+1t T'T'"
rr 17^ Tt r

r

XliZ ',:;.! iJ-:x J XJ

'
'')''!' " '

! 1

t ' • • — ri -: ;-ri-i

^ ...^ I-!-.-, +-,-!

\ i ^

'
. i TT

T. .\ i^-.J ^lili-EilLijm ^i^^^ijjiit

4 V:\if: ri:--; i.:o :|jHi!{

n-iX^ ::: -i.j^i^Hiii i4 •>;-:;.

\ \ i \ ' \ Mtj-jJ^^M-M -^U'lttw"

^^wn mfm
^x^kX

-i r|^-] • rt r

xU,-xit-

jBHIBBaB
BflArta

8BSMIB iSjHS ^flBilMH
1^1 [l^'^j? SB
WBb la|^M jH

S fcJf S

1 ^B
1 ^H
MinIHBmsm
mIbBiHHffim^nlSHrM^B im
fl

^^BM IIMMI

^90 i^Ps ^HBB ^^ fflJB |m|jHBB IHHlBBBnB! B^9^BIffBIS0HS

m IMWtfWPiHHraSI
fl

^^^wK^nfiiB^p
B1
HH
^P ffijBBI^^Hm iraHl
^ BBBI
K
Hj

^P^B'^W HI muLH!mB1wmMUHB
1
mm

il^H
im m





Hfl
JB^HH BSi 9R|BKa 9SBJ E^b2 i^BiSK31 ^^HIH H M^

B! jiBWH InSl WBi^S B nmKM vi H B^lnSn nwSSSS ^^Hi m B1
1
ii891

^^^H
tm
Bi n K9 ISrUffiBOBHS ^9b 8 n —WM MWpM jHBJP i*

HiSH i 1
^BSmi gUf

ia
Be

^^9B| B^KH B^BMM BBB8 BIBwHrn ^Sv^^S^nS B
i H ^s&^B

ffi 9SSB^HV^^^^^^H
B

i MBmS ^^B^Hn ^^^B^V7«m ShSEhi mm; SISmmS &SK nm ^

BMMBHH^MJ^HBWWHI DH 1
B|||pBp|H||l^^ Wm
^^^^^^^^^^^^^l^Hlffli BM I
9999fl9jj|[i[99ilillll^^ H H

UM HHi 1MMI B





d'





-»'
i*-!!*^' i" ••M W ^ >••"»•

> !:

.Xi- >V. "S^'

t^
?^r''?;'

c =

dur=

f =

/)
=

*1

mX*M
ff*'^'

^^;:^^^'(f^''^^'^v
ft-'j;

^^V ^'-^r
..->•"

-i-T

A^
^^

ii- *^'^:'^
n>;

.*• -^

«•

^^^s

'fiv

v,^.

'M -V

ft.
It'.- ; >5't-

V*

CR055 ZfCTIOHM AREA
5Pee:o of sound
DRAG COEFncifNr ^
5PECinC HEAT AT COA/5 TANT PRESSURE:

HYDRAULIC DIAMETER or DUCT
'• DHOPLET DIAMETER ^

FRICTION COErnC(£Nr OF DUCT
IMPULSE FUNCTION (PA^fAV^)

^ SPECIFIC ENTHALPY "
RATIO OF SPECIFIC HEATS (<^p/C>/)

= MAXIMUM LENGTH OF DUCT FOR CHOKING FLOW
= MACH NUMBER
= /WASi OF P/^OPLET
= 5rAr/C PRESSURE
' I5ENTR0PIC STAGNATION PRESSURF
= REYNOLDS NUMbBR
JWWSfuanNmnNmi^izkunuMf^i

\ To^ ISENTROPIC STACNfiTION TEMP^RfKjURE (KBSOLtrre)

I t = T/Mf
V = VUOCITr
ur= MASS RATf OF FLOW
X = D/STA/VC£ ALONG DUCF
f= MASS DENSITY
V>
= KINfMAT/C »^/SC03/ry
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DROPLET TRAJECTORY' DEfAILS OF ANALYSIS
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Values of CV. = f(R) for spherical particle g

14.4
10'.4

6.9
5-4
4.1

2.5b
2.00
l.bO
1.27
1.07

0.77
.65

24.0
24.0
24.0
2^^..

8

2D.6
26.5

34.5
37.8
41.0

51.0
60.0
75.0
U9.0
107

2.4
4.8
7.2
12.4
17.9
26.5

57.0

2 X 10^

.390

.405

.040
li^O
1920
2730
4050

9000
14,200
24,500
35,000
48,000

34,000

2.45
4.8

16.8 X 10^





Value G oj ). Y =

2 X 10^

2 10-'

I

7 K 10^

1.09 X

2.04 X 10

17.947

7 :c 10"^

4.71
2.14

12.22
23.9

3.27 X 10"^
4.40

14.3.3

1.309 X 10*2
2.214
2.979
3.704

.0.146
9.259
7.905

b.2119

4.4573
3.GO0O

2.3i;05
l.^s>bJ

12.495 X 10"

7.Q3C

3.0242

6.161 X 10"^
7.077
U.67

10.00
12.50

17.070
10.966





- i.,0«io,

J X 1^"^

,1727

.3142

.3432

.4102

.o022

12.600
.j.333
4.166

20, LO-'*

4.166
20.63 X IC"*-'

4.166
4.166 X 10-^
4.166 X 10-7





v'siuec a. ior VGr:-0U3 vgiugg oi ;:

V^cL,,

tor V,.;

^; > ^-^

27.973
37.4;:>2

>1

67,yiG

iV.G7o
26,477
42.196
[>2.499
63.u24
04.419
.03.990

.1672

.^079
<"> '

'. J*; '^ !^

J. J., iioovj

20.7174
30.il49

60.1723

^.1739

i.2.46L.4

52.4396
73.2610





Cont

11 —

.1GG9
1.0921
2.4263

9.5D2:;
13.0'041
19.7424

>,'-. '-..': r. <.

40.3420

1.9199 .60 .3114 2.6479
5.1596 .40 1.0431 '^^ jQ.'JZi
2^0411 nci "^ ' '".-^T c /vr.O'^>w . W^fv^i . «-v w.l-»Os^i rf" . \*xj\^<i

14.2303 .14 b./i39 12.5349
1C.1045 .10 c> . 'JoO / ID. 5617
22.2U1 .06 12.7340 23.. 0603
29.7492 .04 17,3749 2:;.X343
36.7560 .02 27.3437 36.U916
jI.4190 .014 33.31J59 42.9050
60.0771 .01 39.3C71 49.0341

R^ = 200

.1292
1.2729

3#0367'
6.2960
C.9535

16,33^I2
21.9733
23.270^1

1.6734
4.9336
- .o291
_ w 7762

21.0201
25.596G
29.3339
35.7936

.15

.10

.05

.035

.02j

.015

.01

.410i'

.9C7G

3.3. >.-

5.0706
3. 6330

11.2261
13.5942
17.7545
21.2558

L>.3303

9.9443
14.3432

23.72(^
27.3183





- Cant.

^^ == 100 rt — •-:

.0826

irO

> ooVU
,3990

7.70C3
9 •434..

• 0060
1.7738
3.1935
4.4017
C.7473

jJb07
11. JOOu
13. w*vv j3
l'L-.7oo4

• 714 .0504
•423 .3'o43
• r:j6 ,*rf^^
• „-.--> J.. >'427

• 100
0714 3.4773

• '0420 4.3317
. >~'<l.^''W V,/ . \^ ( \_> a^

.0143

.01

=» 50

• 1100
• 3r;14

1.0343
1.3941
3.1307

3.9337
3.3710

7.3347

1.0343
2.9345
3.o372
4.3317
3.49"74
6.4234
3^1402
9.0637
9.9456

.233

.167

.0667

.0333

.0233

.0167

,3707

1.9703
2.9227
>.>.*w Jvi





Table Cont

'-= 20

.1173

. : ;47

1.7X2
2.0020

.7032
*"•? 'X^' r\A .2241• / .0^.04

. ^* .4199

.3 .2002 .7142

.2
'-A '^ <n 1 .9309

•1 .Old 1.3174
.07 .73^^9 1.0140

.'2476 1.09C6
fY>

.02
1.22
1.4^1

60
10

1.93*>0
2.2207

1.0109 t-\ '• "> 1 «

*0il0
.0709

.1094

.0027

,4SG4
,0143 1.1600

.0 .0247 .1373

.4 . 0630 .02X^

.2 .1072

.14 .2631 .6419

.10 .7391

.06^ .*^v;w • 0902

.04 .0782 l.Olii
• 02 • 7620 1.2066
.01 .9011 1.4007





DiSCONTINUin ANALYSIS

EFFECT OF DROPLET ACCELERATION ON AIR STREAM

AS5UMPT/0NS:
1. ABJASATJC - /\fO QHAJKQE IN STAGNATION TEMPERATURE
2. NO l:VAPORATI0N OF WATER DROPLETS
3. NO CHANCE IN TEMPERATURE OF WATER DRdPL ers
^.PERFECT 6AS RELATION HOLDS FOR AlR

CONTINUITY:

^-^-y^d"^'
• /We , R I

-^A"

MOMENTUM '

ra./ ^ -^ Vuri - hk-h -^ VcLZ "^ "X" V^rs.

Pi^ h-^
UTur Vuri UTtir, VurZ

UTCL

BUT: f\/ =KPM

A . I^[i-^UJur Vuri

/ + h -h
\..
Ifl I-l

J
taz V.

ao^ -f- uroz

nc...L^^''

BUT: V ^ M C =^ KRTM 2Cp





DISCONTINUITY ANALYSIS - CON'T

Tz^ I -^^li
" , ^JU. ,,

DEFINE '. To
UTa.

'iNG\

T02, -/--^ ini-^-

mnmu-ziNG all BauAT/offs to ^ condition

\NH£R£i.. I/. M=/
-J

[j^t<{>*'^-^)M']

r _

UTa.

(kh)
K-/ /,

2 /'K+O

^ = KH
f,K(/.-^J^j/W7

ISEHTROPIC ^TMNKTION COHOmoHS^

3_ ^ Jl^- ^ (I* "^^ "^

p^/r c
OTcir

>7
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DISCONTINUITY ANALY. mm ^
Z. ASSUM/AI6 DROPLETS ARB NdT DECELBRM'BP \

^o^ P \i^

•Po ^ [,^^ X. .-^^-.1^.%J-, ;.f?^^i^

•
s . ,,

* Z[

•j*s, . ks%.:,.. -.-li^

yWlUfS or ^*,-^j-^,-f^ ARE TABUUTED IN Tf

r/4ei5S ir THROUSHmL for M FROIA OTDZ) [ !v

I"' ;*

V>H(;£5 OF Mz,-

/»/?£ PLOTTED VS Ml IN FIGURES -^THROUGH IT

AHO Mz IS TABULATED K3 f^^ IN TABLe JJC FOR
m^^f'^-t ,AJ ,i"- '*»v.y.

= o,
. /^ . 2, . 3 , . 4-; /f=/.-f; iif-

r*^^





j^iccontiauity .^naiyGic

or ai .ues Oi Penecc

1^,o 1.2679 2^4000 1.200:
.10 .0-;670 1.2391 2.3669 1.1976
.20 .1735D 1.2346 2.2727 1.1903
.30 1.1935 2.1314 1.1738

.43394 1.1779 2. 0437 1.1713

.40 .v/2903 1.1366 1.960G l.lo23

.42 o 3 7 J 1.1430 1.9247 1.1391

.^^4 . » • V / -ir'J 1.1394 1.0332 1.1333

.46 . Ov5vJw i 1.1303 1,3513 1.1313

.4G .66139 1.1224 1.3147 1.1471

• dO •69136 •» IT";-. 1.7773 1.1429
.52 . /i:;9o 1^1039 1.7410 1.1334
.^4 .74695 1.0979 1.7043 1.1339
• Li6 o7724C 1. '09010 1 . o6 /

u

1.12^2
.79647 1.03:^3 1.6316 1.124^;

1,073213 1.3937 1.1194
• 62 1.06321 1.3603 7 1 1 .'I '>

.64 ...o920 1.06146 1.3^3 x.lcvl
66 .o77.39 1.03302 1.4900 X . X <--'o<^>^

»0cj .393^0 1. '04090 1.4369 1.09342

.70 ,90350 1^0431C 1.4233 1.09290

.72
pV3.V;2

1.03764
i. 03233

1.3907
1 '-^r- or

1.03727
1.03133.74

.76 ,94346
,93320

i. 02776
!• 02337

1.3270
1.2961

1.07373
1.06932.7C





.00 .96394 1.01934 1.2600 1.06303

.02 .97rj2 1.015369 1.2362 1.00770

.34 •97307 1.0124 1.2073 1.00160

.86 . JL;30vi 1.009L.1 1.1791 1.04037
.-<o .90020 1.00698 1.1015 1.03907

.90 .99207 1.00405 1.1246 1.03270

.92 .99506 1.00310 1.09042 1.02627

.94 .99729 1.00174 1.072B0 1.01970

.96 .99003 1.00077 1.04792 1.01324

.93 .99972 1.00019 1.02364 1,00664

1.00 1.00000 1.00000 l.OOOOQ 1.00000
1.05 .99038 1.00121 .94300 .90320
1.10 .99392 1.00486 .09006 .96610
1.1-' .93721 1.01092 .04166 .04099
1.20 .97072 1*01941 .79076 .93168

1.2b .96086 1.03032 .75294 .91429
1.30 .^}579B 1.04365 .71301 .09686
1.40 .93425 1.0776!!; .04102 0-. :/"07
UbO .90928 . 1.1210 .07331 . ./.;9

i . .j^ » -><-^^:.- .02306 .79360
1 '? "•>

X. r v .01^970 1.2402 .47563 .76046
1.30 1.3109 .^.0303 .7:;
1.90 .01414 .39643 • •JV'vJ<^'J

:.oo .79339 1.0031 .30364 .66('.67





riocontinuity AfialysiG

, Yl

m^f— i o>J

1.2679
» or. 0*^

i.23ie.
1.191G
1.1667

2.2607

.^1176

.64392

.67493

.GCXV67

.63306

1.1482
1.1391
1.1302
1.1216
1.1127

1.926L
X. ^vj / o

1.6101
1.7716

• 63'j46

• 70v3*v
.73172

,77133

,80590
62076

1.1041'

1.07994
1.07233

1.06604

4624

1.73^
1.6944
1.^662
1.6184
1.6810

1.6440
..^076
1.4717

1.401G

.<>4G34 1.03399

.6J/17 1.02672

.o6679 1.62433
1.02002

.632r)G 1.01606

1.367^

1.2702
1.2391

0647





C.Qfit.

,CCC39

•90210
1679

l.'J04C7
1.003Q1

1 0-^'-'7

1.1791
l.lu02

1,GD19
l,04u4

1.0321
!• jrX/3

,90695
•90C2G
•90096
•9090C
•90G62

1.00014

1,00045

!• 06790
!• 0^1191
1.01663
.99204

r> .-to
•uoxo .9907

.9C76'J

.67914

1.00119
1.00512
1.01140
5

, '}207o

.94406

. LfOOXO

.79034

.74590

•9477
.9295
.9113

..-.741

. c-33j6

.00930

1.0470G
1.06413
1.10657
1.1601

.70459

.66619

.59725

.oo7d1

.3930
• '3740

• 0335
.0027

.76636

.763C0

.74250

.72259

.70410

1.2^2
1.3023
1 . ;r,oi_

.40559

.44032

.40069





Table VI

dscontlnuity Analysis

J 1.2679 2.4000 1.2000
0~ •-' • 64654 i.2^;74 2.3603 1.1971
e .r7'^20 J. .

.

2.3469
<, T ... .. ,-

e - - ...:.6ui .u « ..^. 2.0646 1.1746
. •^i.l »*^ilw6i.. 1.9-904 1.1657

.40 .49533 1.1402 1.G916 1.1556
• '

. : . .6:^17 l.nOB 1.:.513 1.1513
• -«•-'

7

^..•6o 76 1.1216 i.aio 1.1467
• *+- .6>i067 1.11245 1.7706 1.1420
O^i L» .60660 1.10357 t '7 '-V /-, "^ 1.1371

« ..-.'n.^ .o30a3 1.094G6
1

1.6901

•

1.1321
1 1 ^i(\Ci

,. .<

.

...;4

I. 1 'w- - •

1.6i>..;

J. ml ^OJ
1.1215

• ^'-j .69429 1.070e;6 1.5719 1.1160
.bQ •71237 1.06307 1.5334 1.1104

.60 .72894 1.05592 1.4955 1.1046

.62 .7- : . 1.64919 l.«-5oc l.(?9c^6

.64 .76 ; /o 1.6^1276 1.4t^l7 1.0^ '^6

• 6o .77oac 1.03691 J.*v^--. i.o:64
• - --' 7810^^. 1 . 03133 l.»i-^'6«' i.6601

.70 .79070 1.02634 1.3164 1.0737

.72 1.02155 1.2.; 1.0672

.74 • .''»'—' 1.01731 1 />. -

,

JL.>000»>>

.^..612 1 .-,••'-.•0 1 '"^1 ' •"; 1.0f:.39

.78 .'.-l^+b 1.01031 1.1369 1.0471





- Cont.

.02292 1.00744 1.1565 l.a'^02
.02 « 1.00503 1.1

*

• 04 • - ...,'..'a^ 1.00311 X . O'^ -»j. ^ 1.
.a6 .C3124 1.00154 1.07022 1

.QB .83255 1.00006 1.04303 1.5119

.90 .23322 1.00012 1.01660 1.0047

.92 .03330 1.00005 .99094 .0974

.94 .96601 . '•

.96 .U01v^9 1. . .94131 . V

.90 .33050 i.002t4 .91032

.G2669 1.00443 •89552 .9677
1.00 .G2265 1.01096 .04146 .9-' 39
1.10 1.02041 .79135 .0299
i.lij / 1.03276 .7^^493 .9109
1.20 .79556 1.04601 .70192 .6916

1.25 . / O-v f ^ • 1.06619 .66207 .6727
1.30 .77 1.00732 .62513 .6537
1.40 . / vV. -Jc / 1.1365 .55903 . .0161
1 r, n
J.. - -V .72793 Im^'O'^' .50209 . ; / \/

2

^

J..^^' .70--'-, 1.*^.^^// .45276 .70":
1.70 .5C...... 1.3689 .40909 « ) .^.-.-

1
'''^.

• (X>59i 1.4737 .37249 .6751
l.C'O .^y;797 1.5940 .33971 .'642P
2.00 • ^-3143 1.7313 .31075 .''.122





Discoiitinuity /\rialysiG

'erfect Gas, !< •- 1,4

•04042

.40567

1.2679

1.1C13
1.11:70

2.4003
" ";71
_J71

2.0622
2.962D

1.1969
1.1J76
1.1726

.47932

.LjLilG7

1 ^VT-?

T 1 T -so

•J. . 1 »-^ .-1

1.09002

1.7747
1.7027
1.6909

1 1 / or.

...2i94

.v4206

.67004

u-.OOwoO
1.07779

1.0679

s>0

-:..^UO:.

.00977

.70s>a

.71404

i.04/o7
l.C^llO

u..40'kA3 1.0973
1.0910
1.0040

J..0UO2 •J
r.'7T o

,7409'! 1.01972
1.01000
1.01104
1 • O'l .^04

1.006'X

1.2636
1.2349
1.2020
1.1700
1.1339

1.0044
1.007f





Table VII - Cont,

76677
76322

!• 00375 1.10G65

!• 00031; no^-.i n

.76:^G^
-7C293

.0043:
1.00073

, —wo..

•<J7339

.76003
7632u

i.009C^D

1.04701
1.0&6G2

.85106
9C26

.7464

C

.70.6-.6

•66234-

70233
svL>0l>6

65942

1.1130
1.1V:j4.
4. r:r-

.31703





iGcoatiiTj;lty A»ialysio

Pr^>»-r*:r1' TjCIG

. '04030
e .16744 1 .•),-'\/:'^

• Jv' •32002
#v>V :-'-< / i.lDO::-

<^5
J. m J. «w«.^ «„

-^L'-^ ^J:-:n:\:A l.nnn

1.0C711

2.3039
2.226o

1.20-00
1 ^f^/*. z'

_.. A.O ..••a

,07C;3i.'

. L>1301

.62007

.64i6ii

1.07331

^^^42"/

1.4434

1 -)i*^«

.0967

»^w^^iJ<J

7430

j.«^*o^* 1.0901
1 . 3334

;3934

.u9393 1 r I .-1" 1

1.0103*1

1. 00^194
1 . :^r^'>G9

1.190^;
1.1373
1.1237
1.C9436

3.ijwD2

i.ar/9
l.'->403





vni - Cont.

.71427

,a349

1.0G143
" 00047

00'aG4

1^00616

•63402
.G741-0
« -5030^

!•02351

UQijbCQ

.62161

.60147

1.1-.-,-

"• -,1 i'YO

JL . *„V H^ ^•

.66007

.64099

1.39
1«:

2»00 .62087 2/14V





asccxijtiauity Aiialycie

Mo for iii
Wo

.203

•331

9'^T'^\JI .-.'

.447

.47L ;v3
* . -. no





-iU-*JiL-il - Cont,

1^2 for '^

.039

.607

.623 '•'1 n

.'j-W .770

.665
608
o716
.744
.702

• G47





- Oon-i

... V^f ,-,

Shocl: Siioc::ioc5

,U54

^ r- CI

1 1 -7-7

~i^* LiO

!• '70

^ • . :.-
''I

.'

• J -1. w,

ii • -. , 'Jfi"^'i« <•.'•-;' « « O i

X.76 ./GO
. '.^S

to X'O.:- .;yi

Shock o^CCiileS; Shack oaociaesG

1*444

i.4C2

.913

.779

1.03,0
1.04;
1.077

.'.no

i.o20
.72^
.715
;06

X.1^1

1 ic,^





mpiriED r/\Nm uNr analysis
'M-'^.- % «r

FRICTIONAL, ADIABATIC, CONSVANT-^RfA

LMlf^BATIC-fi/O CHANCE IN SrAGNATION TB-MPBRfKTURB
Z.NO £^\/APOHAT/0/V or WATeff DROPLETS^
ZMO CHANGS IN TEMPERATURE OF \NATER PROf>lETS
4. PBRF5CT 6f\Z RELATION HOLDS FOR AIR
5. FOR DROPLET ENTRAINED IN AIR STREAM; -%- = /

e. FOR DROPLEr ON THE \AIAU ; "^ - o m
TIN EACH DIFFERENTIAL ^ECTm, LENGTH dt , AN
AIAQQNT OF wAr^R^ d(4r,

^ Leaves the stream
AND HIT^ TNE WALL . /N ADOITION AN AMOUNT OF
VilATeR

t
duTz ^ LEAVes THE WALL AND 15 P/CKBD

UP BY THE 5TREAM,

-I

CONTIHUITV.

f |/= CONSTANT

• ^

BQUATIOIV OF STATe:
'= fRT



i



MODIFIED FANNO LINE ANALYdlS - CONY

£A/£f(6Y'

(UTa f UTur -dt^ii- JuTz)

Q= org. (jlha.^(ura,i-urur) d]L - (dur, -Ji4r;^)(Jl^i' djLj

DROPPING ZNO OROBR DIFFFRE^NTIAL TERIA /\ND
RSAHRAN6IH0} NOTlHG THAT:

dha ' Cpudlr
,

ZCp " 2. ;

i-^n
^/wV ^/wV

iliL/i

rOTiir

U/k.

/V 6TSADY STATE \NITH WATEff ON THF mUS

,

ASSOMB THE FiLM THiCKNESS IS CONZTAliT \NITH

r/ME AT ANi SECTION AHO THE FILt^ VELOCITY

IS NE61I6IBLE.
UTur

arcL





MODIFIED FANNO LINE ANALYSIS- CONT

^OMENTUM:

FORCES FLUX

•TfA'JV.

-AdP-ri^TTDJx =

AE - 47r g/y ,
' p P "

(urtufUTiw'Jiurii'Jurzj
^ (\/fd\/)

DEFINE-
- r«r
' ^f\/* fe KPM*

ASSUME THAT IN MS 5PECIFIC CASE THE AMOUNT OF
V^ATER PICKED UP BY THE STREANI FROf^ THE \NALLS

IS PROPORTIONAL TO THE LENGTH.

. 2 djUji, ^ 1^ dX
UTa.

RESULTS OF 5IN\ILTAIiB0U5 SOLUTION OF EQUATIONS
0) THROUGH (S) ARE PRESENTED IN TABLE X





mPlFIED FANm LINE ANA L Y5I5 - C(?y\/T
.I^ftlea -f!

coErnci£Nrs or frictioh tbrp^, [4-§*k7^a
**/*

,*. -s'

JlA"- % EKffi. KM*t+-^r/*-^j/W^J -*V«

M^ ^Ip^'M 5#.i* /~r'. ^T^Af*

1 "v > 'u

"h.iiji' 'jCVi

'.•#''_ K (-v; ( '
+ a;j. ; /^ - \ ;f i^

r :
'•

' i-(i*WC)M^ **

.;;a^1fW[,,M0, ^yw5

INTEGRATION OF ^^QUfiTION.

^\ >V//£/!^: y=0
m'^

^#-^"

LiAAl
r

il^irl^di^-^

o^ir^

jjl!^. .

^.P«,
'mm .4|?4t^'''

iiV , ^'V f •M'

RFSULTS OF IHTEGRACTION AND ItiTBGBKL REtAT/O/^S

ARE GIVEN IN TABLE 31





>: ;..&ii'^«-^^

MODIFIED FmUO LINE ANAU5I5 - CON'T
^•4r^i

k^^ FORMULAS IN INTE6FAL FORM
%!i'^y. ^cr

r

^m

2p-^('-^JA??
fri*:^1j

KV-/

^,
- / 'I'l

-'"VI,^^'^M'>
'V'4.

\m

• m*

zii-¥('^'^}M,

K-Hl

^[•^-^('^^M

vt-

ASSUMING DROPiers OeceLERATE ISBNTROPICALL)/:,

2l,t^(,f <m)M^]
^''-"

i^l-O

?4

i-i •

/kS^miHQ DROPien do not DECEURATf:

:^'n, [i^ ^ mT"
lt^(lf^}/VI





MODIFIED FAmO LINE f\mVIS)5- CON'

muEs 0F[4^i-H]i„,,
l-i' > ^>^^>^-i ^)4.

ARS 6tV£/V FOR VALUeS OF M FROM O TO Z ^

^ = ./, .t,.S, .4; A'lA} IN TABLES JJL THR0(I6H

mr AND PLOTTED IN FI6URES TL THRdUGH TTTT





'^r

MODIFIED FANNO LINE -LOW WLOCITY MAL
% ASSUME:

"•y^s'Rap,

.^**
^K^J**--

R*"<>.,a - m.'-Kiii ^r-^X"^j«-^^

B = />».

^''''•^>v^s?ri^
''%:

bi'><K±m,['-^)]-("nmH^--] I

^' /-i:M, K[^fK]l,;T7

Atso Ac^^i. 2 -^ M,*K[4-g^^Kj Z.J





i~_o-^Oiiiii, /-kiial^atic, CoriStant .U^cc ri<

Perfect GBt, •^ » •!

i.»wi^

1,200
5.53 10.4C 1.197
^.oC D.19 1.190
1.940 3..^"- ^.177
I.Dll 2..

"'^

1.149 1.127
i.o:;/ 1.040 1.419

l.r'-^i

4,. - . .

1.112



i



Frictional, /uiiabatic, Constant-.'^ea Fla;

Perfect Gas, K =» 1.4.' ]L2ii = .2

M j§ " ^^^nax
^6"

2su
Po* .

P
P^ h V% p

oe oo ao oo 1.200
.i 66.2 5.29 S.23 9.92 1.197 .1201

14.10 2.70 2.69 4.97 1.1G9 .2308
.3 4.9^ 1.071 1.850 3.29 1.175 .356
.4 2.062 1.471 1.442 2.450 1.156 .470
.3 .888 1.252 1.215 1.941 1.132 .583

.6 • 367 1.123 1.076 1.600 1.105 .691

.7 .1276 1.047 .939 1.350 1.074 .794

.0 .0232 1.010 .936 1.164 1.040 .093

.9 . 00^0323 1.001 .907 i.017 1.005 .909
1.0 .OllOC 1.006 .098 .098 .960 1.070

1.1 .04?! 1.029 .902 .800 .930 1.162
1.2 .0c>;2 1.071 .919 .718 .092 1.243
1.3 .1304 1.124 .949 .649 .054 1.318
1.4 .17C1 1.199 .903 .508 .316 1.336
l.b .2252 1.207 I.O^IO .537 .779 1.451

lo6 .271 1.392 1.105 .493 .743 1.513
1.7 .314 1.1:^02 1.17G .452 .709 1.569
1.8 .30D 1.649 1.263 .

''': ". / .675 1.621
1.9 .395 1.810 1.362 . w ... -< .643 1.672
2.0 .431 1.939 1.479 .358 .612 1.719





Tabic XIV

Frictional, Adiat>atic, Conotant-z^rec FI017

Perfect Gas, K « 1.4, lii = .3

4.30
1.943

5.1^
2.61

1.430

5.10
2.59
1.732
1.3G4
1.165

9.53
4.7C
3.17
2.352

1.20c
1.197
1.133
1.173
1.152
1.127

.0964

.G143G

.001172

• 107
1.034
1.0'X
1.001
J- .UiU

1.029
.947
•or
.866
.856

1.112
. .970

1.097
1.064
1.029
.991
.952

.716

.023

.925
1.022
1.11;

.0647

.1152

.1602

.222

.274

1.040
1.097
1.163
1.248
1.346

.674

.900

.940

.986

.761

.603

.616

.559

.913

.073

.G34

.795

.757

1.199
1.279
1.355
1.422
1.469

.416

.457

1.450
.uuo

1.765
1.938
2.153

1.043
1.112
1.191
1.2C1

.466

.427

.393

.721

.635

.651

.619





Table XV

Frictlonai, /Vliabatic , Coi"iStant-Aroa Flo^s;

PerfQct Gas, K = 1.4, lii = .4

M 4^ + n L £«- Pa, £- L. ^^21
D J

^lax Po* '^0
p- X* V* p

oo oo oo oO 1.200
.1 4.9c 4.92 9.25 1.197 • 1290
.2 13.^3 2.t3 2.49 4.60 1.137 .2033
.3 4.6Sj 1.-/47 1.716 3.05 1.171 .334
.4 l.o93 1.333 2.263 1.149 .007
.5 .734

.
1 . ^oo l«l^c' 1.700 1.122 .627

.6 .265 1.034 .vo9 ^•?T^ 1.090 .741

.7 1.027 .909 1.240 I.OjO .000
• G .00024 1.001 .056 1.060 i.OlO .906
.9 - .00645 1.003 .827 .927 .970 1.003

1.0 .0406 X.021 .018 .(Jlo .933 1.140

1.1 .0917 1.062 .£19 .726 .096 1.232
1.2 . 14yO 1.127 .333 .601 .050 1.313
1»3 .»-ivJw 1.199 •oOq .010 1.309
1.4 .270 i.2:)o .093 .v>ol .770 1.461
1.5 .323 1.409 .930 .403 .736 1.022

1.6 .301 1.042 .990 .442 .699 1.003
1.7 .431 1.700 1.009 .406 1.641
1.8 .479 1.300 1.130 .629 1.691
1.9 .w>22 2.000 1.210 .097 1.739
2.0 • 563 2.32 1.312 • 31c. .066 1.7C2





(1) Lapple, C, E. and Shepard, C, B., "Calculation of Particle Trajectorlaa,"

INDUSTRIAL A^IP ENGI^'EERIW} CHEMISTRY, May 19^, pp. 605-617,

(2) Shapiro, A. H. and Hawthorne, W, R,, "The Mechanics and Thermodynaralcs

of Steady, One-nimenaional Gas Flow," JOTJRNAL OP APPLIED MECHANICS,

December 19^47, pp. A-317 to A-336.

I

(3) Plnkus, 0., "Pressure Drops in the Pneumatic Conveyance of Solids,"

^ JOHRNAL OF APPLIED MECHANICS, December 1952, pp. 425-^31.
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