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T™he obJect of this thesis is to make an experimental
investigation of the Plow of Supsrheated Steam through orifices
in thin plates, {only orifices having a rounded approach to be
ussd] and if vossible to develop & formula which would be simple

and yet give results which will be adscuate for most engineering

work.
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THRORY AND PORIULAE.

If saparheated steanm is allowed to expand through an orifice
without losses of any kind the expansion will be isentronic and tho
caleulations to obtain the rate of flow would be very simple, but the
friction of the stean pasaing through the orifice causes the expansion
to fall somewhers batween an isentropic and a constant heat expansion.

This recuires that experiments be made with each orifice %o
deternine the constants which detemine the true sxpansion. These
constants will probably change with varying degrees of superheat, in-
itial pressure, whon the axpansion falls below fthe superheated state

and reaches the region of wet steam, and with the ratic of 2o

b

The deterninatlion of these aconstants is necessary in ordsr
to obtain the cormesnt walus of the welocity. after the velueity is
determined the nuantisy flowing can be computed by the formmula

¢ = VA

AY
W= 3

ar

wnere
4 = ares of orifice in sq. ft.

¥ = wvelocity of the steam passing the neck of
the orifice.

Cubic feet of steam passing the neck per
unit of time.

&
i

W = welght of steam in pounds passing the neck
pear unit of time.



S = ocublc feet per pound of steam at the neck
Pressure.

The neck pressurs is Po down to the critical
Pressurd.

The velooity of the steam can be caleculated by 4wo differ-
ant nethods:; by knowing the rslations between p axl &, or by the use
of steam charts and tables.

Iz the case of the flow of vapors through orifices these in
practically no energy lost so the process can be assumed %0 bs adis-
batlic and to foliow the law that

pe” = o,

Knowing the relations betwean P and 8§ the velocity wlthout

reheat can be found by the integral
2 A

V-,
257 ) O%F
e

after substituting the value of 5 and performing the integration. IThe

expression reduces to the fom
. R %
V= 29 RS)I-(B

P = $nitial pressure in pounds per s:. inch absolute

where

8; = initial volume of the stean in cubic feet per pound.

?2 = neck pressure.

e value of 1 in this equation for superheated steam is
about 1.33 to 1.34. The degree of suparheat does not seem to change

this value very materially, but as socon as the expansion falls below
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the saturation point, its wvalue drops very rapidly. This males the
use of the formula Just given for finding the velocity of the steam
useless where the expansion falls below the saturation point.

By far the easiest and best method for finding the velocity
is by the use of stean tables and charts. This method can be used
regardless of whethor the expansion falls below the saturation point

or not, and is the method used in this thesis.

The only energy changes taking place In the expansion are

changes from potential to kinetic energy. The total energy beforse
and after the orifice, being the same, can be expressed in the form

of an equation

V? “+ Ql = Vg - (; 2
2g g
for one pound of steamu. This equat.{on san be put in the fomm
2
vy v
2g @

whieh gives the method for finding the change in kinetic emergy.
<
Considering that i s @ ‘the exuation reduces to the form for
g
the velocity

v-\leg (Q-0) 778

where . =
G = Ky +@* O )

Qz o (XZ Yz + C.z + C’Pz Dz)
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¥V = wvelocity of the steam in faot per sscond at the neck
of the orifice

T = latent heat of vanorization

€ = heat of the llquid

Jp = specific heat at constant pressurs
D = wufher of degrees of superheat 1f superheated
X = aguality of the steam 1f wet.

This enuation simplifiss into

V=2238\Q -@,

Gy and Gy can bo taien directly from the steam tables or charts.

The valocity reaches s maximum where gé = / /7'?/ / w7
vhen n = 1.33 for suerheated steiwm. (Hee apnendix for nroof.)

8o far the reheat dune to the friction of the stoam pass-
ing through the orifics has only been montioned and the statement
made that a constent must be found which would give the trus velo-
city for any expénsion. “his constant is mainly the result of the
reheating of the steam through friction and thus decreasing the
heet avallable to be transformed into kinetic energy. This can be
shown to the best advantape by the use of dlagrams. Using firet
tre [ @ chart (Fig. l.) s.'ss the point showing the initial
condition of the stoam at the pressure Pl and temperaturs 2’1. The
expansion in the ideal case 1s adiabatic, hence along the iseniro-
ric line to the point B which is at the back pressure Py and tem-

parature T,. The true expansion tekes place along the line AC,



C being the true final condition at the back pressure Py and temp-
sraturs Ts.

The auount of this reheat 1s represented by the differ-
ences of the %total heats at T; and T; or the area below the Pa
line between the entropy limes 313 ¢), and C @ . This area
will be shown cruss hatched in two directions.

The same result can be obtained from the Hollier diagram
(Fig. 2} and be saen to & better advantage. The lettering in the
temperature-entropy and heat-entropy diagrams are the same. The
rehsat is representsd by the distance (g - iz and the reheat
factor is the ratlo of (G = Gzl to (€&; - a3l

(he valuas of X that will be found in the exneriments
is the ratio of the actual weight discharged to the theoretical
welght of discharge. As all the cuantities in the ecuation,
with the excsption of the true velocity, are nown, this facstor
X is the factor that obtains the Frue weloclity from the theoretical.
The factor X in the following forrmula is the square root of
{1 - reheat factor) or tje ratio of the sguars yoot of (¢, - lg)
to (Cy - G3}. This is true because the square root of (33 ~ Oyl
mast be taken in arder o obtaln the velocity and t}m' valiue X is

used to obtalin the true velocity. The forrmla to obtain the

trae flow willi Bba

W4 reess| Q-

G.



where ((;-;1 - Gg) 18 the heat drop in the ideal case and is taken
from the heat chart.

after the steam passes through the orifice and into the
chamber at the pnressure Py, another change takes place. The kinetic
energy in the steam is lost by eddy ourrents and by the ifvpaet of
the swiftly moving steam against the steam in the discharge chamber
which 1s at comparative rest. This action is similar to the sction
taking place in a throttling calorimeter. This will csuse the tem~
porature in the discharge chamber to rise and the temperature Ty
will give the temperature at P, minus radiation losses and the kin-
etic energy ocaused by the differences of volumes dbefore and afiar

passing the orifice.

APPATATUS AND METHOD OF MAKING THSTS
The apparatus is shown in {Fig. 3) & valve A, pressure
gauge C, therwnater Tl, orifice 0, themoreter '1’2. gauge 1, valve
B, condenser 0, and Falrbanks Horse scales {not shown} to weigh
the condensate. The pires leading to and from the orifice are two
inch. The themometer well for 7, was placed in the pipe far e-

nough so that the part of the thermometor used was entirely exposed
to the temperature T;. Stem corrections were necessary for ’:’2
because the valve B was too near to allow the use of a deep ther-

nometer well. Stom correcticons wers taken from the set of curves

placed in the appendix.
The valve B was used to regulats the back pressure Pg .
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After this pressure was regulated the pressure conditions bsfore and
after the orifice could be kept the same throughout the test by re-
gulating the walve A.

in externally fired superheater was used which gave the
operator control over the degree of superheat at T by regulating
the fire under the superheater.

During any one test all the conditions were kept as con-

stant as possible by close attention to the pressures and superheat.
The tests for each back pressure were usually 20 to 30 minutes in

length. During each test the pressures, temperatures, and weight

of condensed steam were recorded several times. By taking these

readings any irregularity not shown by the gauges and thermometers
would appear and the trouble remedisd before proceeding with the

tests.

The orifices used are shown by the two drawings, Fig. 4

and Fi.g. 50

BOULTS AND CONCLUSIONS
The results can be shown best by an inspection of the
curves; the curve of theoretical flow, the curve obtained by ex-
periment, and the curve of X which is the ratic of the actual

curve t& the theorstical.
It will be seen that the maximum flow does not bake place

at about .54 P but that the flow gradually increases for values

of .il?“. less than .54 P,. Rateau in his book on the flow of steam
1
does not rsach a& maximum for P5 equal £o or a little less than
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+58 I’l. but increases constantly as P, falls."
After a comparison of the ourves it will be seen that one
or two pounds change in the initisl pressure, or from 5 to 10 degroes

change in ths inttial temperature, does not produce an sffect laype

snough to make any differonce in the acouracy of the work; but re-
gardless of this the conditions were kept as constant as possidble
throughout sach test by constant observation.

By examining the data in the appendix it will be seen that
the hsat losa {batween 2y and Ty} dus to radiation was about 2 B,
telte par pound. This loss ia so small that its value as corpared
%o the total B.7.u. per pound of steam is hegligible in predusing
any changs in the result.

From the curves of K it will be sesn that the value of X
drops at first, reaching a minirmm value in the neiphborhood
where _*2 1is ecual to .8; and from there the value of X rises
and ﬁni}ly flattens out into a nearly straight line. Thils lower—
ing of X is %o be expected for the reason that when _P_.?._ is nearly

unity the velocity of flow is so amall that practically no {riction

would result.
7he possibility that the stomm containsd any moisture

when it reached the orifice is very slight for the reason that it
had to pass sround 7 right sngle bends sfter leaving the super-
neater aud before going throuph the orifice. T™is changing of
the direction of flow so many times caused friction and eddies

which muat hawo entirely done away with the possibility that the
steam contained moisture when it reached the orifice.
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No attempt was made to develop a formula for the flow,
because the theoraiicsl method, modified by the rroper constant
wnich mist be obtained by experiment, is by far the essiest md

most satisfactory methiod to use.
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1bs.per sg.in.abs.

104.3
104.3
104.3
104.3
104.3
104.3
104.3
104.2
104.3
104.3
104.3
104.3
104.3
104.3
104.3
104.3
104,38
104.3

104.3

§4.3
89.3
84.3
79.3
el
5.3
6843
67.3
6643
65.3
64.3
65+
623
61e3
6003
59.8
B4.3
44,3

34,3

swerage supernsat 28°¢ F.

15'*33'3 Hoc I

1/2 inch orifice rounded apmroach.

361
862
363

362

361
358

355

CARERCTED AVERASRES

346

353

335
337

347

342
347
348
347
347
346
342
318

313

&0

30

27
24

Degrees of superheat

iz

a4
28
38

P

3

g &



TEST N0, 2 CORBRTCTED AVIRAGRS
1/2 inch orifice rounded anproach

Py Pp £l 2 % to ibs per
IbSener BC.iNn.ab8. opgrees P Dage. of sunerheat iin.
1043 G4 403 400 74 Vi Be8
104.3 B 400 392 69 7 11.5
104.3 Thad 407 396 76 90 13.8
104.3 P23 406 304 78 90 14,25
104.3 703 407 394 76 a2 14.60
104.3 8.3 407 394 76 o3 14.75
104.3 56.3 408 394 77 95 14.95
104. 3 S%: 3 403 388 70 91 15.3
1043 52,7 405 390 74 o6 15,35
104.3 6503 392 362 68 80 15.55
104.3 Bde 3 413 397 82 112 1505
104.3 44,3 421 399 80 126 16.10
104.3 34,3 426 403 05 148 1535

Average Superheat 77° P,



T5T B0, 3 CORAUCTED AVEDRASES

1/2 inch orifice roundsd approach

N Py T, N ty t,  Lbs.per

Ibseper 8¢.in.ads. Degraes T. Degs. of superheat 8q. in.
114.3 94.3 430 418 o3 93 12.75
114.3 B4e3 438 424 101 10% 14,20
114. 3 Thed 433 418 g6 112 15,70
114.3 P63 428 415 91 07 15,70
114.3 723 43T 424 100 120 15,90
114.3 a8 4359 425 102 122 16.10
114.5 5863 £39 425 102 124 16.20
1143 b5e3 440 426 103 127 16,40
114,83 &% 23 44D arh 103 128 16.65
114.3 59.3 439 423 102 132 16,90
114,53 55.3 438 419 101 134 17.30
114.3 B 438 417 101 144 17.45
114.2 3o 3 439 415 102 158 17.50

Averape superheat 100° F.
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2

2

Lbse.per SC.in. abs.

114.3
114.3
114.3
114.3
114,3
114.3
114.3
114.3
114.3
114.3
114.3
114.3
11463
114.8
114.3
114.3
114.3

114.3

4e3
84.3
P43
The3
723
703
68,3

6Bed

18.3

5T BO0. 4.  COMRICTED AVERAGES

1/2 inch orifice rounded approach.

Tl Tz
Degrees ¥,
367 356
374 362
i 360
374 359
375 359
374 357
a6 357
372 383
371 351
373 352
373 a31
378 347
372 248
373 245
B4 S44
3 B4l
375 338
a7e 335

Averspe superheat

¥

30
37
38

37

37

38

2
36

35

36°

tt
2

Degs. of superhost

35
47
5%
52

83
160

113

25,

Lbs. per

8t. in.

13.3
15.0
15.95%
16.45
16,70
17.05
17.10
17.40
17.60
17.80
17.70
18.10
18.20
18,30
18.34

18.34



Py

P

o
LbB.per stein. abS.

114.3
114.3
114.3
114.3
114.3
114.3
114.3

114,83

Q4.3
74,3
69.3
64.3

89,3

TEST ¥0. §  COBRKSCTED AVEGAGES
1/4 $nch orifice rounded syproach.

2. 2, t t,
Degrees ¥. Degrees of saperheat
531 510 194 187
545 524 208 218
53 810 184 208
524 502 187 208
534 510 197 218
827 504 180 218
B34 508 187 235
534 507 187 259

Averaps superheat 196° F.

Lbs. per
B« ine

3026
296
4015
407
4.33
4,40
4.38

Lo 43



7957 ¥0. 6

AT ey
VOJ:A&L‘ 2ikadd

BT st I o Ted
A 'ﬁ?u‘?r.u:.i‘,&

1/4 tneh orifice rounded approsch

N P, 21 2,
Lbs.per 80, Jagraens ¥.
in. abs.
104.3 94.3 DR5  Be6
104.3 74.3 522 513
104,53  64.3 524  BO&
104.3  £9.3 823 518
104.3  57.2 621 497
104,33 248 533 508

tl t,
Dagrees
suparheat
194 183
201 206
193 208
192 226
190 208
202 267
196° .

Lbs.per
mirute

5!

1425 1. ¢ 8

Be 47T

8.5

G045
5043
e85l
H.48

1{2

e fts

600
7.75
8.70
70
9.75

23450



1.

THST H0. X
Te submerged 40° F.
Aoom Temperature S0¢.

1/2 inch orifice rounded approach.

Time Py 2y pis ) Groas  Tare Kot ibse
Hr.iin. Lbs. per Bg. in. »° Pe wte 1bs. witelbs. wh.lbs. per
Hine
2:05 90 80 352 332 46 46 0 o
2:15 S0 80 366 346 134 46 88 8.8
2:25 90 80 362 342 226 134 92 Sel
2:36 S0 80 359 340 318 226 9% 9.2
2:45 20 80 358 340 408 318 90 9.0
Totals
0:40 1797 1700 1132 770 362
Avorages
S0 80 3585 340 8.05

GCorrected Averagas

104..3 94,3 355 G346 9.086



‘Tiye Py Pa Tl Io Gross , Tare Het  L1bs.
Hro¥in. 1Lbse per ac.dn ¥ F¢  wt.lbs. wt.lbs. wi.lbs. per
min.
3:00 90 75 360 342 46 46 ¢
3:10 20 75 358 342 152 46 106 108
3:20 90 75 357 341 268 152 106 10.6
3:30 90 75 357 342 364 258 106 10.6
Totals
0:30 1432 1367 820 502 318
Awerapas
20 75 358 342 106

Corrected dverages

P, abs, Pg abs.

104.3 89.3 558 348 10.6
3:30 90 70 363 Sa4 70 70 0 0
3141 S0 70 367 347 200 70 130 11.8
3:50 0 70 366 3456 308 200 108 12.0
4:00 90 70 ao8 347 427 308 119 11.¢
4:07 20 70 a69 348 a7 a7 o 0
4:17 90 70 369 548 75 57 118 11.8
Totals
0:40 2202 2080 1237 762 475
Averages
S0 70 367 L7 11.9

Corracted Averages.

367 333 11.9

b
'h
2

104.3



Hfiﬁe i P Py T; Do Gross
+ifin. Lbse. DBY 86. . ¥ ¥ Whelbne
35338 20 B8 333 337 45.5
3:50 90 55 548 335 204.5
4:00 80 65 350 335 557
4:10 80 65 350 35 467
Totals
0:32 1402 1341 10564
Averages
351 336
Corrected JSverages
104.3 79.3 351 342
4415 g0 50 349 331 48
4:30 20 60 347 330 60
4:44:30 90 50 B4 326 464
Totals
0:29:30 1040 S87 772
Averafes
90 60 348 329
Corrected averages.
104,83 T4.8 348 338

Tare ot Lbs.
steibs. wih 1bs. per
mine.
45,5 ¢} 0
40.5 159 135.25
Z204.8  133.5 13.35
337 130 1300
Gh2.5 428.5
13.2
13.2
48 O 0
48 212 14.14
250 204 14.07
356 416
4.1
14.1



Time
Br.iin.

1:12

1:22

1.32

0:20

1:45

1:556

10

Py Po
1bs. par si.
90 55
90 58
90 58
o0 55
10463  69.0
90 B4
oG 54
o0 54
104.3 68.3

) ed

et

in.
349

351

354

351

328
331
334
Totals
983
Avaragaes

331

Groas
wt.1bs.

46
198

350

Correcied Averases.

351

Corrected Averages

357

344

Pare Tot
whelbs, wte.lbse per

46

198

260

46

46

304

152.5

lbge

nin.

15.2

18.2

15,25

15.25



Time
Hr. Hin.

1¢58
2:08

0:10

2:11
2:21

0:10

B

Lbs} par sq?in.

90
20

S0

104.3

90

104.3

P

67.3

52

5

2

Tl Po {ircas
F® e wt.1b8.

558 337 L4835
360 339 896.
Totals

718 676 639.5

Averages
359 338

Corrected Averages
359 345

- wn om om on  em

360 340 46
362 34l 98
Totals
722 681 244
Averages

361 340
Corragied Averapes

351 347

Tare Ret
wh.Ib 8. wtells.

3“%:3 ° 5 0
243.5  152.5

487, 1525

&6 0
46 152
g2 152

Iﬂbs ®

pexr
mine.

15.25

15.25

15.25

15.2b

ib.2

&
»
)



Time b Py Lo Gross Tare Het Lbs.
Hro.iiin. Lbs. »oY sqein. PF° P Wte lbs. wit.lbs. Whilbs., per
nin.
2: 24 90 51 362 341 243.5 243.5 0 ¢
2:34 90 51 362 341 297 R243.5 153.5 15.35
Totals
0:10 724 682 640.5 487. 153.5 15.35
Averapes
90 51 362 341 15,35
Gorrecsted Averages
104.3 65.3 362 346 16 .35
4:20 20 50 367 340 215 215 0
43 50 90 B0 362 A34 370 215 1585 15.5
%: 40 20 50 361 334 200 43 157 15.7
4:50 90 50 360 a2 358 200 158 15.8
Totals
0:30 1450 1340 1143 673 470 15.7
AVerages
80 50 363 335 157

Corrected Averages

104,83 Bhed  B63 - 342 15.7



Time

Hra.:din.

2:37
as a7

2350
3:00

0:10

Py

90

104.3

o0

10443

ey

L

Lbse per sq.in.

49
49

49

£33

48

#:

pl-."

362

S62

724

62

340
341
Totsals
681

Averages
340

ross

whe lhse. whaldbfis wi.lbs.

245.8

Correctad AvVOragss.

362

368

Godk

726

363

247

" @ me ow e

Lvernges

S41

648.5

Corrocted AvVerapns

363

348

Tare

455
45.5

493,

Het

0
154.5

164.5

155.8

155.5

Lhs.
ey
min.

1545

15.55

15,55

15.55



Mine

Br.Zin.

3:03

3:13

s
e “wh

YY)
(ST -1

0:10

21

90

20

104.3

90

90

104.3

Py

Lbs, per Bn.in.

47
47

47

613

& &

60.3

R T Gross
; Fe

whte 1bse whelbs. wi.lbs.

I63 341 45.5
368 340 201

Totals
785 881  246.5

AVOYases
362 3580
Carrected Averagesg.

362 347

362 340 232.5
362 340 330
Totals
724 680 62758
AvVeTages
362 340
Jorrecte: Averages.

362 ST

Pare Het

45,5 0
45,5 155.5

91 1585.5

2326 0
282.5 187.5

465 157.5

6.

ibs.

por
gk 1

0

15.75

15.75

15.75



9.

Hffggn. Lbi%per sﬁ%&a. ;% g? wt?{gg? w§?§ge. w§?§bs. égi‘
min.
3:30 S0 45 362 339 455 45.5 0 0
3: 40 90 45 362 339 204 45,5 168.5 15.858
3:50 90 45 361 338 362 204 158 15.8
3:54 g0 45 478 362 63 15.75
4: 00 90 a5 361 338  140.5 48 Y45 15.75
Totals
G: 30 1446 1384 1177 703. 474
Averages
80 45 362 339 15.8
Correahiad Averages
104.3 B9.8 362 346 15.8
4:03 99 40 361 336 72.5 7245 0 o
4513 a0 40 361 335 238 72.5 1625 16425
4:23 S0 40 381 335 396 235 1681 18.1
4:33 20 40 369 354 208.5  4B8.5 160 16,3
Potale
0:3C 1442 1340 912 4255  486.5 l6ed
AVOTapRs
20 40 361 338 1842

sorrected AVOrages.

104.3 BL.d 3ol 348 16.2



Tins

. = i
Hr.iin., Lbsg. ner sg.in.

13:32

12:42

12:52:30
1:02

1:12

0:40

1:18
1:2¢
1:38
1:48
1:58

0:40

P

90
80
80

20

104,83

90
90

90

S0

90

104.3

.
3
P2

30

4]

20

20

20

20

33

i3}
)'(‘l

1789

358

Fe whe 188, wh.lbe. wt.1lbs.

315
315
Totals
1560

Averagas

312

Gross

1296

Corrected Averages

a58

356
S35
ahég
355
354

1774

355

318

- s w em me @

207

307

307

a08

308
Totals
1537 L
AVeragos

307

419

217
388

S47

Corrected Aversges

355

313

Tare

o4
236

205

75

75

247

217

660

Het

172

159
168

681

i
172

687

10.

ILbo.

rar
ig.

17.2
17.3
16.8

16.8

4

-

17.00

7.2

17.2



Time
Hr.¥in.
8: 85
9:33
9:43
9:53

10:03

0:40

il.

TEET RO. 2

7, submerged 80° F.

Joom temperature 80° F.

1/2 inch orifice rounded ayproach.

) P | P, N ?% Gross Tare Het Lbs.
Lbse. mor sg.in. ¥ ¥ whelbse whelbse whalbs., por
Hine
50 80 396 364 46 46 0 0
30 80 408 390 134 46 88 8.8
98 80 410 396 222 134 88 8.8
g0 B0 416 a0z 308 722 87 Be7
20 a0 v&GE 388 a7 309 88 8.8
Totals
2027 1950 1108 757 351
AvVerases
S0 80 408 a8z 88
Jorrested Averages
1043 94.3 408 400 8.8



Time

Hr.kin.
10:06
10:16
10: 28
10:36
10:40
10:46

10:58

0:50

10: 20
10: 31
10:40

10:49

Ty
Ib#. por

50
90
50
90

20

90

104e 3

90

80

20

90

Py v iy} T% Gross
8eins F° FY ¥t. Lbs.
70 402 360 46

70 372 358 159

70 390 377 76
70 405 30 392
439

70 4.2 396 115
70 416 400 229
Totals
2397 2301 1686
Averages
70 4Q0 384
Corregted Averages

B4l 400 392

&

60 404 385
60 406 387 199
60 408 360 324
50 409 380 447
AVETAIRS
80 407 388
Jorrected Averages.

74,3 407 396

Tare

Wt.1bs. wh.lbs.

46
46
159
a76
362
46
115

1080

Ket

113
117
115
47
69

114

Lot
3
o

Lbs.
oY
in.
¢}
11.3
11.7
116
11.72
11.5

11.4

11.5

11.5

13.9

13.8

1z.



Pime

Py B 2 Tz Gross

Tare

et

Hr.Min. Lbs. per sq;in. e P° %ge 1bhs. Wt.1lbs. Wt.lbs.
2:31 80 38 408 388 46 ) 0
9:41 @0 56 406 586 188 46 142
9: 55 80 58 406 386 886 188 200

AVEragses
90 58 4086 386
Gorracted Averages
104.3 723 405 394
9:59 20 56 407 384 46 46 o
10:09 20 56 407 386 193 46 147
10:1¢9 90 56 408 387 339 193 148
rygrares
20 H6 407 386
Gorracted iAverages.
104.3 70.3 407 394

10:22 1) B84 408 386 46 46 0

10:32 20 54 407 386 192 46 146

10:42 20 54 407 386 341 192 149

AVEYRIES

Corrected AVOTrELeS.
104.3 6803 407 394

18,

Lbs.
ner
Hin.

14.6

14.6

14.6

14.9

14.75

14,75



o

Time ?1 7 Grons Tare H8t Lbs.

Hr,kin. Lbsy wor sq??n ;? F*°  wt. 1bs. wht.lbs. wt.lbs. per
Hin.
10:45 20 52 407 386 4G 45 o O
10:55 90 852 408 386 195 46 149 14.9
11:05 20 52 408 386 345 195 150 6.0
Averages
90 82 408 SB5 14.95
Jorrected AVErages.
10&.3 6683 408 384 14,95
10: 58 20 50 409 387 46 46 0 ¢
11:18 90 50 358 376 352 46 306 18.3
11:21 20 80 396 374 Add 382 21 15.2
Avorages
30 50 401 380 15,3
Sorrected Averages.
104,85 B4.3 401 388 15.3
11:06 0 48 407 384 46 46 0 ¢
11:18 80 &8 400 381 200 45 154 15.4
11:28 90 48 404 380 353 200 153 15.3
Averages
le] 48 405 382 18.35

Corraoted Averapes

104.5 2.3 405 386 15.36



18.

Time P2 Pz T 7 Gross Tare 6t Lbs
Hr. ¥in. b8, par ag.in. F° Fé whs 1bse wt.lbs. wt.lbs. per.
oin.
11:32 20 45 402 378 46 46 o] ¢
11:42 90 46 298 374 300 46 154  15.4
11:52 S0 45 395 37 387 200 157 13,7
Avarapges
20 46 399 374 18.55
Corrected Averages.
104.3 60.3 B399 382 15,55
1:21 g0 40 408 382 46 46 0 0
1:30 R0 40 412 386 189 46 143 15,9
1:40 S0 40 416 320 350 189 161 16,1
1:45 20 40 417 390 431 350 81 15.2
Averages
a0 40 413 387 16405
Sorrected Averages
104.3 54,3 413 397 16.05
1350 80 30 418 368 46 46 0 0
2:00 96 30 420 392 206 45 160 16,0
2:10 80 30 424 394 369 206 163 163
Aversges
90 30 421 391 16.1

Sorracted Averages

104.3 44.3 421 399 6.1



16.

Time 91 Py ?& T2 Gross Dare lint Lbs.
Hrellin, Lbse DaY Be ine. ¥ F¢ %Wte lbs. wtelbe., wt. 1bs. yer
mine.

2:40 80 20 425 $94 46 46 0 O
2:50 20 20 426 395 208 46 163 16.3
3:00 80 20 426 395 375 209 164 16.4
3:10 90 20 a2n 297 208 46 12 16.4

AVErapos

20 20 &E6 356 16.35

Gorrected Aversges.

104.3  B4.3 426 405 16.35



17.
TRST NO. 3

Thermone tey 2, submerged 80° 7.
Room Temperaturs 80°

1/2 inch orifice rounded approach.

Tirse Y 2, T T Gross Tare fioy L.
Hr. iin. Lbs. par sn.in. b L ¥¢ Wt. lbs. wt.lbs. wholbs. per
mivie
9:27 100 80 420 396 46 45 0 G
$:37 100 80 429 406 178 46 132 132
S9:47 100 80 454 411 304 178 126 12.6
9:57 100 80 438 415 430 304 126 12.6
AVBYBERS.
100 B0 450 407 12.75

Gorrected Aversges.

114.3  94.8 430 416 12,78
10:00 100 70 440 4lo 46 45 0 g
10:15 160 TG 437 414 258 46 212 14,15
10:29 100 70 438 414 457 258 199 l4.2
Averages
100 70 438 414 14.2

Corracted Averages.

114.3 84.73 &8 24 14.2



Time P Pz 3 r Gross Tore Ret Lbs.
Hr.ilin. Lbs. ner sosin. ¥P° ¥ wte 1bs, wt.lbs. wt.ilbs. per
min.
10:33 100 80 437 412 46 46 0 0
15:43 160 68 453 406 203 46 157 15.7
15:58 100 50 431 407 362 208 15% 15,8
10:58 104 60 432 408 439 362 77 1Z2.4
11:06 160 &0 430 405 171 46 125 18.658
Averages
100 60 433 418 18.7
Corrected 4verapes.
114.3 V4.3 433 418 iB.7
11:10 100 62 427 404 46 46 0 0
11:20 100 62 432 408 201 46 155 15.5
11:30 136 62 426 403 360 201 159 15,8
Averanss
109 B2 428 408 15.7

Corrsated Averagas.

114.3 78,3 428 418 18.7



18,

- .
mritin, et peragtin, P B wevee. Wi v O
rine
1:25 100 58 432 409 46 48 0 4]
1:35 16O g8 439 416 208 45 159 15.9
1:51 100 58 440 £16 460 205 225 15.9
Averagoes
100 58 437 414 158.%9

Corrected Averases.

114.3 72.8 437 424 15.9
1:53 100 B6 440 416 46 46 0 0
203 300 56 438 415 20% 46 161 16.1
a:13 100 &6 432 415 368 207 161 16.1
AVBYrases.
100 58 439 415 1641
Corroctad Avarages.
114.3 70.3 439 425 16.1
2:15 100 54 439 418 46 46 0 O
2126 100 54 439 415 a4 45 178 16.2
2:36 100 54 439 416 386 L34 162 16.2
Averages.
100 54 439 415 16.2

Correcked Aversges

114.3 68.3 439 4235 16.2



Time P-

Hr.iiine. Lbs.‘per BGein. P

242 100
2353 100
3:03 100
100

114.3
3:06 100
3:16 100
3326 100
100

114.3
3:28 100
3: 38 100
348 130

100

114.3

2 E5Y T2 Gross Tare
F¢ wte 1bs. wielbs.

52 440 416 46 46

5z 440 416 225 46

82 440 416 390 225
Averages
82 240 416
Corrected Averages.
5603 440 426
50 440 416 46 46
80 440 415 212 46
50 440 414 379 212
Avarapges
B0 440 415

Sorractad Averages

64.3 440 428

- e o em e e W e

45 440 414 46 46
45 439 413 214 46

Gorrected Averages

59.3 4389 423

Het
v, 18,

199
165

166
167

168
170

20.

Lbs.

per
min.

16.3

1645

164

16.86

16.7

16465

1665

16.8

17.0

16.9

16.9



Pime
Br.¥in.
3:51
4:02

4312

4535
446
4351

P

Lbsf DAY 30

100

100

100

100

114.3

100
100
100

100

114.3

190

100

100

100

114.8

Pz
tin.

40
40
49

40

533

30

44,3

20

GGeld

@l

T} o Groas Tare Het Lbs.
F F¢  1bs. wt, 1lbs.wht. lbs.wt. por
min.
459 412 46 46 0 o
437 410 235 48 189 17.2
437 409 40% 235 174 17.4
Averages
438 410 17.3
Gorrected Averapes.
438 419 17.3
436 406 &5 ) 0 0
440 410 219 46 173 17,3
437 407 395 219 116 17.6
Averages.
438 408 17.45
Sorrected Averasges
438 417 17.45
436 403 45 48 0 o
440 407 222 46 176 7.6
442 410 309 222 87 17.4
Avergges
439 407 17.5
Sorrectad Averpges.
415 17.5

439



8T H0. &

T, sahmorged 80° .

Hoom Terperasiure 807 ¥.

1/2 inch orifice rounded aspromoh.

Tima ?1

-
)
dreiline. Lbs. peyr gt. 'S’in.

6:37 100
8:4% 100
8: 57 100
gty

114.3
Q.00 104
92328 100
9120 10t

196

1314.5

b PP 100
B 33 100
G 240
166

114.3

F ¥

80 a83 344

B0 67 S5G

80 b 354
AVaragos.

B84 367 380

{prreated SVOrages.

D& 357 358

kgt 375 355

70 374 354

70 374 54

AVATRER S
70 374 Jha

Correcies Jverages.

84,3

&&

Gorvected Aweanes

Thodd

e 352

e eae  ow  Ww s e wR om0 W

w5 u62
=6 383

ey £ 351
Averages

X5 258

75 S50

Gross
whelbtia whelbae wholba. per

6

286

&
05

G681

45
A6
205

Hotg

0

13z

180
120

G
159
176

-4

Lbaa.
min.
G
134
13.28

13.3

13.3

18,98

15.58



Time P;
Hrotiin. Ins,. pey

9:46 100
9:66 100
1G:06 100
100
1l4.7
10:08 1080
10:18 100
10: 28 100
100
114.3
10:30 100

10: 40 100
10:860 106

10¢

Py Iy T, Gross
suein. PP ¥¥  wt.lbs.
50 374 350 45
B0 374 356 210
60 378 362 378
Averages
60 374 251
Corrected Averages
4.3 34 359
58 375 351 46
58 7 354 212
58 374 349 360
LVATELeS.
68 378 351
Gorrected Lverages
72.3 375 359
36 373 548 46
56 375 350 216
56 375 A80 387
Averages
56 374 348
Corracted AVerages.
70.5 a4 357

Tare
whe 1bBe
45
46
210

46

216

et
wi.1lbs.

187
165

166
168

170
171

Lbs.
per
min.

0
164
16.5

16.45

1645

16.6
16.8

16.70

16.70

17.0
17.1

17.05

17.05



Time
Hreiilne.

10:52
11:02

11:12

11:14
11:24
11:34

11: 36
11:47

11:57

b

th?.' payr uq%in.

100
100
100

100

114.3

100

100

180

100

114.3

100
100

100

109

P,

g X

4]
e

g

6865

66.3

?% ? Gross

: b2
P FE  wt.lbs.

378 380 46

377 351 216

375 a50 ags
AVEIBEBS.

&76 350

Sorracted Averages.

375 357

374 348 a5

380 344 221

a7a 3405 394
AVE rELO8.

372 446

Corranted AVRrages.

372 353

ara %45 46

572 345 a8

369 S48 418
Averagos.

371 B4

dorrecied Aversges
371 351

Tare  Fet
¥t.1bs. wh.lbs.

48 4]
46 170
218 172
46 g
43 178
221 173
% 0
&6 182
238 177

Lb8e

per
min.

17.0
17.2

17.1

17.1

7.5

17.3

17a4%

1.4

17.5

17.7

176

i7.6



Time
Hr.iin.
1:13
1:23

1:33

1.35
1.45

1:47
1:57
2:07

1

100

100

100

100

114.3

180
100

100

114.3

160

100

100

100

114.3

=,

)

Lbss per snein.

48
48
48

48

9.3

40

40

40

54.3

Tl To Gross

ba F° W.1lbs.

A76 549 46

372 S84 Pl

372 344 £02
Averazos.
373 344

Correcied Averagse

373 3B2

ane 344 48

374 345 &R3
Avarages

33 345

Gorrachiad Averasss

73 381

273 F48 46

372 340 227

372 342 408
Averames.

372 S41

Gorraected Averages

372 347

Raye

46
46

i
N

&

46
46
a7

Het

W, lb S “Y‘t ® lbfﬁ..a

i78.
78

177

0
181
1€l

235

Lbs.
per
min.

0
17.8
X ? ™ 8
17.8

1748,

o
W7

17.7
17.%
4]
18.1
18.%

18.1

18.1



Time
Hre¥in

2:09

2:19

2:31
2131
2141

2:55

By

100

1060

160

114.3

100

100

160

100

114.3

100
100

100

114.3

3

L 4

38 372 340 46
35 322 340 228
AVETLEes.

25 12 340

Corrected Averapes.

49.83 372 346

30 374 338 229
30 374 340 412
AVersges

30 a3 339

Corrashted Aversgos.
44,3 ma 3458

25 374 338 46
25 774 339 266
AVETEIRE

&3 a74 338
norrected Averages

39.3 374 344

Tz Gross
LbSemr ﬂqgin' Fl e whelbB8. Whalbs. Wha.lbs.

Tare

46

46

Rot

182

183

183

Lo

b

by

Lbs.

per
min.

i6.2

18.2

18.2

18.3
18,3

18.3

18.3

1834
18.34

18.34



Time
Hr.ilin.

2:57
3:07

3:17

3220
3:38

P

L8« D8Y 80.i8.

100

160

100

100

114.3

100
100

100

114.3

00
100

100

114.3

&0

20

20

3403

10
10

10

18.3

e
78 356
373 334
374 336

Averages
el £ 235

Cross
YhelliSe

46
RE9
418

Corrected Averagos

574 341

374 333 46

372 330 323
bLyverages

313 332

535

Gorrectad Averages

@ g we T e en e e e

372

312

AVEToEes

229

335

forreched Averages.

Tars

wtelbs. wh.lbs,

”

45
46
229

Rat

183

277

183

b5
per
Hine

183

18.4

18.54

1834

18.48

18.45

18.45

18.3

18.5



Time
HraMin.
10:16
10:26
10:36
10:47

10:56

10:59
11:12
11:22

11.32

-

K3
Lbs. »ar sn.in. F°

100
100
100
100

1050

100

Ty submerged 80° F.
Hoom Termeralture 80°

1/2 inch orifise rounded approach.

P, E iy Tg Gross Tare
Fi

80 508 475 4545 45.5
80 532 495 82.5 45.5
80 553 513 112 825

80 541 503 147 112

80 519 486 176 147
Averages

80 531 495

Gorrected AVerapos.

1143 94.3 53 510

100
100
100

100

100

o am wm W e @ em =

60 520 486 187 187

60 550 512 23756 187

60 563 523 278.5 237.B

80 547 510 317.5 278.08
Averages.

80 545 508

Corrected Aversyes.

114.3  Thad B45 524

Het

Wts 1lbs. Wtelbs. Wi.lhs.

50.5
4l

a9

Lbs.

per

min,
4]

b P
295
3.18

Fo 02

326

Gel6

3.9

4ol

3.9

3«96

3.96



Time
Hr.¥in.

11: 35
11:45
11:55

12:05

12:08
12:20
12:32

12:46

P

L.bs. por so.in.

100
100
100
100

1@0

1l4.3

106

100

100

100

100

11443

?‘

BGed

™
&
o

¥
F

541
530
528
525

531

o

504
494
492
489
iverapes
495

Gross

45.5

87
128.5
170

Jorrecied Aversges

182.5
233
2835

348.9

531 810

525 488

525 488

530 492

514 479
Averagas.

. 524 &87

Corrected averares.

524

502

Tare

45.5
4545
87

12665

182.5
182.5
233

283.5

Ket

#te1lhs. Wtalbs. Wielbs.

41,5
41led
415

0
60.5
505

63.0

R9.

ibs.

per
min.

4.15

4o 185

4. 15

4015

4.15

Hai37

4e 37



Pime

P

-

-

Hr.iin. Lbsg. per aq.in.

12:50
1:00
1:10
1:21

1:23
1:34
1:53

1:58
2:10

100
100
160

100

100

1143

100

114.3

100
100

134.3

100

114.3

& & & &

&

£

»
5Q443

40

4.8

50

=0

10

10

S4B

5] T Gross Tare Kot

7 FC  We.lbse Wi.1lbss Whelbs.
513 477 45.5 45.5 0
527 489 89.5 45.5 44
543 503 133 8.5 43.5
8553 512 179.3 133 46,5

AVersges.

534 495
Corrected Averages

534 510

550 509 1885 18855 0
517 479 235 168.5 4645
515 478 320.5 235. 85.5

Averages.

527 489
Correoted Averazes.

827 504

532 490 45.5 45.8 0
836 496 28 45.5 525
Jorrected AVerages.

534 508

533 482 120.5 12C.5 ¥
534 492 162.5 120.5 62.
Corrected Averagos,

834 507

Lbs.

rer
min.

0
4,40
4e 35

423

4633

4a 33

o 2O
4.5

Lol

4ads

Lol



Time
Hr.Xin.
234
7245
2:586

3:06

9 @
ad
<

e
o~
S

o
¢
&

4:00
4:10

4515

31.
TEET N0, 6
Degrees on Thp exposed to Ty = 80° F,
Room Temperaturs 80° F,

1/4 inch orifice rounded approach.

Py 23 3! b Gross Tare Het Lbs.
Lbﬁgpﬂr Be in. PO Wielbse Whelbss. Whalbs,. per
min,
20 80 527 492 202 208 0 0
o0 80 515 483 222.5 202 20.5  1.865¢
90 80 523 480 282.8 222.5 30,6 2.73 ¢
80 80 535 49¢ 275.5 2D2.5 23.0 2.3

Corrected Averapes

104.3 B4.2 525 506 el
S0 60 845 507 286 286 G 0
g0 60 565 528 320,56 286 34,8  3.48
90 60 517 486 362.5  320.8 42, G5
90 60 502 4724 383.5 G62.5 Z21. 35

Corrected averages.

104.3 743 522 513 3458
a0 30 510 477 45.5 4505 0 0
20 50 827 493 84. 45.8 38.5 3.85
90 50 536 500 102.5 84 18,56 3.70

Corrected Averapes

104.3 64.3 B24 505 3.80



32.

nr?é?:. Ebﬁzpar aq.igg g‘ ;é gz?;:s. ﬁzﬁigs' Wffzbs ;2:.
min.
4:18 90 45 541 504 114 114 0 0
4:30 90 45 546 510 160 114 &b Se84
4336 80 45 b8 494 160 16C a0 4o G0
Corrscsted averages
104.3 58.3 D823 518 G.88
5:00 90 435 5058 482 264 &6d 0 0
5:10 90 43 525 490 303 264 39 309
5:15 90 A3 532 496 328.8 303 18.5  Sa9
Corrncted averages
10433 §O7.3 521 497 3.9
5:18 o0 10 835 493 334.5 334.8 0 0
5:28 0 10 538 493 375 334,85 40.5 4.085
5:35 50 10 530 488 403 A75 a8 4,00

Correcisd aversasas

104.3 24.3 533 506 4,005



« 905
.857
.808
«760
2713
=516
575
<537

DATA COLIECTED FROM CCOHPUTATIONS TO OBTAIN
THY THREORWTICAL WEIGHT OF DISCHARGYE.

e

TI57 BO. 1

Avérage Degrees of Suporheat = 26° P,
Pl = 304,53 1b80 8b9c Ql = 1202

Py G - & Cuallity Velocity Yolume

94,3 8 15° 830 4.81
89.2 13 ge 810 5,00
84.3 18 R 950 5.24
79,3 23 2997 1070 B.52
74,3 28 #3903 1180 585
64.3 39 .983 1415 Beb4
60. a4 .980 1480 7,01
56. 50 <975 1580 746
TI5T §O. 2

average Degrees of Juperheat = 77° F.
G = 1229 P, = 104.5 1bs. sbs.

392 Q3 - Qs Cuaslity Veloeity Yelume
94.3 10 68° 720 5.20
89.3 '

84.3 13 33° 980 5.67
T4e3 30 36° 1225 5.23
64.3 43 i8° 1470 B.96
60.3 %8 10° 1550 7.29
56.3 54 100 1645 765

Helsht

10.70
13.82
14.80
15.83
16447
17.20
17.30
17.28

weight

11.30

14,10
16.06

17.25
17.35

17.55

33.



S5
TE3T HO, 3
AVBrage Degress of Supavheat = 100°

B il Ry ~ @ Cuality Velocity Tolume Weight

94.3 « 825 18 73° 950 5.27 14.7C
89.3 «782 23 &8v 1075 De48 15,96
84.3 T8 28 807 1175 5473 16,70
743 «650 39 45° 1380 B2 17.95
6407 0563 51 26° 1600 B.03 18.58

Average Degrees of Sumerheat = 36°

Py = 114.3 g, = 1209

‘P2 __ig 8 ~ Go Lunality Talocity Yolume Yalght
31

97 .85 14 157 sap. 837 4,68 14.6
85 744 25 1° sup. 1118 Ba17 17.68
30 2700 30 <997 1224 S.44 18,35
70 613 an 988 1414 6413 18.84
65 569 46.5  .983 1524 6053 19.04

62 « 543 5C.5 98 15668 581 19.06



4.3
88,3
84.3
Tded
64,3

61l.7

THST RO &

Average Iegrees of Superheat = 196° R.

Pl = 1ide’d Ql = 1291

2 e = 0 e Yolos
.—.ET;— R S Cuality Jelosity
825 2l 164 1050
+782 26 158 1145
<738 32 148 265
650 44 129 1480

* 363 a7 108 1585

«54 &3 100 1778

e X0. 6

Averapgne Deoreas Suparheat = 188° F.

Py = 104.3 ¢, = 1288
Fa G. =@ Uned ity Veloolt
2O AL SRy ¥
. 805 10 180 725
857 7 170 920
.809 22 162 1050
713 35 147 1330
.817 49 120 1565
578 54 113 1545

« 540 5% 160 1760

Yolume

5.90
6. 06
5a43
7.07
779

8.09

Volume

501
6025
He 55
719
8.02
8. 44

8.85

S5,

Weight

3.56
386
408
e 27
4241
4o 48

Weigit

2446
3.00
3. 27

3.77
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Proof that Maximum Weight of Flow Occurs when
s (= /77‘-27
Vs n+/

W_ VA . VAR - A _&)%Vg;q_n / _e%;f]
3 S @) 53570 (B)
. e\[FEE- B\t
. "‘Vazfi?/” B)%
3 77~/ |
; v -# 2-n ; /
dW. b ﬁ_é’é_//_?-'%# ﬁf@n_&‘_’ﬁﬁ
yﬁ‘c{zv&[/f?) /?/ 5 ”6"/ /’7 ;
" e "
Flacing rhe expression equal 1o zero and simplifying
2 (R4 /7_%_7,%
”(/?/ niz)” =7
RV [ /R)L 4
(2|7 2 (2|5 =
(P[]0
as /_'_/:é /7% cannot be egua/ fo zéro
£ R A
Z/f?/ //7+/ 0
'/ﬁ. /—’hﬂ nes
)= T

Raising rhis expression to the(-/)power anrd
solving for é the expression reduces to

’

2 ~[ne
Thesris Flow of Sream . ROC,

i P 2);7’—?7 Q.E.D.






