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ABSTRACT

ST

The results of a study of pressure drops across s 5/32 inch
throet venturi meter and s 5/32 inch thin plate sharp-edged orifice
for the borizomtsl cocurrent, flow of the sir-wster twowphase twie
fluid system in a 3/4 inch pipe under essentially isothermal conditioms,
are presentad. This is the firgt critical study of two phase flow
in a Venturi meter and in a 5/38" orifice.

Flows of water of 0.1 to 1.7 gallone per minute with air rates
in range of 0.00022 1bs/sec. to 0.0092 lbs/sec. of air mixed in were
stulled, All flows vere twbulent when judged with the conventional
Reynolde mmber criteria. It was found that two phase two fiuid
flow in this region was not steady but fiuctusted,

Predicted pressure drops calculsted with the Chenoweth-Martin
Corvelation (1) gave results which were 50% to 150% too high for the
orifice. An iwmproved corvelation is presented which gives predicted
pressure drops 10 within 15% of the sctusl results for 85§ of the
dats calculsted, for both the orifice and the Venturi.

It is showm that tempevature has important influence on single
phase water flov in venturi, a 10§ incresse in pressure drop bedng
cbserved with temperature rise in tap water fyam 10°C to ko%c.

{1) Ref. 10
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PREFACE

W——————

This thesis 1s the result of intervest developed through two
phase two fluld flow studies at the Newark College of Engineering
Advanced Unit Operations Laboratory.

Work dome by Marbtineili (2), and simplified by Bexgelin (3)
indicated that an empirical method for estimating liguid-gas mixture
pressure drops in a Horizontal pipe line system wss possible.

It was decided to study the problem, using s controlled snd
well established mediuwm for flow meesure and pressuve drop. The
venbturi meteyr and orifice were selected s this medis.

Alves (i) re-studied the work of Martinelli and presented an
inconclusive pressure dvop study across for s return bend and a tee,
with openinge in a vertical plaus.

Chenoweth and Mextin (5) proposed an improved correlation
enconpegeing valves, fittings and an orifice, uaing standexd friction
coefficients for the fittings.

Their date were published during the preliminary investigsbions
on this thesis.

{2) Retf. 5 (3) Ref, k& {4) Ref, 11 (5) Ret. 10



The spparetus for this thesis wes designed, constructed and
operated by the Writer st the Newark College of Engineexring.

The writer wiches to thank Professor G.C. Keeffe for his
guidance in this project and Mr. Purmadge of the Opevationg Laboe
ratory £or his sssistance in the constraction of the spparetus.
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This thesic was underteken to study the isothermel flow of 8
two-phsse two«Tluid system scross a venturi and an orifice, with the
purpose of developing a correlation to predict more accumabtely
sctusl pressure dxops.

Alr and water ware selected as the fluids to be studied. Nitrogen
and carbon dioxide were consideved for study but these were wob
pursned; it wss felt that the molecular weight of Nitvogen and iis
physical charecteriptic were close enough t¢ that of air to not ueke
its study significant. Data, to date, on the alrwwsiter aysten gives
reproducibility to only 50%. Carbon dioxide posed s solubility
problem vhich would yemove the stuly from the realm of "mixtures”.

Egquipment was ingtalled to permit any ligquid to be used, especlally
to study effects of surface tension, but the work was beyond the scope
of this thesis.

Mertinelli (2) originally proposed an empirical corvelstion for
the estimption of pressure drops for s two«fluid two-phese mizture
in a Horizontal pipe ard his results were presented by Bergelin (3)
a8 "move ussble" dsta. His correlstion gmve reproducibility of +20%
and 50 in Horizontal 13" pipe when the overall sversge pressures
were low, that is in the neighborhood of 18 PSIA. %&moﬁ'm
wethod involves the caleulation of & parsmeter X vhich imvolves the

(2) Ber.s (3) Ret. b



ratio of the pressure dyop of the liguid to that of the gus, each

pressure drop being calculated as if the fluid were flowing alome in

the system. These pressure drops are calculated by the standerd |
Reyoolds musber & Fauming Equation theory bub ere modified by factors .
which are obtained from empivical dats cbiained by Martinelli. These

factors sye dependent of flow chavacteristice of the fluids snd ave

determined by s study of the Reymolds Fumbers of the individual flulds.

The two phase pressure drop is determined from parameter @ which i
obteined from a plot of & vs. X.

¥

Experiments in this laborvatory indicate the sbove carrelstlon for
air-umter fiow in 4" pipe agrees within the limits of experimentel
scouracy as noted,

Alves (4) in 195k presented his work om 1" pipe which bore out
ihe resulis as cbtained by Martinelld.

The standard retuwrn bemd snd side flow through a "Tee" are
discussed Lriefly for the above fittings, published valuss of preasure
drops expressed as equivalent lemgths of pipe, hold for two phase
two fluid flow, for the limited cases studied. It is pointed out,
however, thet his resulis are incomclusive in this respect. One of
the chief difficulties lying in the fact that the fittings lay ins
vertical plane » the differences in static hesd being wathematicslly
corrected.

(8) mer. 11



The results for pressure drops in straight pipe flow sgree,
within experimentsl scouracy, with those of Bergelin.

Alves presents an excellent physical exd pictorial descriptice
of the "types” of flow encountered in his two phase airw-yater system,
i.e. btubble, piug, stratified, wavy, siug, amular, and sprey flows.

Chenoweth and Mertin (5) present the latest (Octaber 1955) work
on twowphase two-findd system pressuve drops, sn improved corrvelation
being presented for test sections of 13" snd 3" pipe size as well as
s 3" globe valve, 3" long vadius veturn bend, and, of grestest lnterest
to this thesis, & shexp edged orifice of dismeter ratic 0.55.
Apperstus used by Chenoweth was essentially the ssme ss that of
Martinelli snd Alves. However, vhere Martinelli limited his studles
to & waximms of 50 PSIC snd 1" pipe, Chenoweth worked with 13" amd 3"
pipe for pressures wp to 100 FSIA. It wes noted that the Mertdnelli
correlation gave caloulated results up to 250% too high for 3" pipe
snd 100 PSIA.

For turbulent flow Chenoweth offers an improved empirical correlas
tion, which tends to correct for pressure. The correlation is s plot
of two plmse pressure dvep divided by a fictitious sll ligquid prsssure
drop versus the Ligquid Volume Fraction with the »atio of the fictitiove
"1l gso" to the flctitious "all ligquid" pressure drop for the system
as & parameter, Figure 8 shows their complete correlation. Ueing the
Chenoweth correlstion, the sversge of sbsolube deviations is 19% for 13"
snd 3" Hovizomtel pipes, for turbulent flow.

(5) Bet. W



Chenoweth treats fittings by waing the single phase frictiom
coefficient for the fitting, es suggested by the Hydreulic Institute
in 1948 (6). Inspection of Figure 8 shows thet the pavemeter is
reduced o the ratic of the specific grevities of the fluids at the
test section, simplifying the calculations for orifice snd Verdurl
alike.

The work presented in this thesls studies the sireunter system
through & test section of 3/k" pipe and a speclally designed standard
orifice and venturl meter, each having & nominal throut dlameter of
5/32 inch. Flows of water varied from 0.1 to 1.7 GPN, being mixed
ﬁmmmmwmm 1bs/sec. of sir. Throat pressuves varied
from 2 t0 & mexisam of 30 PSIG. These revges were selected to give
& complete range of pressure dvaps of Up to 50 inches of mercury; and
the Vemturi and orifice dimmeter of 5/32-inch wes, by dssign, most
suiteble for produsing the sulteble pressure dvops with aveilsble
laboratory equipment. The design of the eguipwent proved to be very
satipfactory for the sbudy wndertsken.

A 1literature survey was made on the "Pesse Anthony" Venturi
scrubber inssmmich as pressure drop scross a Venduri scrubber ave s
mesgure of ita efficiemcy (7). All referemces indicste a flow rate
of from 2 t0 6 GPN of wwter per 1000 CFM of alr with a 9 $t0 15 inches
of water pressure drop.

(6} Rer. 12 (1) =mef. 1, 15, 16, 17 & 18



Consldereble work has been done on two phase single
in orifices and to n leaser extent in venbturig¢s.
(Bee Ref. 20, 22, 23, 27, 30.). Monrce (11) has doveloped an equation
for relationakip smong a series of knifewedged orifices for the
following varimblest wmass flow, viscoaity, tempewvature, density, and
presguye drop sacross all the orifices.

The most Important system for single flulds is steam snd water -
and much work has been dome in this divectiom for stesn trep design,
boiler design and related equiypment.

{11) Rer. 27



The equipment vas designed snd installed strictly in accordance
with Figure 1 snd the Equipment Schedule which is part of Pigure 1.
It is to be noted that three test sectioms were svailabls, Test
Bection ¥V for all Venturi runa, Test Section 0, for runs 19 through
22, and Test Bection O, for all other orifice runs, Pressure taps
for Venmburi and Orifice were standsrd, ss indicated in Figures 2 and
3 except for Test Saction O, which had pressure taps 38 pipe dismeters
wp and dovmstream of orifice as showm in Figure 1.

The tempersture, pressure, and pressure dvop massuring instrumsnte
are lebeled to conform to mmtch the calculated and wnealceulated dats
colums in Tebles 2 sud 3, except for rotemeter resdings R, and Ry
vhich are cbvicusly for air and water and ave tabulated in Colwm b
and 8, respectively, in Tedle 2.

V¥ater Rotamster "L" was cslibrated and found corwect to .05
4.P.M.; pressure geges were checked to maxiwmms of 50 inches of mercwsyy
and were correct to +.5 PSIG, the maximum deviation ocourring below
5 pag6.



Pressure Reducer, Foster Eng ng Company $567030, 1/2°,

10 SCPFK air from 90 PEXG to 45

Safety Valve, Iamk. 629, 1/2" Bronze, Set at 45 PSIG, when used,

Temperature Indicator, glass laborstory thermomeber, mange
~10-0-60°C.

Compound. Gage, Asheroft 1010, renge »30-0-60 PSIG; 3 1/2" Dial

Fischer and Porter Company, SCFN Air Meter @ 14.7 P.8.1.A, and
70%., Range 0.3 to 3.5, Serial No. W5~1386-2

Fischer and Porber Company, SCFM Air Neter @ 14.7 P.S.14A. and
TO°F., Range 0.1 to 1.2, Serial No. W5«13261

Behubte Koerting Syphom Fig. 217, 1/2" Size, Bronze, Cepacity
270 GPH at 4O PSIG, 1 Ft. Suction and 20 Ft. Dischavge

Schutte Kperting Water Jet Eductor, Fig. o6h, 1/2" Size, Bronze,
Capacity 127 GPH Vateyr @ 10 PSIC Pressure, O Buction, O Dise
chayge

Liquid Pump, Uberdorfer, 1/2" x 1/2" Bronsze, Capacity, by lab
test, m,hmawm‘

Pressure Gage O»120 PSIG



Gravity fluid, Tube Size R-8M-25+2. (For water service)

Verturi Tube = See Pigure 2 (For Test Section V, in Figuve 1) «
5/32" Throet with stendsrd Venturi Angles.

Manometer, Miriamm, Type W, Model M»100, Serisl C-Lugh), Range
50 inches

Orifice, - Se¢e Figure 3 (For test sections 0 & Oy in Figure 1)
Approximately /64, sharp edged.

Globe Valve
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The opexation of the spparatus, as shown in Figwe 1, ws
esafully done by slways keeping a positive weter pressure om the
gywten, i.e, keeping ailr cub of the mencmeter ftaps.

A comstant flow of water, 1.0 GPE for exmuple, was maintained
through water rotamster - L and flow of alr through the rotameters Z
{or ¥} was varied by controlling globe valve Q. Pressure vas sdjusted
at regulator A to keep P; at a constant pressure. Jet-G was designed
to be used for high air flows and low water flows; and Jet«H for high
weter flowe and low sir flows. In practice it wes found that Jet
selection was ot critical.

Pressure doumetyean to the test sections was contyolled by valves
st the discharge.

%%&WW‘QMWMWMMMn
ing manipulste the equipment snd approsch reproducable conditions.
A study of the dmta in Tables 2&3%%@%%&?8&1&
phase, water test rume were made to check and reecheck reproducidility.
However, once the sycbem was properly freed of tawpped alr pockets, by
vents not shown in Pigure 1, very little trouble was exper
the equipment and water alone slways gave very reproducsble results.

o tempersiure comtxol was attempted, other than permitting
equipment to reach "steady” conditiom.



The date obiained sre presented in Tebles 1, 2, and 3. Teble 2
includes laborstory date for vhich calculations were made, Tsble 3
includes only dats for which no calculations were made. Inspection
of the data in Teble 3 indicates ressonable reproducsbility. Dats
vere selected for caleulation at random, Yo give s complete vange of

Single phase water-flow ve. tempereatuwre of water are plotted in
Figure b,

Figure 5 incorporates single phase pressure dvop versus wabter
flow caloulated using standard formilee for orifice and venturl sand

actual experimental resulis.
Figures 6 and 7 ave plots of water flov rate versus pressure
drop at all sir flows studdied.

Flgurve b 15 & plot of water flow versus pressure drop as obteined
ntally aud weed in caleulstions for determining the "all
1iquid” pressuwre drop.

drops versus actusl pressure drops.

Hote that each of the Figuves 15A and 158 indicetes a correction
equation for modifying the predicted result to give the actusl
pressure dvop within 198 (spproximete) sccuracy for 85% of the data
pletted,



Fn initial »uma vhile the equipment was beling tested, 1t ves
chaerved that here was u marked increase in pressure drop scross
the venturi with an incresse in temperature. A stuly of Piguve b
renge of 12 to 22°C, but a Purther increase in tewpevature to 40°
saused 8 106 incresse in pressure drop.

These date were plotted from yuns where wara tap water wes mm
through Test SectionsV, during start wp and continued as the tap
water cooled to outside (winter) conditions.

The growping of the date at the lowey temperstures is explained
by the fact that 1uns were msde on different days when solubility
of aiy in weter probably varied. Variastions in the low temperature
group wes sbout 2 o 3%. |

Figure 5 shows the cosparison of calculated pressure drops of
single-phase water £10v in the venturd apd in the orifice as well
a8 experimentel resulte. The cwrves for the venturi coincided; the
curves for the ovifice did not. The orifice deviation is explained
by the fact that the unit was "homewsede” snd subject to the
calibration curve for lsborstory wse. Figuwre 5 served as a calibrae
tim curve for the orifice for subsequent calculations.

Figure 5 is & plot of Teble 5, the orifice esleulations being
cbtained from these vwlues, corrvected, for orifice coefficients.
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The experimental curves were plotted fryom date for single phase rums.

The results sre shown to be within limits of experimentel error
by studying Figures § snd 7, vhich shov water flow yate in G.P.H.
versus presgure drop st verious flow rates of alr expreassed in pounde
per secomd. Each of the points plotted is accompanied by a flow rate
of alr noted with it. Cwrves have beem drawn to indicate a parsmeter,
Ry, of air rates. Jomemuch as the figures are plotted on reguisr
linear graph paper, the resuliing curves are sccurate enough for
spproximeting pressure drops for the sir«emter systen at pressures
wp to 30 PEXG, with sbout 206 accuracy. Because date for pressure
drops acroms the orifice were more limited, the Venturl plot,
Pigure 6, iz mowe ussble. Figures 6 and 7 were primarily used to
check for reproducsbility of rums.

Maxtin {5) correlation is best represented by
Figure 8 which hes been reproduced from their data snd used for
calculations in this thesis.

Figures 9, 10, 11 snd 13 are nomograpbs used in reducing the
data to useble tevms. Figure 9 was used to obtain the density of
slr at the test sections end resulis are tebulated in Table 2
Colwm 6. Figures 10 and 11 gave the air rate expressed in lbs./sec,;
the results sre plotted in Column 5. Figuve 13 comverted GPM of
water to 1bs,/sec.; results aré tabulated in Colwm 9.

(5) Ret. 10
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Figure 12 has been plotted to show the values of Friction
CoefPicients, K, for Orifices and Venturi sections, for verious aves
ratios, Inssmich as the values for the test orifice and venturd of
this thesis lay on the extrepolsted curve, the K factor was pot used,
{nor was it requived).

Inammck s the 1948 Edition of the Hydraulic Institute Hydraulie
Data were not svallable, the values suggested by Addison (9) bave
been plotied.

Pigure 14 is essentially the same data as in Figure 5 for
experimental results, plotted to give a more ussble graph. Orifice
run 19 1s for Test Sectiom 0,3 orifice xun 27 is for test sectiom O,
This £ig. was used to cbtein A Pp¥* which is the pressure drop
caloulsted asswiing totsl mass flow o be water, ss tabulated in Tsble
2, Columm 21, from the total flow in Columm 16. In effect Figuve 14
is the calibration curve for the venturi and orifice. The liquid
volwmse fraction, LVF, is the yatic of liquid volume to total volume
flow. Colum 19 is the »atic of water density to density st the test
section conditions.

Figuves 15A and 158 is the plot of sctual pressure drop es
obteined experimentally, (4P, orAPB) versus the two phase pressure
arop, (A\Py,), s cbtained from the Chenoweth Martin correlation
(Physically, multiplying colwmms 20 and 21 in Tsble 2). The plotted
points on Figure 15«8 for the orifice, are comparable in grouping to

(9) BRer. 1k




24a

those of Chancweth and Nertin (1) sod the results are at least as
consistent. This is of intevest because the diumeter yatlo of thely
orifice was 0.55 vhile the orifice of this thesis iz 0.19.
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A straight line drewn through the orifice experimental data of this

thesis ss plotted in Pigure 158 permits a logerithmic egquation:
(1) ATy g = 022 (ARgy gy )

vhere (APpp pop) is the proposed predicted pressure drop of this

thesis and AP prgp is the ChenowethePredicted Velve.

Figure 15«A iz a similar plot for the ventwrl, which has no
cowumterpart in recent literature. A similar expression is developed
for the venburis

() APg iy = OM0 (AP py) W

With the terms dsfined as ebove. The equations ave developed on
Figure 15 apd 15B. It is of wuch significance thet the slopes of
mememmm,mem
sccuracy, &nd both expressions correct the predicted value to read
vithin 19 of the sactual pressure dvops for about 85% of the date.
It is comcluded thet the above correllation, as expressed in eguation
form, when used with the Chenoweth-Martin correlstion gives 8 more
sstisfactory estimstion of pressure dvops under conditlons of flow
of this thesis.

Prom the Chemowebth-Martin plot a aimilar expression can be
derived., A curve drssm through their data indicates an expressiond
(II)  ABwacr = od5 (AP pman.) M

Bacause the expoment of the (APypp pgep, ) tern is exnctly the
ssme it is suggested that the following genersl form of the equation



is possible for vembw

1.1
(V) APy pon # K (AP por) !

Where K+ would be & constant for e given orifice or vemturi in twoe
phese two fiuid flow, depending on throat snd pipe dimmebers, In
Word form, "Predicted two phase pressure drop equals & constent, XK',
times the 1.17 power of predicted two phase pressure dyop s predieted
by Chenoweth”,

It is noted that two~phase two~fluid flow is an unstesdy state
flow as evidenced by fluctwations in manometer and pressure resdings.
ning pressure lines permitted remdings to be taken.

Fresgures of air had €0 be reised from 30 to 50 PSIC 4o exceed
the stability cwrve minimm of 45 PEIG for the air rotemeter. The
incresse in pressure did not maberislly sffect the "unwbesdy state”
cemdition.

Because the Reymolds mmber 414 not vary spprecisbly, the 10§
chenge in two phase pressure drop was abitributed to the chenge in
solubility of ailr in water (see Figure 4) vhere temperature varied
fxom 10°¢ to 450°C. The change in surface tension, viscosity, velocity,
and grevity were not sufficlent to causs the marked change.
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It is comcluded that for twhulent air and water flow through
& venbhurd or orifice meters

(1) Pressure drops can be predicted to within 15§ - the best
pmiemwmhﬁmtmﬁ%w&ﬁmmmsiwmafm
vith devistions from 50% to 250%.

{2) The use of the following equation is possidle for predicte
ing pressure drops to within 15%: for both orifice and venturi:
. - , 1.1
APpy (prettcted) = K (ARg') 237
vhere APge' i the predicted pressure drop of Chenoweth snd Marbin
for an orifice snd X' is & constent depending on dimmeter ratios.

{3) Pressure drops ave affected markedly by bempersture
chenges snd that these changes are not attyibuteble to changes in
the Reynolds' mmber. Solubility of gases in & fluld, surface
tension, velocity, surface phenowens, snd other varisbles such as
the flashing of lignids sffect pressure drops to s much greater
extent in the two phase two £luld systems than in single phase or
in single £lwid systems.




Beyond the scope of this thesis, the following ave suggested
a8 svenues for further work on twowphase twosfluid flow,

tigation of the effect of surface tension (The

VEBXR mumber) on pressure drops in the Vesturi., Pardve (10 sniteates
& varistion of over 1/2% in the Famning Friction Factor, £, dus to the
effect of mibient tempersture, for single phase flow, This indicates
that the friction Factor is not a function of the Reynold's Fumber
avd a rowhness factor alone,

8. 00dy{10) also suggests that the friction factor may be
affected by the MACH or CAUCEI which intvoduce scoustic velocity, and
FROUDE'S mamber which considers "Free surfuce” phenowens. The orie
fice and venturl coefficients may de a function of these wavisbles,

The ayperatus is well sulted to these pussible investigations.

{10) Ref. 9 pp. 679,683
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_Tas e 3

TABULATED DATA
T Ra Rw T2 P% Po P3 Pg
Run ©°C PSIG _CGFM _GPM _°C PI¢ In. Hg In. Hg PBIC
1 0 .20 53.5 .15 .05  53.0
.30 5L.5 .30 .10 52,5
.50 53.0 1.0 25 52,5
.75 51.5 2.15 .Ls 50.8
1.0 49.5 k.1 0.80 L7.5
1025 hSOS 6.6 l.2 M.O
1.50 Lo.5 10,0 1.9 38,5
1.70 36.5 12,5 2.6 3L.5
2 0 «20 L0 +25
.30 60 30
+50 1,15 Lo
.75 2.5 .55
1.0 ’ ,-l~7 1005
3 0 1.7 38 7 13,5 2.55 5
1.5 38 18 10.k 1.90 17
1,25 38 13.5 7.15 1,20 13
1.0 38 7 L.55 0.80 6
.75 38 15.0  2.hs 0450 1L
.50 38 10,0 1,12 0.25 9
.25 38 - 13.5 0429 0.075 12,5
k 0 0 22,0 0 0 - 0
0,20 22.0 L.8 0.15 - k.2
0e30 22,0 8.8 0,33 8.0
0.ko 22,0 13.3 0,62 12,5
0,50 22,0 19.7 1,05 19.0
0060 - 25.2 1.55 2)4.5 “,'
0.70 21,8 31.5 2.10 30,5
0080 - 3703 206 3600 -
0,90 21,8 h2.5 3.25 h1.3
1.00 22,5 4.5 L.0O 13.7
1.10 - 1700 ho9o 1602
1.20 23.0 20,7 5.95 19,5
le30 23,5 2L.3 7.05 23.0
1.0  24.0 28.8 8.35 2742
1.50 305 37.5 9,70 36.8
1160 32,0 28.2 11.60 26,5
1,70 32,8 32,5 13.L5 30,0
5 0 1.k0 32,8 21.8 8.52 20,5
1.00 32,2 11.3 k.20 10,3
0.50 32,0 2.8 1,10 2.2
0420 31,5 L0 0,17 3.3




T Ra Rw T P
Ran %% P;%G S ngu In.<ﬁg
5 o) 0,20 30,5 k.o 0.17
0.0 bt O O
1.0 29.0 L3.0 L7
1.0 17.0 33.0 3.95
1.0 1.0 30,2 3.95
1,0 13,0 2.0 3.98
7 - 30 .20 1,00 25,0 5.0 6.75
- 30 L0 1,00 25.5 8,0 8.65
22,0 30 60 1,00 - 11,5 11.25
22.5 30 .80 lom - 15.0 1)-1.6
- 30 1.0 1,00 - 18,0 16.7
23.0 30 1.2 1,00 3045 17.0 21,5
-8 30 «20 1.0 1645 6.0 59
’ 30 L0 1,0 16,0 8.0 8.25
20,5 30 60 1,0 - 10,0 10,8
22,0 30 1.0 1.0 14,0 15,0 15,7

30 1.2 1,0 14,0 17,0 17.35

n 1,0 k2,0 11,0 L. Lo
1,0 37.0 o] L.38
1,0 32,5 11,5 L.35
1,0 27.0 22 L.15

1.0 22,0 34,0 L.10
1,0 20,0 L0 Le05
1.0 18,5 L0 L0
1.0 1745 L.O | 79%0)

12 - 30 .2 .20 18,0 3-6 0655
23,0 30 i .20 18,0 L-10 0.85
23.0 30 .6 020 - 9-11 1.25

23.0 30 1.0 .20 19,5 15. 2.05

- 30 1,2 .20 18,5 18, 2.h0

13 - 0 0.0 1.5 1.5 2.5 9.15
. - 30 .20 1.5 13,5 6.5 13.35
23.5 30 L0 1.5 13.5 9-10 17.0
23,5 30 50 1.5 13,5 13,0 20.9

- 30 1.0 1.5 11,5 18,0 28,3

23.5 30 162 1.5 11,5 20,0 31,3

(36

P
PSIG

3.3

41,2
32,0
29.3

L5
0=

3-8
L-12
3-14

2-5
2.7

8-13
8-15

10,0
0.0
10,5
21,0
33.0
3.0
3.0
3.0

L=6
0=9
5-10
13.5
17,0

1.0
225
2.8
0-8
3-12
3-12

1L & 17 - This was "Water Run" recheck similar to Run 11 after cleaning

and checking Venturi,

19 0 28.0 - 0.0
Orifice o2 28.0 2.5 0.28

1)
2,0
8.5
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T P ra Fw T P Pp P P
Run 05 PS%G TFM GPM 0% PS%@ In. Hg In. %g psiG
19 A0 29,0 10.9 2,75 9.0
Orifice L0 29,5 12.1 L.82 9.7
l.O 3005 13-2 7060 9.5
1.2 31.0 17.0 11,3 12,0
l.b 32.5 16,3  16.2 9.0
1.7 3L 19.9 24,3 8.8
20 24.5 30,0 0.50 1.0 3045 5-7 12.1 0=3
Or- 2hL.5 30,0 1.0 1,0 2945 8-10 16,2 0-3
1= 2L.5 30,0 1.5 1.0 28,0 10-13 21,3 Owly
fice 24,5 3040 2.0 1.0 27.5 10-15 2649 Owly
224-3 3040 Max. 1.0 O-h
Reprod.
Reading
21 25.5 50 .5 1.0 32,0 16,0 13.L0 5-15
Or- 2505 SO 105 1.0 3300 32‘3,4 1902 15'30
i- 25,5 50 2.5 1.0 36.0  3L-37 29.9 15«30
fice 2505 50 3.0 1.0 3700 38-112 3;4.1 15-30
- - 0.0 0.0 - - 040 -
22 bad - - 000 29.5 0.0 - 000
1.0 29,5 4.0 Te2 1.0
1.0 29.5 340 7.8 0.0
27.0 50 0.5 1,0 28,8 c-8 12,3 0-3
27.0 50 1,0 1.0 28,9 7-11 17.3 0-3
27.0 50 1.5 1.0 28.8 10-15 23.7 Owdy
26,8 50 2.0 1.0 30,0  14-19 30,4 O=5
26,8 50 2.5 1,0 32.5 17-23 36.1 Ow5
26,8 50 3.0 10 33,8 2330 hlie3 0-7
26,8 50 1.0 1,0 39,5 7-12 1846 0=3
23 1.0 h1.5 3.0 7.85
103 hl.g 5.0 13085 -
1.7 L1.,0 10,0 23,55
100 hOOS 3.0 7-80
Oe7 3960 1.0 3.55
Ooh 3800 . Oo' 102
002 3705 Oo’ 00 23
0.0 - - 0.0
2L .20 37.5 3.5 0.25 2,5
040 37.0 3.8 1,05 2,5
0,70 37.0 5¢3 3.68 3.0
l.O 350 6.0 70&5 2.3
1.3 3445 1062 12,95 L.O
1.7 32.0 U5 23.3 33
1.3 2905 905 12.65 3.5



T1 P Ra Rw T2 P} Py Pg
Ran o pste oM oM 9 PSIG In. Hg In. psic

27 0 0,20 25,5 50 0623 b7
0.0  26.0 6.5 . 1ldo 5e8
0.70 2640 6.5 3.58 Le8
1.00 27.0 762 - Tdl 3.7
1.30 ’ 27.0 11.0 12.55 60
1,70 28,0 15,2 22.8 LeS

28 100 30.0 1.3.2 7.2 N 9.5
1,0 31.0 13,8 7.38 9.8
1.0 33,0 14,0 7.L0 10,0
1.0 18,0 10,2 6,75 7.0
1,0 13.0 7e5 6.70 ko5



crogs-pectional srea of pipe, square feet

pipe dismeter, feet

friction factor for Pamming equstion, dimensicnless
accelevation constant due to grevity, £t/sec®

mass flow rate, 1b (mass)/sec ﬂ-ﬁ

friction coefficient for a valve or Dtiing, dimemsicmiess
length of pipe, feet

Reynolds mumber, dimensionless

flow rete of £lwid, 1b {mass) /sec

pressure drop, 1b {force)/242, or In.E,, vhere epplicsble
viscosity, 1b {force)/ft sec

density, 1b (mmss)/rt®

. matio (orﬁlwﬁﬁ dimensionless

ratio (Py/P,, dimensionless
Abscisen for Lockbart and Martinelll correlstion

- dimensicnless growp equal to ,%_4' ) 4

orifice velocity, £t/sec., average

velooity, uwpstvesm to orifice, ft/sec, average

atatic hend diffevence betwesn wpstremm and Vens Contrects in £%.

velocity, ft/sec



T - temperatwra, °C

¥ « pressure, PSIG or Ius&s
Rs « ailr flow, #/sec., fi:.?‘/m
Bw » water flow, #/sec., 25/ sec

& « schual gas flow in total pipe crosswsection, used in lockhart
and Meytinelli correlation

G « actunl ges flow
0F -« Piotitious allsgas flow

1 « wetual liguid flow in totel pipe crossesection, used in
Iockhert and Mertinelll

L » smetunl 1liguid flow
124 - fictitious sll-ligquid flow
8P » singleephase




TABLE 5
Pressure Drop Across Venturl for Weter

L
Vi Vo By Tus. Hg
Flow, GPM 4. [sec. £t [uec, £t (12.6 8p.g.}

1.7 1.02 28.4 13.0 i2.h
1.275 T 21.3 7+35 7.0
0.8 .51 1h,15 3.24 3.07
egkﬁ ,2.‘? ?'1 "'815 "78
6&1? n‘m 2;3@ Ulsl clﬁ

These daba plotted FPigure 5.



Press Drop Acyoss Grifice (Or Vemburi) &

i

Ver-Vi* < 2 g Hv

“V = an" VuL

2.8.&"
For 5/32" Vemturi, 1.7 GPM Water, & 3/4" Sch. 40 Pipe

*/
V.= 1.1 §:Pﬂ‘ 8.33 GaL =1 DZFT/“
' \ Gosec/rmin] .23 /et ) see
3.
Ve d21] t144x 4 L o 8.4
° o x (.1562)*T7 ) 7. 4 28

cw .98 (Assumed Constent Por Venturi) wveries

For Grifice, Depeniing on R., and
Plameter Ratio.

Hy: {2847 (.o2)*
A X 3R.1T X (098)"

13.0 Fr. Warsp

Hv; 13.0Fy Hio} In. He
li.045 Fy oo

12.4 In. He

Bote:
H; bas effective Sp.g, of 12.6
bhecnuse water la sbeve mercwry
in mepometex.

(8) Ref. 3
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Y (o= R v A x|
APt 59+ =] [ 2] [5ge]

APt =K O
AP £ K O¢
- e..
Co

The pbove expression is tebulated in Column 19 and is cbtained
by fividing veter densgity = 62‘3#/3"53 by air density
Colum T, deterninwd for test conditions.
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