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ABSTRACT

Under certainconditions,inletswith a sharp edge or geometric corner have

been shown to exhibitsufficientlystrong separationeffectsto permit theworking

fluidtoflow through the duct as ifitwere a "free jet."

Mass limitingflowdata and associatedpressure profilesfor tubes of 53, 64,

73, and 105 L/D with a 90° - sharp edge or orificetypeinletwere taken and

,_ com_)ared to Borda typeinletdata to determine bounds of the"freejet"phenomena.
o'#

,-, For smooth tubes thelimitsappear to be one dimensional and dependent onlyon

inletstagnationconditions. The upper L/D boundary is relatedby

_CT 7
PR o R o

C _-1.8 x 10-4 (L/D)2'5

w:mre PR = Po/Pc is reduced stagnationpressure and T R _,To/T c is re-

duced stag_{ationtempelature (forfluidnitrogen,Tc _.,126.3 _ and Pe "-3.417
MPa). Th_ lower bound appears tobe saturationconditionsat,the inlet.

Similar"freejet"effectswere found for flu.idhydrogen indicatingthatfluid

jettingmay be common to allfluidsflowingthrough 90° - sharp edge inlet
o .

geometries.

INTRODUCTION

' The stabilityof seals,bearings and shaftdampers depends criticallyon the

pressure profileswithinthe clearance passages, The pressure profileswhich

provide the restoringforces and stiffnessin some passages are criticallyde-

pendenton inletgeometry and fluidstagnationpressure and temperature. "n nearly

'" allcases, simple geometries or combmatlons of simple geometries are used.

The 90° orifice_nlettype is one of the most common sharp edge inletgeom-,

etries,yet representsa very strong degree of dJscontlnultyin the streamline as

I
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_., can be noted from the potential flow solutions for several Mmple two dimensionalgeometrie-_,foundiureferenee._1 and 2.

_.' The simpleinletgeometrywhichcausesa fullreversalinthestreamlineand
representsthestrongestdegreeofdiscontinuityiscalledtheBorda inlet.The.

) pre._surcprofile._and mass limitingflowcharacteristicsfora 53L/D Borda tube •

. were investigated in reference ._ and extended to 64, 7._, and 105 L/D in reference 4,

using fluids nitrogen and hydrogen over a large range, of inlet stagnation conditions.

Under certainconditions(Po'ToI)thediscontinuity(separation)was sufficiently
strongtopermitthefluidtoflowthroughthetubeasifitwere a freejetforover

i05 L/D, as evidencedby the"flat"pressureprofileand illustratedon figurei.

Under theseconditions,thepressureplummets tobelowthesaturationpres-

surefollowedby an initialrecompression(recovery)(recoveryand recompression

willbe usedinterchangeablyuntilthephysicalmechanism isbetterunderstood)

and remainsnearlyconstantthroughouttheremainderofthetube- actuallythe

pressureincreasedoverthe,lengthtonearly Peat(ToI)attheexit.The con-
trastwiththeconventionalgaseouscaseissubstantial.For otherconditions

(Po'To2)thepressurewouldplummet and recoverasbeforebutthena zoneof
secondaryrecompression(recovery)wouldoccursomewhere withinthetubeand

thepressurewoulddroptonear Psat___(To2)'attheexit.Sincethooccurrenceofthefre..jetannthemovement ofthesecondaryre--

compressionzonecan affectlargechangesinaxialpressureprofiles(large

changesinforces)itisnecessarytoknow underwhatconditionsonecan expect

thepressureprofiletobe (1)"flat",(ii)recompressedwithinthetubeor, (iii)be-

havellkea gas. Inreference3 itwas foundthatgas liket)ehaviorcanbe ex-

pectedwhere TRo > 1.2,anda criterionwas proposedtodeterminewhere sec-
ondaryrecompressionoccurredwithinthe5._L/D Borda tube. The expression

forthislocuswas givenas:

PRo C T7=. Ro (1)

) where

C = ,_.G (2)

Inrefel_nce4 threeconstraintswere found:L/D, minimum stagnation

pressureand surfaceroughness(_)whichgovernthesecondaryrecompression

locusofeq. (I).The effectofL/D on thegeometricconstantC was investi-

gatedat64,73 and 105 L/D and withthe5a L/D dataofreference.3.Itwas i

foundforsmoothtubesthat: i
,i

C(L/D, c)= i.7x10-4 (I,/D)2.b (3)
I
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and from limited data, roughness (e) increased th,_ efiective L/D, i. _-:-_ increased

_:, C, however no quantitative assessment was g_en. The m_n.,znum stagnation pres-: sure is the saturation or p_eudo-saturalion pressurt. _ and i._ g_._en by the er, terion

I Psat (To) TRo.._. lPOmi n
= (4)

LPpseudo TR o :, I

For pressures greater than PRo calculated by eqs. (1) and (3), and greater
than Po • determined by eq. (4), the free jet phenomena can be expected to

occur an_ie pressure profile will be "flat_" for pressures less than those calcu-

lated from eqs. (1) to (4), secondary recompression will occur within the tube.

It should be noted that the occurrance of the secondary recempression zone

within the tube depends only on inlet stagnation conditions and the geometmc

parameter C, but the influence of inlet geometry is unknown.

In this paper we propose to extend the work of reference 4 to the 90°- sharp

edge inlet. As in references 3 and 4, we elected to study the effect of L/D in

smooth (polished) tubes, as polished surfaces are common in seals and bearings.

The primary working fluid is nitrogen with some runs made with fluid hydro-

gen. These data will enable one to extend some resu]_,s to other fluids.

APPARATUS AND INSTRUMENTATION

The basic flow facility was of the blowdown type and is described in detail in

reference 5. A photograph of the installed 53 L/D..90 °- sharp edge inlet test see-

tion (fig. 2) illustrates the pressure taps and associated plumbing,, '['he tlow was

upward, around the U and downward through the test section The flow rates

were metered using a venturi flowmeter located in the bottom of the storage tank.

Inlet stagnation conditions were measured m a mixing chamber not shown in fig-
ure 2,

The test sections consisted of three components, the 90° sharp edge inlet

(fig. 3). an extension piece and the fixed diifuser which were very caret'uP, y

• assembled to form a tube (fig. 4). The !ongth oi the extension tube was varied

, to produce the desired L/D. Photographs of flmse test sections are given as

figures 5(a) to (d). The apparatt_s and instrumentation is essemially that used in

reference 3. Only a brief description will bc given here for convenience. All

test sections had several local pressure taps, three stagnation pressures, ,_md

'- a backpressure which were us.,d Io establish the axial pr,,s_ure pro.files. The tap
locations are given in table ,. i

] 979023355-TSA05



The bore of lest section was. hand lapped using fine emery paper and cutting o11.

The surface was smooth but eccentricities and discontinuities at the joints were j
e_dent. For expediency the joints were tolerated.

RESULTS AND DISCUSSION

The procedure will. be to first establish an L/D constraint as the upper limit

to free jet flow in terms of the locii for incipient secondary recompression

(recovery), and then determine some results which will permit extension to other

fluids.

L/D Constraint

For each of the four test sections (L/D= 53, 64, 73, and 105), see figures 2

to 5 and table I, critical mass flow rate and pressure profiles will be used to deter-

mine the range of inlet stagnation conditions where incipient secondary recompression

(recovery) occurs within the tube with a 90 ° sharp edge inlet. Each of the figures
m

will be generalized through the use of reducing parameters or corresponding
states parameters.

53 L/D 90°-Sharp Edge+Inlet Tube

The most extensive ,_et of critical mass flux and pressure profile data are

' for the 53 L/D 90°sharp edge inlet tube° Figure 6 illustrates the variation of

critical mass flux as a function of reduced pressure for several isotherms ranging

to TRo 1.09 and gas. For a given _nlet stagnation isotherm, the departure of
the pressure profiles from the "fiat" monotone rise throughout the tub_ length

signals the incipience or appearance of the zone of secondary recompression for
that isotherm; care must be taken to determine those inlet stagnation conditions

under which incipience occurs. Such typical profile sets are illustrated in

figures 7 and 9 schematically on figure 1+ For the nominMly 109.7 K isotherm,,--

the pressure drop_ to Psat (To)/4 followed by _ initial recompression to

3Psa t (To)/4 , and increases in a monotone manner toward Psat (To) at the exit.
Entropy is a more satisfactory criteria but more difficult to visualize. As the

inlet stagnation pressure is decreased, the zone of secondary recompression

occurs within the tube; further decreases in stagnation pressure forces the merger

oi initial• and secondary zones of recompressmn,

From a multiplicity of such pressure profile sets as figure 7 (one set for each

isotimrm), the locus of Incipient secondary recomprcssion can dmn bc constructed

as shown ill figure 0. Above the locus a free jet occurs and below the locus,

secondary rccomprcssion occurs somewhere wHhm the tube. It is quite evident
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_i that while tile pressure p_rofiles can change significantly, there appears litde change

_ in the critical mass flux. The data set is given as table II.
')/

i,,_. 64 L/D 90°- Sharp Edge hflet Tube
1
I, " - . Inserting a 5.38 cm uninstrumented tube between the 90°-sharp edge inlet

) and the fixed diffuser goemetry, Increased the L/D from 53 to 64, see figures S

. to 5_ Typical critical mass flux and pressure profiles are given as figures 8

- and 9, respectively.As our main goal Is to determine the locus ofincipient
seoondary recompression_ thesedata are limitedbut sufficientto constructthe

locus on figure8. The data set isgiven as tableIll.

73 L/D 90°-Sharp Edge InletTube

Insertinga 9.98 cm extensiontube increased the L/D from 53 to 73, see

figures3 to 5. Pressure profilesand criticalmass fluxatgiven stagnation

isotherms were againused to establishtheincipientsecondary recompression

i locus. The locuswas then constructedon figurei0. The data setis given as

i_ tableIV, with-characteristicpressure profilesas figure11.
-i
1
! 105 L/D 90°-Sharp Edge InletTube

_ Preliminary results herein and the Borda tube results of references 3 and 4
! Indicated that for the 85 K isotherm, a 25.1 cm extension tube can be used and a
'(

I: ' free jetsustainedin our facilityto 105 L/D. Typicalpressure profilesare

_:_ illustrated in figure 12.

:): Using thesedata and the criticalmass fluxdataof figure13, an incipient
)

secondary recompression locuswas estimatedforthe 105 L/D 90°-.sharpedgei
_ inlet tube. The data are given in table V.
Ii Using figures6, 8, i0, mad 13. one can no'vconstructfigure14(a)to (d)

I! which representsthe relationbetween incipientsecondary recompresslon .andinletstagnation,pressure, and temperature. For directcomparison, similar

--[ recompression locus for the Borda inlet, from re[erence .t. The reader is [lrst

I: • cautioned that exact points of incipience were not possible for such points not

1 only depend on Po and TO but tim interaction of tim free jet with the tube
boundaries, a stability problem; and second that the stagnation pressure range

between Incipience and no incipience was usually large, giving a certain arbitrari-

ness to the selection of the points on figure 14. These seleci,:d resulls are best

represented by the form

.... ' -" 1979023355-TSA
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I'Ro (_(I,/l), _) Tn= Ro (5)

l_ where O. 5 -_-n ,: 8.5 _tnd ba._cd on the data herein m_d tho_:c of reference 4, we

_ selected n = 7.

Using the intercepts of figure•14, the values of C can be found as a function of

L/D for smooth tubes. Figure 15 depicts this relation

C(L/D, e) -- CI(L/D)m (6)
B

where 2.5< m< 3.5 and selecting m=2. Sgives C 1 = 1.8×10 -4 . Eqs. (5)
and (6) established an L/D constraint on inlet stagnation conditions for smooth

90°-sharp edge inlet tube_; however, it now appears that roughness plays a

greater role than percieved, and is discussed in reference 4.

A comparison of reduced mass flux data for the 90°-sharp edge and Borda

type inlets, figure 16, reveals some differences at low reduced tempe ratures;

however the effect appear.," less pronounced as T R -- 1. And for gases, the datao
of reference 6 at L/D = 2, indicate there to be perhaps 5 percent difference in mass

flow rate bet_veen the 90°- _harp edge and Borda geometries.

Extension to Other Fluids

2"he extension of these results to other fluids is a necessary step toward any

general analysis. In an attempt toward generalization _everal data points were

taken with fluid hydrogen tn the 53 L/D 90°-sharp edge inlet tube, table VI.

Figure 17 indicates typical pressur, "'ofiles which have the same general form

as for fluid nitrogen, indicating that a fluid jet can be sustained in fluid hydrogen.

Further, using the corresponding states argument._ of references 7 to 9, it is

implied that such jetting phenomena are characteristic of all simple fluids. Both

nitrogen mud hydrogen data indicate that the jetting effect can be quite strong even

where the inlet stagnation temperature app_'oaches the thermodynamic critical

temperature (for l_ydrogen, Pc -- 1.293 MPa, T c = 33 K}. It should be noted
however that the reduced inlet stagnation pressure i._ quite high, i.e., to 6,

which is over 2 1/2 times larger than our -_yutcm will permit for fluid nitrogen.

This of course is another reason to take data with fluid hydrogen, namely to at

least double the range of application of the rcduccd result._ determined with fluid

nitrogen.

The reduced critical mass flu× data appcar a_ figure 18, as a function of

reduced stagnation pressure for selected stagnation isotherms. A comparison

of the hydrogen and nitrogen data indicate that the phenomena encountered in the

53 L/D 90°-sharp edge inlet tube follow the applied principles of correspending
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-i states. As such, critical mass flux re_altsdetermined with fluid nitrogen are ap-

plicable to fluid hydrogen and vice versa,

_ For pressure profiles, the correspondence is not so good. With fluid hydro-

!!!i,.. gen at PR < 1 system control and measurement become quite difficult. NearTRo ~ 1, t_e incipient secondary recompression locus appears to behave as a

Ilia] corresponding states parameter but at the lower temperatures and P_ < it1,
At0

_-_ does not. The approach may need to be modified to accomodate changes in friction

factor. Here, we find (see also eqs. (5) and (6))

T4. 35 p-hydrogen
PRo Ro

= 3.68 T7 nitrogen
PRo Ro

Similar results were found for the Borda inlet geometry, reference 4, and an

approximate locus representing those data is _ven on figure 19. The trend ap-

pears in the data of figure 19, but system control at these low pressures is dif-

ficult, sensitivity is lower, and the backpressure becomes a significant part of

the free jet pressure. The free jet might be expanded through a longer L/D tube
(lower effective L/D) ff the tube were exhausted into a vacuum.

While unresolved it appears that the effective L/D of eq. (6) should be in-

creased by 30 percent, and fluid jets do not follow conventional corresponding
states very well.

SYMBOLS

i A area, cm 2

C constant of eq. (5)

" C1 constant of eq. (6)

D tube diameter, cm

jD_ G flowrate, g/cm 2- s

.- o GR reduced flow rate, G = G/G*
p

flow normalizing parameter, _-_/PcPc/Zc, 6010 g/cm 2- s, iorG*

nitrogen, 1158 g/cm2-s, for hydrogen

: ,. L tube length, cm

: _._ extensionlength,cm
j.-

P pressure,MPa

' 1979023355 TSA
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- /(POI 2 average pressure,, M-Pap _. Po2

_" PR reduced pressure_ P/Pc

R gas constant, Ml'a-cm3/g-K

T temperature, K

TR reduced temperature, T/T c

V specific volume: cm3/g

Z compressibility, PV/RT

p density, g/cm 3

c surface roughness ratio

Subscripts:

c critical

o stagnation

sat saturation

i,18 pressure t-aplocations

SUMMARY

In this paper_ the effects of free jet phenomena, jetting, in a 90°-sharp edge

inlet tube have been established and comparisons made to jetting tn tubes with

Borda type inlets.

1. Jetting can occur when the inlet magnation pressures are greater than

the pressure defined by the incipient secondary recompression locus for both

the 90°-sharp edge orifice tube and the Borda type inletc.--. For smooth tubes,

these loeii are defined by

:--C(L/D, e) T n
PR o R o

where

C(L/D, e)_ CI(L/D) m

For fluid nitrogen data, the selected values of n, m and C1 are n _- 7,
m_ 2.5,

t_

_ ....... --: _ _._ m _A._! t_ _ - " _ _ ................ . - • '" ....
.... -7_:-': • ::'' tl ___ = ............ -- .... . :>, :
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_i!i_ C1 '_ 1.8xl 0-4 90 °- sharp edge .inlet ....

C I I.7×10"4 Bord_;I)pc,inlel

To use thisrelationfor fluidhydrogen, itappears thatthe actualL/D shouldbe

hlcrcasedby 30 percent,but thequeslionis not ci resolved. For speelflere-

sults,consultfigure19.

2. The mass fluxm the 90°-sharp edge inlettubes are perhaps 5 percent

larger lhan forthe Borda inlettubesat TRo < I, buinearly the same near
,t:

TRo l.
3. Using flmds nitrogen and hydrogen, the 53 L/D 90°,.sharp edge inlet and

Borda type inlet tube results, and the principle of corresponding states, the fol-

lowing four propositions are offered, the first three of which are extensions of
reference 4:

_. a. The free jet phenomena appear to be common to all simple fluids in

tubes with inlets ranging from 90°- sharp edge to the Borda type inlets with the:, primary control at the inlet.

!,. b. The phenomena are completely characterized by inlet stagnation con-

ditions and tube geometry.

c. The reduced critical mass flux, GR _. G/G _, follows the applied cor-
responding statesprinciplesand resultsattainedfor fluidnitrogen(orhydrogen)

are applicableto allsimple fluids. The latterimplies thatusingfluidhydrogen

results,the range of applicabilityel GR for fluidmtrogen can be atleast

.- doubled,e.g.,_to PRo_6 for TRo::0.67.
d. The pressure profiles,wh:ilesimi_ar_possess a differentlocus of

secondary recompression forhydrogen than for nitrogenindicalingthatthe ex-

t_'ndedprinciplemay be required and surface roughness needs to be assessed

before a law of correspondence can be established° Also the freejetexpansion

._ ofhydrogen intoa "vacuum" may alsobe requiredto establishthe locus.
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TUBEINSTALLATION
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Figure4. - Schematicofc_o. sharpedgeInl,,' ,-_t section..
Seetible ] for pressuretaplocationsant r ,menslon
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(a)L/D.53 (b)UD-64

C-78-470] , C-78-a?06

(¢)UD-73 (d} UO-105

Figure5. - Installedtestsections.
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Q O.69
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17 1.09
0 0.67

----_ LOCUSOFINCIPIENTSECONDARYRECOMRRESSIONI 0---_ GAS

..-4P" J
0 1 2 3

Figure 6. - Reducedcritical massrJux for 90osharp edge tubes as
a function of reducedInlet stagnationpressure for selected Iso-
therms usingfluidnitrogenwith UD--_3.
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figure7, - Axialpressureprofilesfor900sharpedgeInlettubesIllustratingIncipientsecondary
recompressionusingfluidnitrogenfor UD• P3.

t
!._,

TRo

I: 00.700.758
0 0.8
0 0.86

.... SECONDARYRECOMPRESSIONLOCUS
1,0-- e'---_ COLDGAS....

I I J
0 I 2 3

PRo

Figure8. - Reducedcriticalmassfluxfor900sharpedgetubesasa
functionofreducedInletstagnationpressureforselectedIso-

-- thermsusingfluidnitrogenwithUD• 64.
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Figure9. - Axialpressureprofilesfor900sharpedgeinlettubesillustratingincipientsecondaryrecompresslonusing
fluidnitrogenfor UD - 04.
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Figure10.- Re(kJcedcriticalmassfluxfor
_)0° sharpedgetubesasafunctionofre-
ducedinletstagnationpressu:efor se-
lectedIsothermsusingfluidnitrogen
with UD• 73.
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FigureII. - Axialpressureorofilesfor90osharpedgeinlettubesillustratingIncipientsecondaryrecompressionusing
fluid nitrogenfor UD- 73.
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Figure12. - Axialpressureprofilesfor900sharpedgeInlettubesillustratingincipientsecondaryr_ompressiolausingfluid
nitrogenfor UD• 105.
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I Figure13,- Reducedcriticalmassflux.Sr 90osharpedgetubesas
a functionof reducedinletstagnationiz'essurefor selectediso-
thermsusingfluidnitrogenwithUD • 105.
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Figure14.- LocllofIncipientsecondaryrecompressionIn tubeswith90° sharpedgeandBordatypeInlets.
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Figure15. - Interceptvaluesat TRo- 1 forincipient
secondaryrecompressionin900andBordatubesas
a functionofUI).
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Figure16, - Comparisonof reducedmassfluxasa functionofre-
ducedtemperature(_rtubeswith_,osharpedgeandBordatype
Inlets,
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Figure17.- Axialpressureprofilesfor fluidhydrogenin a _,_UD90osharpedgeinlet.
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FigureIS.-Reducedcriticalmassfluxforfluiahy-
drogenina5:1UD 90°sharpedgeinletasafunc-
lionof rec_ucedinlet stagnationpressurefor se-
lect_ isotherms.
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Figure |9. - Flui¢lleteffe_t._for p-t,ydroqt,n in 5Jlid _) sharpedqeinlet tube,


