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ABSTRACT

Under certain conditions, inlets with a sharp edge or geometric corner have
been shown to exhibit sufficiently strong separation effects to permit the working
fluid to flow through the duct as if it were a "free jet." »

Mass limiting flow data and associated pressure profiles for tubes of 53, 64,
73, and 105 L/D with a 90° - sharp edge or orifice type inlet were taken and
compared to Borda type inlet data to determine bounds of the "free jet" phenomena.
For smooth tubes the limits agpear to be one dimensional and dependent only on
inlet stagnation conditions. The upper L/D boundary is related by

Pp ~CT.

0 RO

C~1.8x10"% (L/p2:5

w.ere Pp = Po/ P, 1s reduced stagnation pressure and Tg =T/ T, is re-

duced stagﬁation temperature (for fluid nitrogen, Tc = 126, 3 % and Pe = 3,417

MPa). The lower bound appears to be saturation conditions at the inlet.
Similar "free jet" effects were found for fluid hydrogen irdicating that fluid

Jetting may be common to all fluids flowing through 90° - sharp edge iniet
geometries.

INTRODUCTION

The stability of seals, bearings and shaft dampers depends critically on the
pressure profiles within the clearance passages. The pressure profiles which
provide the restoring forces and stiffness in some passages are critically de-~
pendent on inlet geometry and fluid stagnation pressure and temperature. 'n nearly
all cases, simple geometries or combinations of simple geometries are used.

The 90° orifice 1nlet type is one of the most common sharp edge inlet geom-
etries, yet represents a very strong degree of discontinuity in the streamline as
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can be noted from the potential flow solutions for several simple two dimensional
geometries, found in references 1 and 2,

The simple inlet geometry which causes a full reversal in the streamline and
represents the strongest degree of discontinuity is called the Borda inlet, The
pressure profiles and mass limiting flow characteristics for a 53 L/ D Borda tube
were investigated in reference 3 and extended to 64, 73, and 105 L/D in reference 4,
using fluids nitrogen and hydrogen over a large range of inlet stagnation conditions.
Under certain conditions (P, T,,) the discoatinuity (separation) was sufficiently
strong to permit the fluid to flow through the tube as if it were a free jet for over
105 L/D, as evidenced by the "flat" pressure profile and illustrated on figure 1.
Under these conditions, the pressure plummets to below the saturation pres-
sure followed by an initial recompression (recovery) (recovery and recompression
will be used interchangeably until the physical mechanism is better understood)
and remains nearly constant throughout the remainder of the tube - actually the
pressure increased over th'e length to nearly Psat (Tol) at the exit. The con-
trast with the conventional gaseous case is substantial. For other conditions
Py Toz) the pressure would plummet and recover as before but then a zone of
secondary recompression (recovery) would occur somewhere within the tube and
the pressure would drop to near psat (T0 ) at the exit.

Since the occurrence of the frec jet and the movement of the secondary re-
compression zone can affect large changes in axial pressure profiles (large
changes in forces) it is necessary to know under what conditions one can expect
the pressure profile to be (i) '"flat", (ii) recompressed within the tube or, (iii) be-
have like a gas. In reference 3 it was found that gas like behavior can be ex-
pected where TRo > 1.2, and a criterion was proposed to determine where sec-
ondary recompression occurred within the 53 L/D Borda tube, The expression
for this locus was given as:

o
PRo = € Ty .. (b

where
C=3.6 (2)

In reference 4 three constraints were found: L/D, minimum stagnation
pressure and surface roughness (€) which govern the secondary recompression
locus of eq. (1). The eoffect of L/ D on the geometric constant C was investi-
gated at 64, 73 and 105 L/D and with the 53 L/D data of reference 3. It was
found for smooth tubes that:

C(L/D, € = 1.7x10"4 (1./%:® @)
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and from limited data, roughness (€) increased the effective L/D, i. 0~y 1ncreased
C, however no quantitative asscssment was given., The minimum stagnation pres-
sure is the saturation or pseudo-saturation pressure and is given by the criterion

C )

lsat Ty T o

1 4

min P

pseudo

For pressures greater than PRo calculated by eqs. (1) and (3), and greater
than P, . determined by eq. (4), the free jet phenomena can be expected to
occur anlg]#le pressure profile will be "flat;" for pressures Jess 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 recompression zone
within the tube depends only on inlet stagnation conditions and the geometric
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 resujts 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 sec-
tion (fig. 2) illustrates the pressure taps and associated plumbing. The flow 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 in 2 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 ditfuser which were very carefully
assembled to form a tube (fig. 4). The length of the extension tube was varied
to produce the desired L/D. Photographs of fhese test sections are given as
figures 5(a) to (d). The apparatus and instrumentation is essentially that used in
reference 3. Only a brief description will be given here for convenience., All
test sections had several local pressure taps, threc stagnation pressures, and
a backpressure which were us :d to establish the axial pressure prefiles. The tap
locations are given in table ’.
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The bore of test scction was. hand lapped using fine emery paper and cutting oil,
The surface was smooth but eccentricitics and discontinuities at the joints were

cvident, I'or 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. Fach of the figures
will be generalized through the use of reducing parameters or corresponding
states parameters.

53 L/ D 90°- Sharp Edge Inlet Tube

The most extensive set 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 inlet stagnation isotherm, the departure of
the pressure profiles from the "flat" monotone rise throughout the tube 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 ave fllustrated in
figures 7 and 9 schematically on figure 1. For the nominally 109, 7 K isotherm,.—
the pressure drops to PS at (To)/4 followed by an initial recompression to
3PSat (To)/4, and increases in a monotone manher 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 sccondary recompression
occurs within the tube: further decreases in stagnation pressure forces the merger
oi initial and secondary zones of recompression.

FFrom a multiplicity of such pressure profile sets as figure 7 (one set for each
isotherm), the locus of Incipient secondary recompression can \hen be constructed
as shown in figure 6. Above the locus a free Jet occurs and below the locus,
sccondary recompression oceurs somewhere within the tube. It is quite evident
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that while the pressure profiles can change significantly, th

¢re appears litile change
in the critical magg flux. The data sct is given as table II.

64 L/D 90°-sharp Edge Inlet Tube

Inserting a 5. 38 cm uninstru
and the fixed diffuser goemetry,
to 5. Typical critical mass flux
and 9, reéspectively. As our maj

secondary recompression, th
locus on figure 8,

mented tube between the 90°. sharp edge inlet
increased the L/D from 53 to 64, see figures 3.
and pressure profiles are given as figures 8

h goal is to determine the locus of incipient

ese data are limited byt

sufficient to construct the
The data set is given as table II1,

73 L/D 90°- sharp Edge Inlet Tube

105 L/D 90°-Sharp Edge Injet Tube

Preliminary results herein an
indicated that for the 85 K isother
free jet sustained in our facility t
illustrated in figure 12,

Using these data and the critical mass flux data of figure 13, an incipjent
Secondary recompression locus was estimated for the 105 L/ D 90°. sharp edge
The data are given in table Vv,

Using figures 6, 8, 10, and 13
which represeats the relation
inlet stagnstion, pressure, an

d the Borda tube results of references 3 and 4

m, a 25.1 cm extension tube can be used and a

0 105 L/D. Typical pressure profiles are

» One can nowv construct figure 14(a) to (d)
between incipient secondary recompression
d temperature,
data are displayed on figures 14(a) to (d) which
recompression locus for the Borda inlet, from reference 4, The reader is first
cautioned that exact points of incipicnce were not possible for
only depend on P0 and To but the inter
boundaries, a stability problem; and second that the stagnation pressure range
between incipience and no incipience was usually large, giving a certain arbitrari-
hess to the selection of the points on figure 14, These selectod results are bhest
represented by the form

and
For direct Comparison, similar

represent the incipjent secondary

such points not
action of the free jet with the tube
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6
P, =C@L/D, ¢ T (5)
Ro ! Ro
where 6.5 n-= 8,5 and based on the data herein and thoge of reference 4, we

sclected n= 17,
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,€) = C;(L/D)™ (©)

where2.5<m«< 3,5 and selecting m = 2,5 gives C = 1,8x10" 4. Egs. (5)
and (6) established an L/D constraint on inlet st'zgnation conditions for smooth
90 -sharp edge inlet tubes; 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 appears less pronounced as TR =* 1. And for gases, the data
of reference 6 at L/D= .-, indicate there to be perhaps 5 percent difference in mass
flow rate between the 90 —bhal-p edge and Borda geometries.

Extension to Other Fluids

The extension of these results to other fluids is a necessary step toward any
general analysis. In an attempt toward generalization several data points were
taken with fluid hydrogen in 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 arguments of references 7 to g, itis
implied that such jetting phenomena are characteristic of all simple fluids. Both
nitrogen and hydrogen data indicate that the jetting effect can be quite strong even
where the inlet stagnation temperature approaches the thermodynamic critical
temperature (for hydrogen, P = 1.293 MPa, '1‘C =33 K). It should be noted
however that the reduced inlet stagnation pressure is quite high, i.e., to 6,
which is over 2 1/2 times larger than our system will permit for fluid nitrogen,
This of course is another reason to take data with fluid hydrogen, namely to at
least doublc the range of application of the reduced results determined with fluid
nitrogen.

The reduced critical mass flux data appear as 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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states. As such, critical mass flux results determined with fluid nitrogen are ap-
plicable to fluid hydrogen and vice versa.

For preasure profiles, the correspcndence is not so good. With fluid Lydro-
gen at PR < 1 system control and measurement become quite difficult. Near
'I!Ro ~1, e incipient secondary recompression locus appears to behave as a
corresponding states parameter but at the lower temperatures and Pp <1, it

0
does not. The approach may need to be modified to accomodate changes in friction
factor. Here, we find (see also eqs. (5) and (6))

4.3

Pp =6Tg p-hydrogen '
R, R, p

P, =3.68 T' it i
R, =3 R, nitrogen

sy ama

Similar results were found for the Borda inlet geometry, reference 4, and an
approximate locus representing those data is given on figure 19. The trend ap-
pears in the data of figure 19, but systenmi 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) if the tube were exhausted into a vacuum,

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

creased by 30 percent, and fluid jets do not follow conventional corresponding 1
states very well.

e e —— s =

SYMBOLS i
A ) 2
area, cm
C constant of eq. (5)

. Cl constant of eq. (6) ‘
i D tube diameter, cm ,
: G fiow rate, g/cmz-s j
: Gy reduced flow rate, G = G/G*

g . 2
! G* flow normalizing paranzleter, /4 Pcpc/Zc, 6010 g/cm”-~s, for 1
nitrogens 1158 g/cm®-s, for hydrogen .
L tube length, cm 1
Lo extension length, cm !
) p pressure, MPa
N ! ’l.' - L
I\ - N S ", ._,_..nw‘ \'un‘, b - V"‘""""“""" s
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P (Po + P /2 average pressurc, MPa
1 %

Ph reduced pressure, p/ P,

R gas constant, Ml’a-cm"/ g-K

T temperature, K

TR reduced temperature, T/ T,

\Y specific volume, em®/ g

zZ

compressibility, PV/RT

p density, g/cm3

€ surface roughness ratio
Subscripts:

c critical

o] stagnation

sat saturation

1,18 pressure tap locations

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 in tubes with
Borda type inlets.

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

the pressure defined by the incipient secondary recompression locus for both ——w-—.

the 90°- sharp edge orifice tube and the Borda type inletc.. . For smooth tubes,
these locii are defined by

- ' n
Pp ~ C(L/D, ¢ TR

0 0

where

C(L/D, € = C; (/D)™

For fluid nitrogen data, the seleccted values of h, m and Ly are n-17,
m= 2,5,
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C1 - 1,8x10"4 90°.- sharp edge inlet. . .

C, - 1.7x10° 4 Bordu type inlet

To use this relation for fluid hydrogen. it appears that the actual L/ D should be
increased by 30 percent, but the question is not of resolved. For specific re-
sults, consult figure 19,

2. The mass flux in the 90°- sharp edge inlet tubes are perhaps 5 percent
largev than for the Borda inlet tubes at TRo < 1, but nearly the same near
TRo ~ 1

3. Using fluids 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 extensjons of
reference 4:

a. The free jet phenomena appear to be common to ajl 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,

¢. The reduced critical mass flux, Gg = G/G*, follows the applied cor-
responding states principles and results attained for fluid nitrogen (or hydrogen)
are applicable to all simple fluids. The latter implies that using fluid hydrogen
results, the range of applicability of Gr for fluid nitrogen can be at Jeast
doubled, e.g., to PRo +: 6 for TRo 0,67,

d. The pressure profiles, while simi)ar, possess a different locus of
secondary recompression for hydrogen than for nitrogen indicating that the ex-
tended prineiple may be required and surface roughness needs to he assessed
before a law of correspondence can be established. Also the free jet expansion
of hydrogen into a "vacuum™ may also be required o establish the locus,

REFERENCES

1. Birkhoff, G., and Zarantoncello. E. I. (1957), Jets, Wakes., and Cavitics,
Applied Mathematics and Mechanjes, Vol. I (Academic Press, New Yori).

2. Gurevich, M. I. (19685), Theory of Jets in Ideal Fluids (Academic Press,
New York),

3. Hendricks, R. C., and Simoncau, R. J. (1978), Some Flow Phenomena in
a Constant Arca Duct with a Borda Type Inlet Ineluding the Critical Region,
ASME Paper 78- WA/LI'T- 37 (ASME, New York),

A o o gr o

T

Coal



10

4. Hendricks, R, C, (1979), Some Aspeets of a Free Jet Phenomena to 105 L/D in
a Constant Area Duct, NASA TM-79050 (NASA, Washington, D, C.).

5. Hendricks, R, C., et al, (1966), Experimental leat Transfer Results for Cryo-
genic Hydrogen I'lowing in Tubes at Suberitical and Supercritical Pressures

to 800 Pounds-Per Square Inch Absolute, NASA TN D-3095 (NASA, Wushington,
D‘ C. ) .

6. Hendricks, R. C., and Poolos, N, P, (1979), Critical Mass Flux Through Short
Borda Type Inlets of Various Cross Sections, NASA TM-79017 (NASA,
Washington, D.C.).

7..Hendricks, R. C. (1974), Normalizing Parameters for the Critical Flow Rate of
Simple Fluids through Nozzles, Proc. of Fifth Int. Cryogenic Engr. Conf.,

Kyoto, Japan, May 1974, See also NASA TM X-71545 (NASA, Washington,
D.C.).

8. Hendricks, R. C., and simoneau, R. J. (1973), Application of the Principle of
Corresponding States to Two-Phase Choked I'low, NASA TM X-681 94 (NASA,
Washington, D.C.).

9. Hendricks R. C., Simoneau, R. J., and Barrows, R. F. (1976), Two-Phase

Choked Flow of Subcooled Oxygen and Nitrogen, NASA TN D-8149 (NASA,
Washington, D.C.).

PR

T e e e e e e e ¢ AR f';f"'



TABLE I, -~ PRESSURE TAP LOCATIONS FOR 909

SHARY BDGE INLIT 'I‘UBl-ta‘b

Pressure 63 L/D 61 L/ ™L/D 106 L/D
tap -
Location
cin in, em in, cm in. cra in,
5. 38 2,12 10.8 4,25 15,4 6.05 30,5 12
o Mixing chamher Sa.ne location
0, Line at tonof U Same location
“p02 -28.7 | 9,84 -29.2 | 11,47 | -33.8 | _13.27 -46.9 | -19,22
P1 «2%26.4 -9, 98 -30,7 -12,08 -35.3 , «13,88 -50.4 -19.8
P2 =24,7 -9,173 -30.1 -12,33 -34,7 -14,1 -49,8 -20.1
P3 -23,2 -9,12 ~-28.6 -11.25 | -33,2 , 13,05 -48,3 -19.0
Py -17.8 -7 Py~ P,g - the same for each L/D
PS -15.2 -0
P7 -10,2 -4
PB -7.6 -3
P9 -8.1 -2
Pw ~2,5 -1
Py, ~-1.3 -.5
P12 -. 64 -.125
P13 -.32 -.125
PH .32 +125
P15 .64 .25
plG 1.3 .5
P17 2.5 1
Pg 5.1 2 Y
pback Immediately upstream

of backpressure
control valve for
all test scctions

BAt Sharp edge inlet.
Sece also figure 2,
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Figure 1. - Sketch of pressure trofiles which char-
acterize the Borda tube. Deia of references 3 and
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Figure 3,~ Sharp edge inlet,
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Figure 4 - Schematic of 90° - sharp edge inle* “<<t section, ,
See table I for pressure tap locations anr (imension «.
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Figure 5, - Installed test sections,

eyt

(a) LID=53
{c) L/D=73

;'NAL ST I
POOR QUALITY

»~

Cr
hj

P

[e1-d




Lo

0
o on
A g 804
g 0. ?69
0.79
5 oe
B 0%
Q o6
o 1
7 ooLm
¢ o6

— LOCUS OF INCIPIENT SECONDARY RECOMPRRESSION
~— GAS

Figure 6, - Reduced critical mass tiux for 990 sharp edge tubes as
a function of reduced Inlet stagnation pressure for selected iso~
therms using fluid nitrogen with LD =.53,
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Figure 7. - Axial pressure profiles for 9° sharp edge inlet tubes {liustrating incipient secondary
recompression using fluid nitrogen for LID = 53,
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Figure 9. - Axial pressure profiles for 9P sharp edge inlet tubes illustrating incipient secondary recompression using
fiuid nitrogen for UD = 64,

0. 665
.693
13
16
.8
~ == SECONDARY RECOMPRESSION LOCUS
1.0 @~ GAS

opoon

Figure 10, - Reduced critical mass flux for
9P sharp edge tubes as a function of re-
duced inlet stagnation pressure for se-
lected isotherms using fiuid nitrogen
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Figure 13, - Reduced critical mass flux *or 90 sharp edge tubes as
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therms using fluid nitrogen with YD = 105.

ook Prpna-




% L/D
K O 53 @ %
. 0O 64 m o4

e e o e e memd

AN AN
. O W e 105 ,
20 OPEN SYMBOLS + BORDA INLET RESULTS 1
T » . .EFFECT OF ROUGHNESS (N 23,8 cm
i EXTENSION TUBL (105 L/D) BORDA i
N TYPE INLET
.-“"——‘
- - =S -
. ——
.8// —-.—._-ﬂ
- 6
- ] Sk
4 | L | 1 a1 | L | [
) (a) 90° INLET ~ 53 L/D, :
20~
PSEUDOCRITICAL~ _
| SATURATION " —
Lo Locus ==
.8/ "———
1 __.— —M
— 6=
@ Sk
[:3 s | 1 T N ] ] [ |
o0 ’ (b) 90% INLET 64 L/D (2 in, EXTENSION)= o
2.0!—

l
\
\
‘ .
3 |
_ \
: Rl
11
\\\l‘
|
|
1

] [ B B e ] 1l 4 14
(c) 90° INLET 73 L/D (4 in, EXTENSION). - -

2.0!—

\
\
\
\
\
§ \
1L
Y
|
1
W
\
\

| 1 1 a1l ] 1 | T |
S .2 4 6 .8 10 2.0 4c 60 100
Pr
0
(d) 90% INLET 105 L/D (10 in, EXTENSION).
Figure 14 - Locli of incipient secondary recompression In tubes with 90° sharp edge and Borda type Inlets.




W WO-SHARP ENGE INLET
r —=— = BORDA INLE}
B [ UNCERTAINTY LiMIIS
20
101~
8:——
za
a a
2
1 ! Lo Jop ! J
10 109 200
uvo
Figure 15, - Intercept values at TRo =1 for incipient
secondary recompression in 90° and Borda tubes as
a function of UD.
A 900 INLET ~53 /D
1.0 O BORDA ~53L/D

O e

Figure 16. - Comparison of reduced mass flux as a function of re-
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Figure 19, - Fluid jet effects for P-tivdrogen in 53 1/p 9P sharp edye inlet tube,




