@ https://ntrs.nasa.gov/search.jsp?R=19790012220 2020-03-21T23:01:01+00:00Z

General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



M.+ A Technical Memorandum 79050

(NASA-TM=-T79050) SOME ASPECTS OF A PREE JET N79-20391
PHENOMENA TO 105 L/D IN A CONSTANT AREA DOCT
(NASNK) 41 p HC AO3I/MF MO CSCL 20K

Tnclas

G3/39 17055

SOME ASPECTS OF A FREE JET PHENOMENA TO
105 UD IN A CONSTANT AREA DUCT

R. C. Hendricks A Q10 17735
Lewis Research Center ‘r:\ A

Cleveland, Ohio

RSN
RECEIVED

TECHNICAL PAPER to be presented at the

Fifteenth International Congress of Refrigeration
sponsored by the International Institute of Refrigeration
Venice, Italy, September 23-29, 1979



<

E-98B&7

PAGE 1

SOME ASPECTS OF A FREE JET PHENOKENA
TO 105 L/D IN A CONSTANT AREA DUCT
R. C. Hendricks

NASA - Levwis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135 USA

ABSTRACT

Under certain conditions, inlets with a Borda type
geometry have been shown to exhibit sufficiently strong
separation effects to permit the working fluil to flow
through the duct as if it were a "free jet."

Hass limiting £lov data and associated pressure
profiles for tubes of 14, 53, 64, 73, and 105 L/D with a
Borda type inlet were taken to determine bounds of the “free
jet" phenowena. For a jiven tuhe roughness, the limits
appear to be one dimensional and dependent only on inlet
stagnation conditions. For smooth tubes the upper L/D
boundary is related by

P, = CT

7
R R

¢ = 1707 /23

wvhere Py = P/P, 15 reduced pressure and TR = T/T. is
reduced temperature (for fluid nitrogen, T, = 126.3 ¥ and P,
= 3.417 #Pa). The lower bound appears to be saturation
conditions at the inlet.

Similar "free Jjet" effects were found for fluid
hydrogen indicating that fluid jetting may be conmmon to all
fluids. While limited data on surface roughnass show a
decrease in the upper L/D linmit, nevertheless fluid jetting
still occurred.

INTRODUCTION

The stability of szals, bearings and shaft dampers
depends critically on the pressure profiles within the
clearance passages. The pressure prefiles in some passages
are in turn critically dependent on inlet geometry and £luid
stagpnation pressure anl temperature. In nearly all cases,
simple geometries or combinations of simple geometries are
used.

One of the simple inlet geometries which causes a full
reversal in the streamline and represents the strongest
degree of discontinuity is called the Borda inlet.
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Potential flow solutions for several simple two dimensional
geometries can be found in references 1 and 2, The pressure
profiles and mass limiting flow characteristizs for a 53 L/D
Borda tube were investigated in reference 3 using fluid
nitrogen over a large range of inlet stagnatioun conditions.
Under certain conlitions (Pg,To), the discontinuity
{separation) was sufficiently Jtrong to permit the fluid to
flow through the tube as if it vere a free jet for 53 L/D,
see figure 1. Under these conditions, the pressure plummets
to below the saturation pressure folloved by an initial
recompression (recovery) {recovery and recomprassion 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
the length to nearly Ppatc (Tp,) at the exit. The contrast
with the conventional gaseous case is substantial. For
other conditions (Pg,T 0, } the pressure would plunnet and
recover as before but then a zone of secondary recompression
{(recovery) would occur somevhere within the tube and the
pressure would drop to near Pgae (Tpp) at the exit.

Since the occurrence of the free jet apd the moverant
of the secondary recompression zone can affect large charges
in axial pressure profiles (large changes in forces) it is
necessary to know .under what conditions one can expect the
pressure profile to bhe (i) "flat" (ii}) recompressed within
the tube or (iii) behava like a gas. In refarence 3 it was
found that gas like behavior can be expected where Tgp »
1.2, and a criterion was proposed to determine where
secondary recompression occurred within the 53 L/D Borda
tube. The expression for this locus was given as:

7
(1)
Ry Ry

P, = CT

where

C(L/D,e) » 3.6 {2)

It should be noted that the occurrance of the secondary
recorpression zone within the tube depends only on inlet
stagnation conditions and the geometric parameter C.
Although € = 3,6 in reference 3, it was assumed that C
would be a function of the tube length and surface
roughness. Since surface roughness can be related to an
equivalent L/D, i.e., through friction factor

A (L/D,Re) = A (L/D,Re)

+ A(e/D,Re) (3)

equivalent smooth roughness
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in this paper ve elected to study the effect of L/D in
smooth (polished) tubes,

In terms of inlet stagnation conditions two zonstraints
will be propesed, L/D and minimum pressure, and a third
constraint, roughness will be discussed, as they relate to
fiuid jetting in a Borda tube. The primary working fluid is
nitrogen with some runs made with £luid hydrogen. These
data will enable one to extend some results to other fluids.

APPARATUS AND IBRSTRUNENTATION

The basic flow facility wvas of the blowdown type and is
described in detail in rceference 4. A photograph of the
installed test section (fig. 2) illustrates the pressure
taps and associatel plumbing. The flow was upward, around
the U and downward through the test section. The flow :
rates verec metered using a venturi flowmeter located in the '
bottom of the storage tank. JInlet stagnation conditions :
vere measured in the ‘mixing chamber shown immadiately behind
the scale in figure 2.
The test sections consisted of three components, the
Borda inlet (f£ig. 3), an extension piece and the fixed
diffuser, which were vary carefully assembled to form a tube
{fig., #). The length of tha coxtension tube was varied to
produce the desired L/D. Plotographs of thesa test sections
are given as figuras 5(a) through (e). The Borda inlet and
fixed diffuser are those used and described in reference 3;
the extension tube was not instrumented, so the apparatus
and instrumentation is essentially that used in reference 3.
Only a brief description will be given here for convenience.
All test sections except the 14 L/D had eighteen local
pressure taps, three stagnation pressures, and a
backpressure which wars used to establish the axial pressure
profiles. The tap locations are given in table I.
The bore of test s2ction was hand lapped using fine
emery paper and cutting oil. The surface was smooth but
eccentricities anl discontinuities at the joints were
evident. It wvas felt that the fixed diffuser was more
important, so 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 cecompression (recovery);
then determine a lower limit to free jet flovw in terms of
the minimum pressure constraint; this is followed by a brief
discussion of the third constraint, surface raughness.
Finally some results will be extended to other fluids.

L/D Constraint

For each of the four test sections (L/D = 53, 64, 73,
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fiow rate and pressure profiles will be used to determine
the range of inlet stajnation conditions vhere incipient
secondary recompression (recovery) occurs within the Borda
tube. Each of the figures will be generalized through the
use of reducing parameters or cocresponding states
parapeters.

53 L/D Borda Tube

The most extensive set of critical mass flux and
pressure profile data are for the 53 L/D Borda tupe as they
can combine those of raference 3 and the e.itended set taken
herein. Figqure 6 shows the variation of .educed critical
mass flux as a function of reduced pressure for several
isotherms ranging to 7Tg,= 1.5 and gas. For a given inlet
stagnation isotherm, the initial departure of the pressure
profiles from the "flat" monotone rise throughout the tube
length siqnals the incipience or appearance of the zone of
secondary recompression for that isotherm; care must be
taken to determine these inlet stagnation coniitions under
which inciplence ozccurs. Such a typical profile set is
illustrated in figure 7. For the nominal 118 K isothern,
the prossuge drops to Pgap (Tg)/4 folloved by an ipitial
recompression to 3Pgar (Tg) /%, and increases in a nonotone
manner toward Pgae (Tg) at the exit. Entropy is a more
satisfactory critaria but more difficult to visualize. As
the inlet stagnation pressure is decreased, the zone of
secondary recompression occurs within the tube; further
decrecases in stagnation pressure force the merger of the
initial and seconlary zones of recompression.

From a multiplicity of such pressure profile sets as
figure 7 (one set for esach isotherm), the locns of incipient
secondary recompression can then be constructed as shown in
figure 6. Above the locus a free jet occurs and below the
locus, secondary recompression occurs somewhere within the
tube. It is gquite evident that while the pressure profiles
can change significantly, there appears little change in the
critical mass flux. The data set is given as table II.

64% L/D Borda Tube

Inserting a 5.38 cm uninstrumented tube between the
Borda inlet and the fixed diffuser geometry increased the
L/D from 53 to 64, see figures 3 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
of incipient secondary recompression, these data are limited
but sufficient to construct the locus on figure 8. The data
set 1s given as table III.
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73 L/D Borda Tube

Inserting a 9.98 ¢om extonstion tube increasel the L/D
from %3 to 73, sea fiqgures 3 to 5. Pressure profiles and
critical mass flux at jiven stagnation isotherms were again
used to establish the incipient secondary recompression
locus. The locus was then constructed on figqure 10. The
data set is given as table IV.

105 L/D Borda Tube

At that tipe, przliminary Borda tube results indicaced
that for the B85 K isotherm, a tube of 120 L/D could not
sustain a free jot at the pressure lipit of our facility.=*
Because one needs several isotherms in order to establish
the incipient locus, it was decided to install a 25.1 cn
extension tube which increased the L/D from 53 to 105.
Typical pressure profiles are illustrated in figures 11 and
12. In each case, the zone of initial recompression is
shawn; however, 30.5 ¢m of the profile is missing.
Nevertheless the zone where incipient secondary
recompression occurred was quite evident near the Borda tube
exit (L = 0 on the figures). Using these data and the
critical mass flux data of figqure 13, an incipient secondary
recompression locus vas estimated for the 105 L/D Borda
tube. The data are given in table V.

Using figures 6, 8, 10, and 13, one can now construct
figure 14 which repressants the relation between incipient
secondary recompression and inlet stagnation, pressure, and
tepperature. The reader is first cautioned that exact point
of incipience were not possible; and second that the
stagnation pressure ranje between incipience and no
incipience was usually large, giving a certain arbitrariness
to the selection of tha peoints on figure t4. These selected
results are best represented by the form

Pp = C(L/D,e)Ty (4)

Ro 0

vhere 6.5 < n < B.5 and based on those data we selected n
= 7. Using the intercapts 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) = C; (L/D)" )

*We now feel that 127 would be the limit but even higher
L/C should be attained at elevated Pg. L/Dgystem = [}.25/
((0.67)7 x 1,7x10-4)] 1/2.5 = 137, as it were, we only have
two isotherms.
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where 2.5<m < 3.5 and selecting = = 2,5 gives C; =
1.7x10~4. Equations (4) and (5) established an L/D
constraint on inlet stagnation conditions for smooth Borda
tubes; howvever, it now appears that roughness plays a
greater role than perceived, and is discussed later.

Minimum Pressure Constraint

Consider now the question of how smpall cin the inlet
stagnation pressure beconme and still preserve the jet
effect?

Using the sape Borda inlet @& 14 L/D tube wvas assenbled,
see figures 3 to 5. Typical pressure and critical mass E£lux
profiles are shown in figures 16 and 17. The data are given
as table VI. The profiles are not as well defined as for
the highly instrumented larger L/D sections; but the
difference between gas and fFluid profiles is guite
pronounced. Also note that even for Tp + 1.15 jetting
occurs, however, the locus of incipient seconiary
recompression is illdefined. It was felt that a small joint
igperfection, in assembling the test section was to blame so
the apparatus wvwas repolished. The repelishing nearly
removed the first pressure tap and made the Borda inlet
slightly conical. The tap P, nov reads between stagnation
and separation. See the pressure profiles of figure 18. A
correspondingly higher critical mass flux was found, see
figure 17. Howevar, tke inlet diameter increased 8 percent
as estimated from Xnown yeometric relations and 4 percent as
measured between locations P; and P, for an average 6
percent. Thus the uppar locus of figure 17 must be
multiplied by 0.89 te correct G to the proper area. HNote
that a 6 percent changs in inlet diameter with no change in
exit diameter (slightly conical inlet) still exhibits a free
jet effect. From thesz data it became evident that a lowver
L/D limit did not exist but rather the limit vas on pressure
- the saturation pressure. When the stagnation pressure
approached the saturation pressure, there was a significant
alteration of the pressure profiles and as such represents
the minimum pressure constraint. However, it also appears
that fluid jetting can be sustained at conditions above the
thermodynamic critical joint where the ninimum pressure
constraint can be reprasented by the pseuldo critical locus.
But the extent of application is unclear.

Psat for TR <1

o = (6)

min
pseudo for TR > 1

Equation (6) is plottel on figure 14,
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Surface Roughness Constraint

All the abova criteria are based on the tubes being
uniformly smooth; however, the "tubes" had up to two joints,
certain eccentricities and to some degree different
roughness. While roughhess effects can be related to the
smooth tube data by equation (3), the L/D and Beynolds
numbers required by eqguation {3) are not available. 5o such
a relation remains acalzmic. Some data for the 23.8 cn
extension section (105 L/D test section) in the unpolished
condition were taken. Surface roughness increased the
effective L/D from 105 to about 128, see figure 14. With
more data such a change could then be reflected in equation
(5) through the value of e, but only one point is available
and indicated on f£iqure 15. It appears that roughness is
guite ipportant at large L/D, but with such linmited data,
only a qualitative sta.cement cap be pade; surface roughness
will diminish the free jet effect and trigger secondary
recompression. The effect cof friction requires further
effort.

Extension to Other Fluids

Although implied bhut not investigated in reference 3,
the extension of these results to other fluids is a
necessary step tovard any general analysis. In an attempt
toward generalization several data points vere taken with
fluid hydrogen in the 53 L/D Borda tube, see table VII.
Figure 20 indicates typical pressure profiles which have the
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 5 to 7, it is
implied that such jetting phenomena are characteristic of
all single fluids. Fijure 20 also indicates that the
jetting effect is guite strong even where the inlet
stagnation temperature is close to the thermodynanmic
critical temperature (for hydroaen, P, = 1.293 MPa, To = 33
Y. It should be noted howevar 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
nitregen. This of course is another reason to operate with
fluid hydrogen, namely to at least double the range of
application of th2 reduced results determined with fluid
nitrogen.

The reduced critical mass flux data appear as figure
21, as a function of reduced stagnation pressure for
selected stagnation isotherms. A comparison of the hydrogen
and nitrogesn data indicate that the phenomena encountered in
the 53 L/D Borda tube follow the applied principles of
corresponding states. As such, results deterwined with
fluid nitrogen are applicable to fluid hydrogen and vice
versa.

With fluid hydrogen at PRO < | system contrel and
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measurement become gquite difficult. Near Tpy 1, the
incipient secondary reconpression locus appeats to behave as
a corresponding states parameter but at the lover
temperatures and Py, ¢ 1, it does not. Possibly the
corresponding states approach may need to be modified to
acconpodate changes in friction factor., For exanple, the
Reynolds number ratio zan be aexpressed in terms of G+ and
E as

'T‘F‘—“W—-—W lulFQ (7)

-1/4
14

With the friction factnr ratio related by ¢ and

L L
assumin D - D .
L Ly ;_1/4 (.I.‘.) (8)
(D)H Dy

F varies from 1.4 near Ty = 0.65 to 1.1 near Ty = 1,
and the effective L/D would increase from 53 to 66 and 58,
respectively. Possibly such a trend exists in the data,
Eigure 21, but systep control at these low pressures is
Aifficult. W®hile unresolved it appears that the effective
L/D should be increased by 10 percent.

SYMBCLS

area, cm?

constant of eq. (4)

constant of eq. (5)

tube diametar, cm

viscosity correction factor
flow rate, g/cm2-s

reduced flow rate, Gp = G/G*
flow normalizing parameter, fPoPco/2g:
6010 g/cm?-s, for nitrogen
1158 g/cn?~s, for hydrogen
tube length, co

extension length, cn
pressure, MPa

reduced pressure, P/P,

Gas constant, ¥Pa-cm?/g-K
Reynolds number

temperatura, K

DOQMmo 00
[an

g P

m

HoImg
1]



Ty reduced temperature, T/Tg :

v specific volume, cm2/g

z comprassihility, PY/RT

] density, g/cm

£ surface roughness ratio
T1/6

= 573 viscosity normalization parameter, where
Jm P P, in atmesphores
n viscosity, y/cn-sec
n* w e normalized viscosity
coefficient of friction

Subscripts:

C critical

] hydrogen

N nitrogen

0 stagnation
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SUHHARY

In this paper, twd of three major constraints involved
in the Borda tube free jet phenomena, jetting, have been
established.

1. Jetting can occur when the inlet stagnation
pressures are greater than the incipient secondary
recompression locus. For smooth tubes, this locus is
defined by

P, = C(L/D,e)T"
Rg "Ry

vhere

*C(L/D,e) = Cy (L/D)"

For £fluid nitrogen data, the swulected values of n, n,
and C; are n =7, m = 2.5, € = 1.7x107%. To use this
relation for £luid hydrogen, it appears that the actual L/D
should be increased by 10 percent, but the qurstion is not
yet resolved.

2. Jetting can also occur provided the inlet stagnation
pressures are greater than saturation for TRD = 1 and
pseudocritical where TRo > 1,

Psat(TDJ R

min P
peeudo R

3. The third constraint, surface roughness, was not
established but limited data indicate that it will play a
major role. Increased roughness diminishes the free jet
phenomena by triggering secondary recompression. At large
L/D, small charges in surface roughness tan affect
significaut changes in jetting.

Using £luids nitrogen and hydrogen, the 53 L/D Borda
tube results, and the principle of corresponding states, the
folloving three propositions are given:

1. The free jet phenomena appear to be comwon to all
simple fluids in tubes with Borda type inlets with the
primary control at the inlet,

2, The phenomena are conmpletely characterized by inlet
stagnation conditions and tube geometry.

J. The reduced critical mass flux, Gp = 3/G*%*, follows
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the applied corresponding states principles and results
attained for £luid nitrogen (or hydrogen) are applicable to
all simple fluids.

Thae latter implies that using fluid hydrogen results, the
range of applicability of Gy for fluid nitrogen can be at
least doubled, e.9., to Py = 6 for TR = 0.67.
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TABLE 1. - PRESSURE TAP LOCATIONS FOR BORUA TUBES, SEE ALSO FIG, 2

53 L/O 64 L/D 73 L/0 105 L/D 14 L/D
Pressure Lecation Location Location Location Location
i €m in. cm in. cm in, cm in. cm in.
5,38 2,12 10,8 4.25| 15.4 6.05 | 30.5¢ 12
Po Mixing chamber same location -
Poy [Line at top of U
2P oo ~23.7 | =9.34 -20.2 | 11,47 -33.8 |-13.27 [-40.9| -19.22 | -5,16 } -2.03
" =25.4 -9.98 ~30.7 | -12.0B] «35.3 | =13,88 | -50,4 ! -19,8 | -6.71 | -2.64
Pq -2h.7 =3.73 -30.1|-12,33| -34.7 | -14,1 §-49,8| ~20.1 | -6.10 | -2.4
Py -23.2 -9.12 -28.6|-11.25] ~33.2 ] -13.05 | -48,3| -19.0 | -4.62 | -).82
Py -17.8 | -7 -.97 | -.38
Pg -15,2 | -& -3 -.02
P7 -10.7 4
Pg BN - -3
Py «5.1 | -2
Plo 2.5 -1 Py~ Pyg - the same for
P 1.3 -5 gach L/D
Pya .64 -, 125
P13 -,32 «, 128
P‘4 .32 125
P15 641 .25
Ple 1.3 5
Py 2.5 1
Pig 5.1 2 Y
pback Imnediately upstream

of backpressure

control valve for
all test sections

3t Borda inlet.
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Figure 1. - Sketch of pressure profiles which characterize the Borda tube
data of reference 3

Figure 2, - Apparatus,



Figure 3, - Borda inlet,
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Figure 6. - Reduced critical mass flux for Borda tubes as a function
of reduced inlet stagnation pressure for selected isotherms fluid
nitrogen. L/D - 53,
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Figure 8. - Reduced critical mass flux for Borda tubes as a function
of reduced inlet stagnation pressure for selected isotherms fluid
nitrogen. L/D - 64,
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Figure 10. - Reduced critical mass flux for Borda tubes as a function
of reduced inlet stagnation pressure for sele~ted isotherms fluid
nitrogen, L/D =73,
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Figure 13, - Reduced critical mass flux for Borda tubes as a function
of reduced inlet stagnation pressure for selected isotherms fluid
nitrogen. L/D « 105.
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Figure 14, - Locii of incipient secondary recompression in tubes with Borda type inlets,
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Figure 21. - Fluid jet effects for P-hydrogen in 53 L/D Borda tube.
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