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SOME FLOW PHENOMENA IN A CONSTANT AREA DUCT WITH A BORDA TYFE TNLET INCLUDING THE CRITICAL REGION

-+ R, ¢, Hendricks and R, J, Simoneau
National Aeronautics end Space Administration
Lewls Research Center :
. Cleveland, Ohio

ABSTRACT

Mass limiting flow chaoracteristius for a 55 L/D
tube with a Bords type inlet have been sssessed over
large ranges of temperature snd pressure (0.68 <
1/Te £ 2,3; B/P, £ 3} using fluid nitregen (T =
126.3 K, P, = 3,417 MPa). Under certein conditions,
gseparation and pressure drop at the inlet was suffi-
ciently strong t¢ permit partial vaporization and the
remaining fluid flowed through the tube as if it were
g free Jet, An empiricel relation was determined
whichi defines conditions under which this type of
flow can oecur. A flow coefficient is presented
which enables one. Lo estimate flow rates over the ex-
porimental range, A flow rate stegnation pressure
map for selected stagnation isotherms and pressure
profiles document these flow phencmena, :

INTRODUCTION

Flow separation represents a divergence of
streamlines from a bounding surface and mey or may
not te accompanied by a free interface, It repre-
sents a common event in fluld dynemies. Airfoils are
highly susceptible to separation whether an element
of a power gystem such as a compressor or turbine or
an aerodynamic surface of a wing or empennage; - In
such components seperation is undesirable. However
in fluid dynemic controls, separation 1s used advan-
tageously, In fluid circult logle, separation is
used to switch power circults; in flight, spollers
rapidly decrease lift; and in seals, separation can
assist in controlling the loss of the working fluid,

In internal flows, one of the most common inlets
ig sharp edged, However, the inlet most susceptible
to separation is the Borda tube., In either casé, a
vena-conbracte is formed and the region of detachment

depends on fluid conditions, ITf the fluld has the
potential to vaporize under these eircumstances, the
the problem is substantially more complicated,

While mehy texts and papers depl with such inlet
rhenomena, few have addressed the problem of entrance
effacts on two phase choked flows (1-6) and one ad-
dresses the «ffects at very lavge L/D (7).

In engineering applications, it 1s customery to
arbitrarily sssign a friction factor (L/D) equivalent
to account for entrance losses. While this is en-
tirely Justified in many problems, it iz not for

. sealing surfaces, In high performence sea..s, the en-

trance effects end assoclated zones of separation
cannot be ignored or arbitrarily assigned for they
Pley a major role in seal dynamiecs; es will be estab-
lished, entrance conditions can control mass flow and
establish pressure distribubtions for mass limiting
fleows,

. While the material discussed hereiln is germane
to a1l of the above fields and to separation phenom-
ena, it is primarily appliceble to fluid conbrol anl
dynawiics of sealing surfaces. Thus the purpose of
this raper is to present flow rate and exial pressure
profile data establisched by mass limiting flows
‘through a 55 L/D straight tubé with a Borda type in-
let over a large range of stagnation temperatures and
pressures including the criticel region.

APPARATUS AND INSTRUnENTATION

The basic flow facility wae of ihs blowdown type
and 18 described in detail in Ref, 8., A phobograph
of the installed test section (fig, 1) illuetrates
the pressure taps and acsociated plumbing. The flow
was upward, around the U and downward through the. .
test section., The {low rates were metered using a
venturi tlowmeter located In the bottom of the storage
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tank, ZInlet stegnation conditions were measured in
the mixing chamber shown immediately behind the acale
in Mg, 1,

The 55 L/D straight 0,483 cm dinmeter!tube test
cection consisted of two parts, the Borda type inlet
and a straight tube with a 7° diffuser (see figs. 1
and 2), A photograph of the Berda type inlet 1s shown
in Fig. 3, While not a true Borda inlet, the flow
must still experience a reversal prior to entering
the test section,

Bighteen local pressure taps, three stagnation
pressures, and a backpressure were used to eatablish
the axinl pressure profiles, The tap lecations are
given in Table I.

The parsmeters weie monitored using a minis
computer-CRT display at lk-second update intervals
until all conditions appeared sohisfactory., At that
time the signals wers dlgitized, recorded, and subse-
quently reduced using the LeRC date acquinltion ays-
tem, While the mccuracy of the static transducers
wag limited to 1/2 percent and the sfange was large,
systematic sulibration and subsequent checks with
higher sensitivity differential pressure transducers
indicated a reletive difference of 0,1 percent could
be established and reproduced, .

FLOW MODEL AND DISCUSSION

The type of separation phenomena encountersd
herein results fram a discontlinuity in the shape of
the bounding surface, The theoretical inviscid
stresmlinen conform to the bounding surface, Mo such
conformation to the surface exilsts with the viacous
flow and separation is initiated. GCrowth or decay »
this separatlon, or perturbation, depends cn the de-
gree of the digcontinuity. The true Borde inlet
cattges a full reversal of the streamline at the inlet
and represents the strongest degree of disconbinuity
for simple geometries, As such, the incompressible
contraction coefficlentl of 0,5 (@) represents the
most severe separation phenomenon for simple tube in--
lets,

The gecmebtry of the free streamline in potential
flow is found by integrating the real and imaginary

components of dz (10} (see fig. 4).

2z = V fvo""‘dw (l)

The free streamline can be defined in terms of the
perameter 6, where 8§ ranges trom 0 to

ro = &= ;T%{Hinna(g).+ 13[(5)]} (2)

yoz%g.:'}]_'r(aﬂ'-a'l'siﬂ.a) (3)

[

While the ahove applies to the two-dimensional

cagse (fig. 4(a)), it can be shown that similar sbtream--

lines exist for the axisymmetric case (10), and the
contraction ares or contraction coefficient is still
0.5; Az/fy = 1/2 (fig. 4(b)), ‘see Ref. 9.

Although the foeus of this paper ls to provide
characteristic flow and pressure profile data for a
Borda inlet, & model of the flow phenomena is sug-
gested in an attempt to explain the major experimen-

lFor & channel or slot, the ratio of flow width to
channel width; for a tube, Az/A;, flow aree to tube
aresa,

tal finding . A sketch of thie model is shown as
Fig. 5,

' (1) The entrance contraction is sufficiently
strong to ¢ause separation and vaporization, that is,
the rodinl veloeity io significant and forces separe-
tion resulting in the free ptreamline nome distance
from the wall,

{2) The entrance vortex zone, 2 to 4 diamnters
in length, appears to always exist setting up an ini-

‘tial recompression zone,

{3} Under certaln conditions (low temperature,
high pressure fluid) the entrance vortex is suffi-
ciently weak and initiates partial recompression;
usuelly this recompression is only to the seturation
pressure® The rluld jet then traverses the tube
length with only s swall pressure rige,

(4) For the free jet conditions, the vapor and/or
boundary layer growth is assumed to form a diffuser,
This zone may exteni through the tube or may not axist
at all,

{5) Strong recompression in the secondary zone
can occur within the tube dus to transition or be
foreed on the flow by adjwitling the backpressure,

This zone may not exist within the 55 L/D or it may
intersact the initisl recompressicn zone,

(6) Metariable stotes and normel states of con-
densation and vaporization are assumed to occur,

RESULTS AND DISCUSBION

- Prepsurg Profiles

Typleal exisl pressure profiles for the 55 L/D
tube with Borda inlet are illustrated as Figs. 6 and
7. For.reference purposes, a typical pressure profile
for the gaseous state ig given on Flg. 6, Except for
the abrupt nearly two to ono characteristic drop st
the inlet followed by recompresslon, it appesrs as &
standard friction profile for a tube,

Holding inlet stagnation conditions nearly con-

-gstant while the backpreseure is varied reswity in the

family of prefiles displayed on Fig. 6. At & back-
pressure of 1,69 MFa (245 psia), the pressure profile
neer the exit appears monotonic increasing, This ia
a transition point which signuls that secondary re-
compression is now within the tube, Further increases
in backpressure move the secondary recompression zone
further intop the tube until at suffisiently high back-
pressures the system fiwdlly becomes unchoked, Pro- :
files as run 1160 are very difficul* to obtain by .

- varying the backpressure, Secondary recompression
within the duect is most easily est<blishad by changing

stagnation conditions, In Fig., 7, recompresgion is
effected along the 117 X iscotherm by deereasing the
stagnation pressure from 7,28 MPa {1055 psia) to 5.93

- MPa (860 psia), At 7,28 MPa (1055 pain) the initial
recomprassion is 4o about 1,48 MPa (215 psia) fol-

lowed by the characteristic monotonic rise in pres-
?ure to)“he exlt in the characteristic dif; diffuser zone
fig. &

- At 8.79 MPa (985 psia), the secondary recompres-
sion zome im within the tube und ot 5,97 MPa (865
psia) the zone has moved rear the initial recompres-
slon zone; nhote that when the two recompression zones
merge, the initiasl recompression recovery pressure
equals that of the secondary recompresalon zone, that
is, more characteristic of the gas profile,  One
should note that once transition has ocecurred, all
profiles merge into a single profile downstream of

aThe stagnation temperature usually tends to in-

.erease over the course of a run due to heating by the
pressurizing gas.

SBased on inlet 5tngnation conditions,
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of the transition point for a given isoctherm,

Secondary recompression can be made to take place
within the tube by varying the stagnation temperature
elong an isobar, Along the 10,45 MPe (1515 poin) iso-
bar at 121,7 K, the zone of gecondary recompresaion ia
greater than 55 L/D, that is, bayond the tube exit,
even though the temperature is close to critieal, The
initiel zone of rocompression io to about 1.82 MPe
(235 poia}, 1mllowed by the characteristic monotonic
rige in pressure throuvgh the charecteristic diffuser
zone, At 127,8 K, which ip greater than the critical
temperature (T, = 126,53 K), the zons of secondery re-
cupression {8 within the tube., The initinl recom-
Pression pressure is to ebout 2,03 MPa (295 psis)., At
120,5 K, the zone has moved further toward the inlet
while the pressure in the initisl recompression zone
has increased to ebout 2,24 MPa (325 psia), Tt would
appear that the jeb cannot be suateined for conditions
close to the thermodynamic critical point for 55 L/D.
This does not mean that lesser L/D could or could hot
sustain a Jet., In either case, the majer control is
otill near the inlet. To illustrate the megnitude of
the pressure effect, inlet stagnation conditions where
Pp=3,1 and T, = 0,68 results in a reduced pres-
sure in the inltia) recompression zone of 0,0242 and
an average diffuser zone reduced pressure of 0,058F,
Thip represents pressure ratios of 128:1 and 53:l,
respectively, Buch pressure changes can effect seri-
ous lnstebilities in peals, rotor dynamics, and heat
exchangere allke,

One of the major qiuestions now becomes: Is there
e way to prediet the conditions under which the zone
of secondnry recompression will oceur within the tubeYy
Theoretically not at this time, but empirically an ex-
pression wag determined as illustrgted in Fig, 8, Fer
the inlet stegnation conditions less than this locus,
secondary rocompression does not occur within the
55 L/D tube, :

For conditions, above the locus, cecondary re-
compression will occur somewhere within the 55 L/D
tube, ’ :
An empiricel expression for thls locus in the
pregsent experinent 1s;

where fr=© T; ' ‘(4)
‘ Cy(B/D,€) = 5.6 (s)

Equetions (4) and (5) are written in the above form
becauae it 1g expected thet the constant €, depends
on the total tube L/D, which in this case was 55, and
surface roughness €, For these tests the tube was
smooth honed wiith emery paper, .

Floy Rete

Reduced flow rate date as a function of reduced
stagnation pressure for selected lsotherms are given
ag Flg., 9, Attempis to prediet thiese flow rates fheo-
retically were unsuccessful, so %he authors resorted
to standerd flow coefficilent techniques, By calcu-

lating the ilsentropic nonequilibrium two~phase_chokeq'

Tfloy relie according to the model of Henry and Fauske?
(11), one can define & flow coefficlent as:

G ¥ G
data/ _
COCPI':TI')' = GI"7'—. ax G'—"rI
Ag can be seen from Fig, 10, the coefficient of

4Cherts of the idesl isentropic flows mre availeble
in Ref, 12,

(8).

%q. (6) is strongly dependent on reduced temperature,
increaning from about 0.54 at T, = 0,67 to 0.8 ot
Tp = 1,2; its value then decreases to 0.73 for the
gas, Further, it 1ls weally dependent on presscure
awey from the saturation locus, At the saturation
locus the nonequilibriuvm model predicts €, velues
less than the locus of Fig, 10, see ipelated pointg
of Fig. 9, which mey be two phase, Between T, = 0.9
and 1.0, the data sppear to reach a plateau tollowed
by an abrupt rise,

So by calculating the isentropic flow rate uvsing
tile nonequilibrium model and applying the flow coef-
ficlent {fig. 10), the flow rate for this configura-
tlon can he determined at eny tempersature or presaure
including the eritical regtion,

While the effeci ot gecondary recompregsion on
the pressire profiles is very significant, little
change in the flow rate can be found using Eq, (8)
and comparing data with the theoreticel curves of
Ref. 12, This, of course, implies that the maas
limiting effect oncurs at the inlet, not at the exit.

Fluld properties for evaluating G, were ob-

tgined using the computer code esteblished in Ref', 13.
SUMMARY

Scme flow cheracteristics in a conecant ares ducdt
with a Borda type inlet, ac may be found in same ceals
applicatione and boilers, have been ssseased over a
wide range of temperature and pressure (0,88 < T/T,
£ 2.3; P/P, £3) with fluid nitrogen. (T, = 126.3 K,
Fo = 3.417 MPFa), The 55 L/D test section with Borda
inlet has a 79 diffuser at the exik,

Under certain conditions, separstion st the inlet
was aufficiently strong to permit the fluid to flow
through the tube as 1f it were a free jet; in these
cases, the diffuser zone extended to tha physicel dif-
fuser and secondary recampression dlé not ecceur within
the tube, Otherwise some combination 4f the initial
recompression ~ diffuser - secondary recompression
zones cccurred within the tube, In the eriticel re-
glon the diffuser zone vanishes. An empirical cri-
terion was eatablished to determine when secondary
recompression would ocewr within the tube,

The flow coefficient (0,/G, ) varied nonlinearly

with temperature fiom 0.54 at T/T, = 0.68 t0 0.8 at

/Ty = 1,5 to 0,73 for the gas {17/T; = 2.3). The

coefficient is wealkly dependent on pressure except
hear saturabtion where the coeffiélent tends Lo unity,
Moreover, at & reduced stagnation pressure P/P, =
3,1 and reduced temperature of 0,68 the evernge axial
reduced pressure wes 0.0585, over & 50:1 change, The
rablo of the ataghation pressure to the initisl re-
compregsion zone pressure was over 125:1,

Flow rates for selected isotherms and pressure
profiles are presented for this configuration to docu-
ment these flow phenomena,

BfMBULS

A nreq, cﬁz

B slob or channel width, cm
8; constant of Eg, (S)

c flow coeffieient, Eg. (6)
D tube diameter, cm

G flow rate, g/cn®-s



Gp reduced flow rate

a*  flow noma.liz:l.ng paramater ﬁ Pof?
8010 g/emPen, for nitrog;n crele

L tube length, cw
P presgsure, MPa
P. reduced pressure, P/P,
R gae constant, MPawcm:s/g-K
T temperature, K
Ty reduced temperature, T/T,
v specilic volume, cm5/g
Vg velocity paranmeter
Y complex potential
b3 dlstance, om
Xp dimeﬁaionlesa distance
Y  distonce, cm |
Yo dimensionless distance
%2  compressibllity, PV/RT
z complex crordinate, em
- 'parnmetér
p density, g/cm:5
€ gurface roughness ratio -
B boundery layer thickness, cm
Bubsecripts:
c. critical
I isentropic
o stagnation
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TAELE I, - PREGBURE TAP LOCATIONS FOR 55 L/D TIEE

'H'ITII BORDA. TYFE INLET- (BEE FIQ, B)
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Figure 1, - Apparatus,




F i STANDARD 3/4 AN

¥, FITTING
,I
/  STANDARD 1/4 AN COUPLING
.80,/ WITHNi CONICAL WASHER g:::‘gg;gmo
“‘ /PPy "THROAT" nmuc-.\
\ 0 \
\
\ P13
L f
- 65
L35 by ps Py Py "a P9 "m Plz 15
et 6.73(2.65) ] P1) 6
Poz P3
\\|
\-2.27 (. 895) .oa;imom-.om
L2.83(1 115
Lm0
\_ PRESSURE TUBE TO
TRANSDUCER

TYPICAL PRESSURE TUBE INSTALLATION
Figure 2 - Schematic of 55L/D test section with borda type inlet. See table I
‘or pressure tap locations.



Figure 3, - Borda inlet,
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FREE STREAMLINE

F’-‘- Asm;lOIE

a) Slot or Channel

\f‘

2D

b) Tube

Figure 4 - Schemat.c for theoretical stream-
lines for a borda inlet.
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Figure 5. - Suggested mode! for 55 L/D straight tube with borda type inlet.
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Figure 6. - Typical pressure profiles - axial position 55 LUD straight
tube with Borda inlet.
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Figure 7. - Typical pressure profiles - axial position 55 UD straight tube
with Borda inlet.



RECOMPRES SION WITHIN

THE TUBE
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- .6 | Rt = 1 J
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Figure 8, - Flow transition region as a function of reduced pressure
and temperature for Borda inlet =55 LD straight tube - Tp < 1.
Fluid nitrogen.
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Figure 9. - Reducad flow rate as a function of reduced pressure for
selected isotherms. Borda inlet =55 L/D straight tube.
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Figure 10. - Reduced flow rate ratio versus reduced temperature for

55 LD straight tube with a Borda inlet. Fluid nitrogen. (3~ two
phase).
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