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Summary

A straight cylindrical seal configuration representing the seal
for a high-performance turbopump (e.g.. the space shuttle main
engine fuel pump) was tested under static (nonrotating) con-
ditions. The test data included critical mass flux and pressure
profiles over a wide range of fluid conditions at concentric and
fully eccentric seal positions.! The critical mass fluxes (or
leakage rates) for the concentric and fully eccentric configu-
rations were nearly the same when based on stagnation
conditions upstream of the seal inlet. The fully eccentric config-
uration pressure profiles of the gas and liquid were different.
Further, the pressure differences between the maximum- and
minimum-clearance positions were highly dependent on the
geometric conditions, the temperature. and the pressure at both
the inlet and the exit, with the greatest pressure differences in
the inlet region with profile crossover within the passage. These
differences are most important to the dynamic stability of a
turbomachine.

Critical mass flux and pressure profiles for hydrogen flowing
through a shaft seal offset by one-third of the nominal clearance
indicated a suppression of two-phase choked flow as the
backpressure at the exit reached the thermodynamic critical
pressure. Injecting gaseous helium near the seal exit plane
(close to the region where two-phase flow begins) substantially
increased upstream pressure. Injecting gas into fluids®
(gas or liquid) within the seal could control turbomachine
instabilities. High-pressure, high-temperature hydrogen gas
could be used for this purpose in an alternative design.

Some tests with fluid nitrogen demonstrated an anomalous
pressure rise near the seal exit along the maximum-clearance
position. The unusual pressure profile crossovers are
characteristic of a skewed geometry and could represent a shaft
under large bending loads or passing through critical speeds.
However, the geometric position could not be verified and
these profiles remain unexplained.

Data were taken over a range of inlet pressures and tempera-

LAll of the data and information obtained from these tests was released
for general use in May 1977.

2Fluid refers to a thermodynamic state independent of temperature, pressure.,
or density —the use of the terms liquid and gaseous herein are redundant but
convenient for may readers. In this sense the fluid enters the test section
nominally in the liquid state. And in most cases two-phase flow can and
probably does occur within the test section much of the time.

tures with fluid nitrogen and fluid hydrogen. The results,
although complex, tend to follow the corresponding-states
principles for critical flows. The mass flux profiles of this
annular configuration can be roughly compared with those of
an orifice; the pressure profiles can be compared with those
characteristic of a long tube.

Introduction

In the early phases of the space shuttle main engine program
excessive leakage and vibrations engendered catastrophic
turbomachine failures.that in many cases destroyed the entire
apparatus. From the accident investigations it was postulated
that the excessive vibrations were caused by the seals.
However, the seal geometry and fluid conditions leading to
such unstable operations were unknown.

Although there are many reports on the design of shaft seals
for perfect gas flows (e.g., refs. 1 and 2), little information,
experimental or theoretical, is available to guide the designer
when the shaft seal must accommodate a real fluid over a wide
range of thermodynamic states. Four fundamental problems
exist:

(1) How can the leakage rate be determined?

(2) How do the pressure profiles respond to eccentric
positioning?

(3) How can these results be applied to other working fluids?

(4) What is the role of backpressure?

In many hydrodynamically similar cases, critical flow rates
through openings can be adequately described by using one-
dimensional flow equations. The results can be parametrized
in terms of inlet stagnation conditions as long as the stagnation-
to-backpressure ratio is sufficiently large to choke the flow.
(In these tests the simulated turbopump shaft does not rotate
in the housing; the design simulation is a static configuration. )

A program was thus begun to evaluate seals for the space
shuttle main engine fuel turbopump. The first purpose of this
program was to establish the mass fluxes (leakage rates) for
a straight cylindrical, a three-step cylindrical, and a three-step
labyrinth shaft seal in both the concentric and eccentric
positions. Although the primary purpose of a seal is to control
leakage, an equally important purpose is to control dynamics.
Eccentric positioning of the shaft can lead to nonuniform
pressure profiles, which imply nonuniform loadings, which
in turn affect shaft dynamics and seal leakage rates.



Thus the second purpose of this program was to determine
the pressure profiles in the simulated seal configuration with
the centerbody set in both concentric and eccentric positions.
The fully eccentric position permitted a 0.2692-mm (0.0106-in.)
gap at 180°. the maximum-clearance position, but touched the
housing at 0°. the point of rub. This provided insight into seal
dynamics, which significantly affect turbomachine dynamics.

The third purpose was to establish the credibility of the
corresponding-states approach, which minimizes testing with
hazardous and expensive fluids such as liquid oxygen and
parahydrogen. If established, this approach could provide
designers of both hydrogen and liquid oxygen seals with
leakage rate data and pressure profiles. These results could

.then be extended to seal designs for any fluid obeying the
corresponding-states principles.

One philosophy of seal design is that when the backpressure
1s above the thermodynamic critical pressure, two-phase flow
within the seal 1s not possible. Although this is generally an
incorrect assumption for stagnation entropies less than the
thermodynamic critical entropy in simple geometries such as
a venturi. the thesis that two-phase flow can also occur in a
seal must be demonstrated for these complex geometries. Thus
the fourth purpose was to investigate the effects of back-
pressure on mass flux and pressure profiles.

The results for the straight cylindrical seal are given in this
report. Complementary data and results for a three-step
cyvlindrical seal and a three-step labyrinth seal in a similar
configuration are given in references 3 and 4.

Symbols

area. cm-” (in.”)
damping. N s/m (Ibf s/in.)

flow coefficient. Gg/Gpg.,

a0 o -

3

specific heat at constant pressure, J/g K (Btu/lbm °R)
clearance. cm (in.)

diameter. cm (in.)

response (or forcing) function, N(Ibf)

Fanning friction factor

mass flux. g/cm” s (Ibm/in.” s)

z  reduced mass flux, G/G*(1 + ¥y)

*

QO™ ™mo "

flow-normalizing parameter (6010 g/cm?s (85.5
Ibm/in.* s) for nitrogen), N'P.p./Z,

h enthalpy. J'g (Btu/ibm)
K stiffness. N/m (Ibf/in.)

Ky isothermal compressibility factor, —(3 In V/dP)y,
MPa~! (psia™ ")

k slip ratio (set to unity)
L length. cm (in.)
M mass. g (lbm)

P pressure, MPa (pst) °
gas constant, MPa cm’/g K (psi in.*/lbm “R)

[4 Reynolds number

entropy. J'g K (Bw Ibm °R)

temperature, K (°R)

velocity. em/s (in./s)

XX

specific volume, cm¥/g (in.*/Ibm)
mass flow rate. g/s (Ibm/s)

mass fraction of vapor

ng‘.qﬂ\j(ﬂ

PV/RT compressibility

axial position. cm (in.)

&

™

volumetric expansion coefficient, (8 In V/3T)p, K
(R7H

viscosity, Pa s (psi )

density, g/cm3 (Ibm/in.%)

shear stress, Pa (psi)

@ thermodynamic isoproperty path

Yo  quantum correction factor

Subscripts:
c thermodynamic critical value
e exit

ecc  eccentric

g gas
h hydraulic

i arbitrary axial position
{ liquid
m mean, for two-phase flow

max maximum
0 inlet stagnation conditions

PG perfect gas

R reduced by corresponding-states parameter
sat saturation value

t throat

v venturi

w wall

X,y reference positions

0 particular point in inlet (see fig. 23)
180° 180° to reference position

Superscripts:

—  average value

=1



Apparatus, Instrumentation, and
Procedure

The system of reference 5 was used, but a variety of
hardware changes were required to accommodate the proposed
interstage seal configurations for the space shuttle main engine
fuel pump.

Selective modifications are described to indicate some of
the difficulties in adapting these proposed designs to a real
system. The facility installation (fig. 1) choked in the
“‘plumbing’” somewhere downstream of the seal —presumably
in the exit mixing chamber of the flow system. From
preliminary testing it became quite apparent that the flow rates
were going to be higher than the predicted maximum of
115 g/s (1/4 Ibm/s) for parahydrogen. Thus the downstream
piping was too small and had to be enlarged (fig. 2) to permit
operation with fluid hydrogen or fluid nitrogen. This modified
configuration. consisting of an exhaust tube 7.62 cm (3 in.)
in diameter. demonstrated that the choked condition could be
maintained within the seal.

To demonstrate choking, the system was operated in three
stages: (1) with gas flowing without a vent, (2) with gas or
liquid flowing through the restricted 7.62-cm- (3-in.-) diameter
exhaust tube, and (3) with the system reconnected to the vents
above the roof. The 7.62-cm- (3-in.-) diameter exhaust tube
had a 5.72-cm- (2%-in.-) diameter flange connection, which
served as an orifice type of restriction. The pressures at the
exit flange for these three stages of system operation were
typically 0.103. 0.134, and 0.383 MPa (15, 19.5, and
55.5 psia), respectively. However. although the flow rate
remained invariant, the slope of the pressure profiles changed
at the exit plane, similar to what would be expected with a
long tube. The system was again modified (fig. 3) to permit
operation with fluid hydrogen. The fluids were discharged
through dual 5-cm- (2-in.-) diameter vent stacks with four
exhaust ports 9 m (28 ft) above the roof. The straight
cylindrical seal configuration was installed as the test section
in the modified test facility (fig. 4). The venturi differential-
pressure transducer range was increased to approximately
2 MPa (300 psid) to accommodate the higher flow rates, and
the allowable facility abortable flow rate was increased to
300 g/s (2/3 Ibm/s) for 45 s maximum. For these high flow
rates the exhaust ports were carefully monitored for the
dispersion and direction of plume flow. The cold hydrogen
often approached, but did not touch. the roof. In general, the
dissipation was very good. The key safety requirements were
that all elements of the flow system be grounded and that no
possible sources of arcs, sparks. or open flames be permitted
in the test facility area.

In the straight cylindrical seal configuration (fig. 5) the seal
centerbody was 8.4244 cm (3.3167 in.) in diameter and the
housing was 8.4513 cm (3.3273 in.) in diameter, providing
a cylindrical annular passage about 4.13 c¢m (1% in.) long and
0.0135 cm (0.0053 in.) high. The centerbody was con-

centrically positioned in the housing to within 0.00127 ¢m
(0.0005 in.). The conical inlet and exit flanges served as
adaptors to our system and were not part of the seal.

A simulated shaft, a straight cylindrical centerbody, and a
housing were used to represent a straight cylindrical seal
configuration for a high-performance turbopump (e.g., the
space shuttle main engine fuel pump). All tests were conducted
under static (nonrotating) conditions. Pressure taps (fig. 6)
were installed along the centerbody at seven distances from
the seal inlet plane, one set at the 0° circumferential position
and a similar set diametrically opposite at 180°, as shown in
table I. At the 3.9980-cm (1.574-in.) axial position additional
taps were provided at 90° and 270° (fig. 6). The seal and
housing are shown in figure 7.

Pressure and temperature were also monitored in the conical
inlet and exit reservoirs. These temperatures, however, were
measured by insertion thermocouples and are included for
reference only. The inlet temperature was measured by
platinum thermometry in the inlet mixing chamber. Prior to
a run series the system was capped off by removing the
7.62-cm- (3-in.-) diameter exhaust tube and placing a plate
over the exhaust port; the system was then pressurized with
nitrogen gas. Next the pressure transducers were calibrated
by setting all of them to read the same pressure at two different
levels. This ensured consistency of the readings while
sacrificing perhaps +0.014 MPa (+2 psia) in the absolute
level. The transducers were electronically set to zero prior
to pressurization.

The backpressure was controlled by injecting gas into the
conical exit reservoir and adjusting a small valve at the exhaust
port. Further details are given in reference 3, which describes
the results of the three-step cylindrical seal tests.

Data were taken in the following sequence: (1) concentric
position, (2) eccentric position, and (3) concentric and
eccentric positions with backpressure control. The system was
modified and upgraded during the sequence. Thus not all data
points contain the same amount of information. General system
accuracies follow those of reference 5.

Theoretical Background

Much of the theoretical and experimental work on two-phase
choked flows and applications of the corresponding-states
principles and other principles of similarity to choked flows
is discussed in references 6 to 10 with additional material in
references 11 to 14. Most of these studies deal with flows
through nozzles, orifices, or slits; however, reference 15 deals
with two-phase choked flows in a long tube with a length-to-
diameter ratio L/D of 16 200. Thermophysical properties used
in the computations in reference 15 and in this report were
obtained from the computer code of reference 16. For a review
of the Fanno-Rayleigh relations that were used, see
appendix A.



In a duct such as that illustrated in figures 5 and 6, one-
dimensional flow may be assumed and the two-phase
momentum equation written as

—A dP — 1. dA, = w du

- Vm
wod{ —
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Thus we find that the mean or average specific volume V,,
can be written in terms of specific volumes as
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which is the Fanning friction factor, we assume k = Ug/up = 1
in order to use standard friction factor charts.

We now write the governing equations in terms of V, A4,
and P:
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Differentiating equation (10) with respect to the exit pressure
(P; — P, — P, assuming up /up<<l, and using the
criterion for choked flows
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yields the maximum value of mass flux, which becomes
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Substituting equation (10) for G,, and following some
algebra yields

. dv  dA[" af (V\'dz 4f dz
_Gn_m"‘:fi—-*-A——\ —J:<—>——dP+ V;ffi— (12b)

dpP dP p, Dy\A/ dP D, dpP

e

Near the choking plane, (dz/dP) — 0 and for these flows
(dA/dP) — O; further, the effect of friction over very short
distances is negligible. Thus equation (12) becomes

G, = ap (13)
max dVe

where G, is a function of thermodynamic state parameters.
For isothermal flows

(ks
~Gmax - < V>P (14)

where K7 is the isothermal bulk modulus and, as such, is
established by thermodynamic state conditions independently
of fluid or flow conditions.

For isentropic flows

v _ EBZ (15a)

K G

s
—Ghax =

where 3 is the volumetric expansion coefficient and C, is
specific heat. Again G, is established by thermodynamic
state conditions. and at the thermodynamic critical point

Grax — 0 (15b)

To determine the exit conditions, we need to solve for the
pressure profile. Since A = A(2) with V = V(P,¢), where
¢ represents the thermodynamic isoproperty path the expansion
is assumed to follow (e.g., isentropic), equation (9) may be
rewritten as follows:

dP dv VdA 4
AP YA vy, (16)
G> dP A dz 2Dy,

and solving for dP,

dP = dz (17)

The pressure profile is determined from equation (17), and
the mass flux is determined from equation (10) and is subject
to the constraint equation (13).

Once the mass flux has been determined, we can use the
principles of corresponding states to normalize the flux

G
Gr=— (18)
G‘

where

P.p
G =)~ 19
7 (19)

(o

and to produce design charts. For an example see figures 8
and 9, which are reproduced from reference 8. The mass flux
and pressure profiles of various fluids are compared, using
the corresponding-states principles, in figures 10 and 11,
respectively (from ref. 7). The normalizing parameters and
critical constants for several fluids are given in table II. The
applicability of the corresponding-states principles was
conclusively demonstrated in reference 6 for nozzles, was
more recently discussed in references 17 and 18, and is
demonstrated in this report for coaxial geometries. The
theoretical predictions, equations (10), (13), and (17), are not
a priori in this report because inlet and exit effects were not
known; rather the constants or levels were established
empirically and the trends followed, as in the flow coefficient
technique. This in no way affected the reduced experimental
data results or trends.

The data for this investigation are presented using the
theoretical material in this section as background information.

Results and Discussion

This section discusses (1) the concentric position, simulating
normal operation; (2) the applicability of the principles of
corresponding states to this configuration; (3) the fully
eccentric position, simulating rotor dynamics to the point of
rub; (4) the effects of backpressure on flow and pressure
profiles; and (5) the flow coefficient analogy.

The data were taken in four stages—where the working
fluids were gaseous nitrogen, liquid nitrogen, gaseous normal
hydrogen, and liquid parahydrogen—as part of a systematic
approach to achieving valid data while minimizing operations
with hydrogen. The data taken with the straight cylindrical
seal are tabulated in this report, and data for the three-step
cylindrical and labyrinth seals are tabulated in references 3
and 4, respectively.

w



Concentric Configuration—Simulating Normal Operation

The experimental data for the straight cylindrical seal in the
concentric configuration are given in table III.

Gaseous data.—The reduced critical mass flux and pressure
profiles for gaseous nitrogen flowing through the straight seal
(figs. 12 and 13, respectively) were taken without the conical
exit flange. This configuration provided the minimum
backpressure necessary to confirm choking. Data for a venturi
(ref. 6) are included for comparison. Comparisons with
previous pressure profiles and mass fluxes (i.e., those with
the conical exit flange and exhaust lines in place) showed that
these results represented critical flow through the seal. Further,

_the pressure drop at the exit satisfied that of choked flow for
gases (i.e., ~ 2:1). Note that although these mass fluxes were
large for this system, they were about one-sixth that for liquid
nitrogen. Note further that the pressure profile curvature®
was negative downward (parabolic), a characteristic of friction
pressure drop with fluid acceleration. and dropped quite
sharply right at the seal exit plane.

The locus representing the gaseous oxy gen data for a venturi
was approximately 1.4 times higher than the data of figure
12. Because these flow rates deviated approximately the same
amount as those between an orifice and a venturi, a simplistic
way of referencing these data is to consider this configuration
to behave like an orifice. Such an analogy proved to be valid
for the mass flux but invalid for the pressure profiles. The
pressure distributions at 0°, 90°, 180°, and 270° (fig. 13) were
uniform around the simulated shaft to within 5 percent; these
pressure differences were extremely sensitive to small changes
in eccentricity and could be used as position monitors.

Liquid data.—The critical reduced mass fluxes and the
pressure profiles for liquid nitrogen flowing through the seal
are illustrated in figures 14 and 15. respectively. In three
separate operations the effective backpressure was physically
changed to convince the author that the system was choked
at the seal and not elsewhere in the system (as discussed in
the Apparatus, Instrumentation, and Procedure section).
The alterations necessary to prove that changes in backpressure
did not significantly affect the mass flow also provided
information on this seal configuration. The data appeared quite
consistent for a range of reduced pressures at a reduced
temperature T, of 0.7. The normalizing parameters for
various fluids are given in table II and figure 16.

Also plotted in figure 14 is the locus representing the liquid
oxygen data of reference 6 for a venturi. Multiplying the
venturi results by 0.61 closely simulates orifice data. Further,
the orifice locus closely parallels the data for this seal
configuration. These results reinforced the simplistic view of
the leakage of this seal—as that of an orifice. However, note
that the slope of the pressure profiles in figure 15 is positive
near the exit. Such profiles are characteristic of two-phased

3Curvature is defined with respect to the pressure-axial position axis of
the pressure profile plot.

choked flows in long tubes (ref. 15). This illustrates the
complexity of these flow patterns: thus the simplistic view is
useful only as a simple reference tool. It will also become
apparent that small changes in eccentricity effect large changes
in circumferential pressure distribution.

Although mass flux and pressure profiles have been
established for the straight seal in the concentric position, the
application of the corresponding-states principles remains to
be demonstrated.

Fluid hydrogen and corresponding states.—As the original
goal was to determine hydrogen leakage through the seal, it
became of paramount importance to run hydrogen (1) to
demonstrate the applicability of the corresponding-states
principles to this configuration and (2) to determine some basic
flow (or leakage) data for this configuration with hydrogen.

The critical mass flux and pressure profiles for liquid
hydrogen flowing through the straight cylindrical seal (figs.
17 and 18, respectively) at first appeared to be significantly
lower than those for gaseous nitrogen (figs. 12 and 14). Hence
it might have been concluded that the corresponding-states
principles do not apply. However, when the reduced inlet
stagnation temperature (T , = T,/7T,), namely, of the order
of 8 for hydrogen and 2 for nitrogen, was taken into account,
the gaseous data properly correlated as

VT C
Gg—22 = (20)
Pz, 5

where C;is the flow coefficient. To provide further evidence,
several points were taken at the termination of a liquid hydrogen
run; the T, was of the order of 2.2 and was considered
gaseous. A point in reduced T,P (temperature, pressure)
coordinates was found that corresponded almost precisely to
a nitrogen point. The two plots fell directly together on the
plot (fig. 17).

The liquid hydrogen data of figures 17 and 18 fell almost
directly on the liquid nitrogen data (fig. 14).* It might now
have been concluded that the corresponding-states principles
could be applied and that prediction of flows at higher
pressures would follow the theoretical model. This appeared
to be a valid premise until a second set of hydrogen data were
acquired that fell 12 percent below the previous hydrogen
results. Subsequent checks of the transducers and records
revealed that the inlet temperatures might have been off by
1 to 2 deg K. To resolve this dilemma, a third set of hydrogen
mass flux data were taken (fig. 19) that revealed how highly
sensitive the locus was to small changes in inlet temperature.
The corresponding pressure profiles are given in figure 20.
From previous experimental and theoretical work on the
application of the corresponding-states principles to two-phase
choked flows (e.g., refs. 6 to 15) and from data herein, the

4At the lower values of Ty , it was necessary to use the quantum correction
factor y, illustrated in figure 16(a), in addition to the theoretical model
developed in the section Theoretical Background.



author felt that the nitrogen and hydrogen results followed
the corresponding-states principles to within +5 percent
depending somewhat on friction and inlet effects, which are
irreversible losses.

The helium injection pattern, tap. and pressure transducers
are discussed in appendix B.

Finally. the nature of the mass flux and pressure profiles
was demonstrated at inlet temperatures to and above the
thermodynamic critical temperature. Because hydrogen
profiles are highly sensitive to temperature (further discussed
in the section Fully Eccentric Configuration—Simulating
Point of Rub), only the data for fluid nitrogen are presented
in figure 21. The data for the several isotherms are quite
distinct even though the isotherm variations are small.
Isothermal data above the reduced value of unity are limited.

Gas injection.—A system was then conceived and tested
whereby the pressure profile through the seal would become
more uniform, thereby significantly increasing seal dynamic
stiffness. Injecting gaseous helium® upstream but close to the
region where the pressure equaled the cavitation pressure
increased the pressure upstream of the injection point. In short,
the characteristic concave downward profile for liquids became
concave upward (e.g.. compare fluid hydrogen runs 820 and
824). Injecting helium gas into nitrogen gas significantly
increased the pressure upstream and rapidly decreased it down-
stream. (See fig. 22 and appendix B for further details.) Properly
controlled gaseous injection could provide seal dynamic stability
and in turn effectively control turbomachine stability.

Summary for concentric position.—The following is a
summary for the straight cylindrical seal in normal operation,
where the nonrotating centerbody on a shaft was set concen-
trically in the housing.

(1) Hydrogen and nitrogen mass flux and pressure profiles
over a range of inlet pressures and temperatures were acquired
and tabulated. In this configuration the flow area was a con-
centric annulus 4.13 cm (1% in.) long by 0.0135 cm (0.0053
in.) high with a 0.357-cm” (0.0553-in.?) cross-sectional area.

(2) The corresponding-states principles can be applied to
these data. and extrapolation of basic design charts and
theoretical calculations to higher pressures or temperatures
should result in mass flux errors no greater than =+ 10 percent.
However, the effects of friction must be properly handled in
the theoretical calculation. and it should be realized that fluid®
hydrogen is sensitive to small changes in inlet stagnation
conditions because of its low thermodynamic critical point.
Simplistically one may consider the liquid flow leakage to
behave like that for an orifice and the pressure profile to behave
like that for a long tube.

(3) Injecting gaseous helium immediately upstream of the
seal exit plane substantially flattened the pressure profile and
could be used as a dynamic control mechanism.

SHelium was injected through pressure tap 5. See appendix B.
6See footnote 2.

Fully Eccentric Configuration—Simulating Point of Rub

In this section the results are presented in three parts: (1)
mass flux data, (2) pressure profiles, and (3) assessment of
circumferential pressure differences for the fully eccentric
case, including examples. The seal was placed in its fully
eccentric position (fig. 23). A subsequent investigation of the
seal revealed that the eccentric position of the pressure taps
was a maximum of 17° off the centerline of the true fully
eccentric position. Although the difference between pressures
at 0° and 17° should be small, it must be realized and
considered when interpreting the pressure data of subsequent
tables and figures. Data for ihe cylindrical seal in its fully
eccentric position are given in table IV.

Mass flux data.—The critical reduced mass fluxes (leakage
rates) for gaseous and fluid nitrogen through the straight seal
in the fully eccentric position are shown in figure 24. The
initial observations for gaseous nitrogen indicated the flows
to be the same as those through the straight seal in the concen-
tric configuration (based on the same flow area, as described
in the previous section). This observation also appeared to be
valid for liquid nitrogen and for those data where Tg, > 1.
In the previous section it was found that the hydrogen data
were quite sensitive to inlet temperature; the nitrogen data of
figure 24 appeared to be equally sensitive. This does not imply
that the nitrogen data for the concentric configuration were
not as sensitive: isotherm separations of 1 percent or better
must be made in the data in order to distinguish the sensitivity.
The critical reduced mass flux data for the fully eccentric and
concentric configurations appeared to follow the same reduced
isotherms when the reduced pressure was based on the
stagnation pressure at the 0° position (fig. 23).

Likewise, the critical reduced mass fluxes for gaseous and
fluid hydrogen (fig. 25) were nearly the same for the fully
eccentric configuration, as they were for the concentric config-
uration of the previous section. The quantum correction factor
(1 + ), figure 16(a), had to be evaluated at each isotherm
in order to reduce these data in a corresponding-states manner.
Comparing these data and those of figure 24 for the same
isotherms again indicated that fluid nitrogen data could be used
to predict fluid hydrogen flow rates (and vice versa). These
results suggested a further extension of the applicability of the
corresponding-states principles to flows through eccentric
passages as well as to those through concentric passages and
simple geometries such as the venturi and the orifice.

Pressure profiles.—Although the mass fluxes for the
concentric and fully eccentric configurations appeared to be
similar, the pressure profiles were quite different.
Simplistically the dynamics may be pictured as a spring-
damper-mass system excited by an external force:

F=KX+ CX + MX 21

Realistically K, C, and M are matrices whose components are
coupled to the fluid and the structure, and F and X are force



and displacement vectors, respectively. Usually Fand X are
described by two coordinates or in complex form. for example.
F=F, + iF,, where i =~ —1. Here Fis the response (or
forcing) function, K the stiftness. C the damping, and M the
mass. As the system did not rotate. the only term that can be
approximated is the direct stiffness coefficient of the K matrix.
which is directly related to the difference in pressure at the
0° and 180° positions along the seal axis of rotation.

Guseous nitrogen: Typical gaseous nitrogen pressure pro-
files for the fully eccentric configuration (fig. 26) show the
pressure at the inlet to be higher at 0° than at 180°. How-
ever, about three-fourths of the way through the seal the
profiles crossed over. and near the exit the pressure at 180°
was significantly higher than the pressure at 0°. The pressure
differences at these positions exert a significant force on seal
configurations. In fact the pressure difference-eccentricity
ratio is a measure of the direct stiffness of the seal. and a
positive stiffness implies stability. Although the total stiffness
is positive, the crossover represents a region of negative
stiffness and is not only undesirable but unavoidable.’
Subsequent measurements of the centerbody indicated a
0.0005- to 0.001-mm (0.0002- to 0.0004-in.) divergence in
the clearance diameters from the inlet to the exit. Although
not a significant factor in the mass flux, such a divergence
can cause negative stiffness. However, a convergence from
inlet to exit would enhance the region of positive stiffness.®

Liquid nitrogen: As for gaseous nitrogen typical liquid
nitrogen pressure profiles for the fully eccentric configuration
(fig. 27) show the pressure at the inlet to be significantly higher
at 0° than at 180°. However, these profiles converged in the
same region where the gaseous nitrogen profiles tended to
cross over and diverge. This may be due to vapor production,
which may force uniformity as did gas injection (appendix C).

Gaseous hydrogen: The typical gaseous hydrogen pressure
profiles shown in figure 28 are quite similar to those for
gaseous nitrogen (fig. 26). The crossover in both cases implies
regions of positive and negative stiffness.

Liquid hydrogen: The liquid hydrogen pressure profiles
shown in figure 28 are also similar to those for liquid nitrogen
(fig. 27). The crossover region is subdued or moved to the
exit plane. For both fluids the liquid pressure profiles at 0°
and 180° are separated at the inlet and tend to merge near the
exit. The problem now becomes how to assess and predict
these pressure differences.

Circumferential pressure differences.—A second look at
the gaseous pressure profile data (figs. 26 and 28) indicated
that at 3.998 cm (1.574 in.) from the inlet plane pressures at
0°, 90°, and 270° were similar but differed from those at
180°. Since 180° was the only axial pressure-tap location
between 90° and 270°. the ‘‘cosine variation’’ in the
circumferential profiles can only be inferred.

7Negati\'e stiffness could be controlled via gas injection as discussed in
the section Gas injection.
8Single-phase flows: multi-phase flows can have opposite trends.

A similar examination of the liquid data (figs. 27 and 28)
indicated comparatively little difference between the 0°, 90°.
180°. and 270° pressure readings at 3.998 cm (1.574 in.) from
the seal inlet.

Describing the reduced inlet pressure differences between
0° and 180° yields

APecc - PO” - P180°
Pye

In a sense AP,.../Pyli, is a measure of seal direct stiffness. The
greater the AP,.../Pyi;, for a seal in an eccentric position. the
greater the seal stiffness. Here the seal is fully eccentric.

Fluid nitrogen: For fluid nitrogen the reduced inlet pressure
differences AP, /APy, (fig. 29) were constant at 0.09 for
reduced inlet stagnation temperatures T ,> 1. dipped to a
minimum near T;, = 1, and rose steeply for 7 ,<1. Note
that at one point the inlet conditions were quite close to the
thermodynamic critical point, indicating that the profile
differences may dip as low as 0.06. Although at first this may
appear to be incongruous, a model discussed in appendix C
points to the decrease in flow resistance as the reason for the
positive curvature and the merger of the axial pressure profiles.
Properties change rapidly in the thermodynamic critical region,
and the static conditions at the point where these profiles
merged tended to prevail also at the inlet. This is, however,
the first evidence that near-critical thermophysical properties
affect either the mass fluxes or the pressure profiles in an
anomalous way. Such nonlinear profile variations can produce
a significant load variation, which in turn affects turbomachine
dynamics. especially for systems that operate near or must pass
through the thermodynamic critical point en route to the
operating condition.

Fluid hydrogen: Applying the criterion of equation (22) to
the hydrogen data produced figure 30. Figures 29 and 30 are
substantially different near Tz, =1 and are similar at
Tr,>>1and Tz ,< 1. However, because the outer casing
of this seal configuration is subject to ambient conditions that
could lead to a ‘‘smoothing’’ of the region near Tz, =1,
lower density fluid may be produced near the walls and
ingested into the seal configuration. Such ingestion of low-
density fluids in liquids has been observed photographically
in the study of reference 12. The lower density material may
only serve to increase the difference in pressures at 0° and
180°. However. an experiment more sensitive to inlet
temperature and environmental heat input might produce
distinct changes in both flow and pressure. This is partially
evidenced by the nitrogen data, where environmental heat input
was significantly lower.

Although it would be difficult to accurately assess the
pressure difference defined by equation (22) for an arbitrary
isotherm. it should be quite apparent from figures 29 and 30
that at low or high values of T , the pressure level Py , does
not significantly alter this pressure difference.



For those not familiar with reduced parameters a few
examples are now given.

Example 1: If the seal inlet conditions for fluid hydrogen
at the 0° position are approximately 10.0 MPa (1450 psia)®
at 26.4 K (47.5 °R) or Tz, = 0.8, determine the pressure at
the 180° position (seal diameter. 8.4244 c¢m (3.3167 in.)).
From figure 10

Py — Pigoe
Py

_ AP ecc

in PO

=0.17 (23)

The pressure at the 180° position becomes
Pigos = P x 0.83 = 8.3 MPa (1200 psia) 24

a difference of 1.7 MPa (250 psia). This represents a restoring
force per unir of axial length of 0.143 MN/m-axial (830
1b/in.-axial) acting at the inlet of the cylindrical seal configu-
ration described herein. and a stiffness of K~ F/c ~
(0.143x10°1.346x10 ") ~ 10° N/m m-axial (0.16x10° Ib/in.
in.-axial). for a 0.01346-cm (0.0053-in.) clearance. The
pressure profile similar to that of figure 27 (i.e., triangular) has
a possible crossover at 3.75 cm (1.47 in.),with negligible
stiffness (either positive or negative) generated downstream.
Thus ihe force acts over the length (3.75-0.28 ¢cm) (1.37 in.),
or ~ 3.5 cm (see fig. 6), and the total restoring force becomes
(note triangular area) Y2x10° N/m m-axial X0.035 m-
axial=18 MN m (0.11x10° Ibf/in.).

Example 2. It may also be instructive to compute an average
Reynolds number at 10 MPa and 26.4 K. From table III(b)

P, 10 )
PR = — = =7.74
P, 1.2925
T, 264
Tp. == =038 [ @
YT 32.976
G* = 1158 g/cm? s (16.4 Ibm'in*s)

From figure 16. v = —0.04. As P, is far beyond the data,
an extrapolation of the classic venturi solution (eq. (10)) and
the mass flux data for the straight seal is necessary. By using
data given herein for the concentric and eccentric positions
and the flow through a classic venturi, figure 31 was
constructed. At Pg,=7.74

3.9 for the classic venturi

Gg = 1.85  for the classic venturi times 0.47 (26)

2.0 for extrapolation of data herein
Since the extrapolated data and the curve for classic venturi

79| MPa = (14,696 0.101325) psia.

flow times 0.47 are within 7 percent deviation, it would seem
reasonable to use one-half of the classic venturi flow rates as
flow rates for the straight seal configuration in the extrapolated
regions. The Reynolds number now becomes

1.
puU = G = EGRG*(I + 1'[/0)
39
= <T>(“58)(1 - 0.04)
= 2168 g/cm2 S 27

R—(’_ — pu (Doutside - Dinmde)
n

_2168(0.02692)

—~=0.35x10° (28)
0.168x107"
The average Reynolds number is high enough so that the flow
is probably turbulent even though the acceleration terms are
quite large. But it must be appreciated that the Reynolds
number in the minimum-clearance region is very small and
that the effects of secondary flows are not known. The question
of turbulence in such small passages remains an open issue.
Summary for fully eccentric position.—The following is
a summary for the straight cylindrical seal where the non-
rotating centerbody was set in its fully eccentric position.

(1) Mass flux and pressure profile data for fluid nitrogen
and fluid hydrogen flowing through the seal were acquired
and tabulated. In the fully eccentric position the passage height
at 180° was 0.02692 cm (0.0106 in.), but the shaft centerbody
touched the housing at 0°.'°

(2) The reduced mass flux data based on the inlet stagnation
pressure at 0° for fluid hydrogen and fluid nitrogen were in
agreement. Further, these data did not differ significantly from
those obtained for the concentric configuration.

(3) The pressure profiles differed significantly both axially
and circumferentially from those for the concentric configur-
ation. The inlet pressure differences were sensitive to reduced
temperature. But once determined, the reduced inlet pressure
difference level AP,../Pyl;,) at low and high values of Ty, did
not appear to be significantly altered by the absolute pressure
level. However, near the thermodynamic critical point,
Tro=1, such a simplistic relation does not appear
reasonable. Differences between hydrogen and nitrogen
profiles appeared to be related to the heat input resulting from
testing the configuration in the ambient environment. This
diabatic condition appears to be in concert with a model that
permits vapor production at some point on the seal surface.
These differences in pressure (inlet and exit) are the key to

10Note possible 17° offset: see p. 7.



dynamic turbomachine stability because they represent the
forces available to restore a perturbed shaft to its unperturbed
position. :
(4) For gases the pressure profiles for 0° and 180° crossed
over at about three-fourths of the seal length. For liquids the
crossover moved to the exit and may not always exist.

Some Effects of Backpressure Control '’

In the classical sense a flow is choked when changes in
backpressure (pressure at the seal exit plane) no longer cause
a change in the mass flux (eq. (13)). For a gas the pressure
ratio P,/P, is approximately 1/2, but for a high-pressure,
- low-temperature liquid this ratio can be less than 0.05. The
backpressure control data for the straight cylindrical seal are
given in table V.

Backpressure control data are needed for the straight seal
because most seals operate against some positive backpressure.
Also in the axisvmmetric case considerable backpressure (up
to perhaps 40 percent of the inlet stagnation pressure) can be
applied without altering the flow or the pressure profiles within
the tube (ref. 20). The question also arises as to how back-
pressure applied to the concentric and eccentric configurations
alters flow and axial and circumferential pressure profiles.

Prior to this series of tests several pressure taps had to be
repaired. This may explain some of the problems detailed later
in this section. In an attempt to obtain data at a partially
eccentric position with controlled backpressure, the straight
seal was set 40 percent eccentric. The experimental data are
given in table V.

Fluid hydrogen.—Fluid hydrogen profiles (fig. 32(a))
indicate a substantial pressure change between 0° and 180°
with and without the backpressure held close to the thermo-
dynamic critical pressure of hydrogen. The profiles with
elevated backpressure were quite linear and, as can be seen
from figure 32(b), increasing the inlet-to-backpressure ratio
did not alter the profile shape. For these profiles and this geo-
metrical configuration, two-phase vapor generation seemed to
be suppressed or confined to a region immediately downstream
of the seal exit. Increasing the inlet temperature Ty,
(figs. 32(b) and (c)) did not materially alter these results.

Fluid nitrogen.—The first run with fluid nitrogen revealed
an unusually high pressure near the seal exit, as illustrated
in figure 33(a). This unusual profile also appears in the gaseous
data for nitrogen (fig. 33(b)) and again in the data of figure
33(c). Between the runs shown in figures 33(a) and (f) the
transducers used to measure pressure were all changed, but
the profiles remained similar. This is quite an important point
because such a profile represents negative stiffness, which is
highly detrimental to shaft stability.

Because of the small clearances moisture could reach various

11 Al test data were taken with a minimum backpressure greater than 1 atm
absolute: the level was controlled by system friction losses and vent check
valves. The pressures were controlled.
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areas and be frozen by liquid nitrogen, or small particles could
lodge in the flow passage. Therefore after the first liquid
nitrogen runs the seal was warmed to ambient temperature,
and the tap was purged with high-pressure helium gas. The
pressure tap flowed freely and ambient temperature should
have dispelled any ‘‘ice jam."’ However, the gaseous data also
indicated the pressure hump (fig. 33(b)), and changing trans-
ducers did not alter the profile (fig. 33(c)).

Subsequent physical examinations of the hardware revealed
that the centerbody had a 0.00050- to 0.00075-cm (0.00020-
to 0.00030-in.) taper from the inlet to the exit (slightly
convergent frustum of a cone (fig. 6)) and that the 0.0038-
to 0.0050-cm (0.0015- to 0.0020-in.) off-center alignment
could only be measured at the exit plane. The crossovers near
the midplane in the pressure profiles of figures 33(a) and (c)
indicated a nonuniform axial alignment, and a shock seemed
to be formed near the exit plane. Clogged passages, skewed
alignment due to some thermal expansion, and malfunctioning
signal conditioners are all plausible explanations of these
profiles. However, no residue, foreign matter, surface defor-
mation, or malfunction of the signal conditioner was found.
Another factor is a possible link between a weak signal
conditioner and the minicomputer used to display data on the
cathode-ray tube. Also, recall that the hydrogen profiles
(fig. 32) did not exhibit this anomaly nor was it found at the
90° or 270° positions (pressure taps 5j and 5k'?). (See figs.
5 and 6, tables I and III.) None of these situations could be
proven and at this time the nonuniform axial profile remains
unexplained.

A similar situation was encountered in running a modified
seal (ref. 19); in that case a pressure tube had been mislabeled.
It is not likely that the pressure tubes in this test were
mislabeled since the nitrogen tests were conducted the day after
a nighttime hydrogen run, with insufficient time for mechanical
alteration—but it is a possibility as is improper value settings
of the pressure transducer. As in all cases the anomaly pressure
Ps corresponded to the midseal value (i.e., the value of P3).

Summary for backpressure control.—The following is a
summary of the effects of backpressure control for the straight
cylindrical seal with the nonrotating centerbody set
approximately 40 percent eccentric, or 0.0038- to 0.0050-cm
(0.0015- to 0.0020-in.) offset (the exact position of the
centerbody within the housing could not be verified).

(1) Pressure profiles and mass flow rate data taken with
controlled backpressure up to perhaps 30 percent of the inlet
stagnation pressure indicated little effect of backpressure.

(2) Pressure profiles for fluid hydrogen with controlled
backpressure indicated that the 0.0050-cm (0.0020-in.) offset
was aligned axially. Further, these hydrogen data indicated
a suppression of two-phase flow as the backpressure increased
to the thermodynamic critical pressure.

12pressure tap 5 represents data tabulated at minimum/maximum clearance
(0°/180° positions): taps 5j and 5k represent data tabulated at
minimum/maximum clearance (90°/270° positions).



However. the nitrogen profiles demonstrated the unusually
large pressure rise near the seal exit characteristic of a shock:
further. the 0° and 180° pressure profiles, although separated
at the inlet, crossed over at the seal midplane and slightly
recrossed at the exit. Such behavior is characteristic of a
skewed position, with the centerbody sufficiently close to the
180° surface to cause a shock. Although the nitrogen data
remain geometrically unexplained. I believe that a shaft under
large bending moments or passing through a critical speed
could be skewed within its housing and have a similar pressure
distribution. Such pressure distributions would probably cause
a catastrophic turbomachine failure.

Flow Coefficient Analogy

A convenient method of presenting mass flow data for
complex geometries is to relate these flows to those calculated
and measured for the classic venturi. In references 6 to 14
two-phase choked flows in a venturi were calculated and
related to experimental data for tubes with Borda and orifice
inlets. Quantitative evaluation of a 53-L/D tube with a Borda
inlet provided a locus of points representing the variation of
flow coefficient C; with reduced inlet stagnation temperature
Tg,o. Here Cyis defined as

Cf= M (29)

GR‘ venturi

The Borda-inlet data were weak functions of pressure. The
orifice data were pressure dependent as should be anticipated
since orifice flows do not fully choke. The seal data, however,
were strongly pressure dependent near and above the
thermodynamic critical point. as illustrated in figure 34. The
pressure dependence is characterized by the deviation bars.
To some extent the seal data followed trends established for
the simple axisymmetric geometries (Borda and orifice inlets).
In the absence of other data the baseline data for the 53-L/D
tube with a Borda inlet could be used to determine flow through
a seal. For the straight cylindrical seal an approximate relation
could be used:

GR, straight cyvlindrical seal =09 (30)

GR, 53-L/D Borda inlet tube

Summary of Results

Critical mass flux and pressure profile data were taken for

flow through concentric and fully eccentric cylindrical annuli
in a configuration representing a straight cylindrical seal for
a high-performance turbopump (e.g., the space shuttle main
engine fuel pump). All tests were conducted in the static
condition (nonrotating centerbody). The critical mass fluxes
(or leakage rates) for the concentric and fully eccentric
configurations were nearly the same when based on stagnation
conditions (Pg,, Tz ,) upstream of the seal inlet.

The gas and liquid axial pressure profiles were parabolic
and linear, respectively, and were very sensitive to small
variations in eccentricity. The pressure differences between
the maximum- and minimum-clearance positions were highly
dependent on the geometric conditions, the temperature, and
the pressure at both the inlet and the exit. The greatest pressure
differences were in the inlet region. For gases these pressure
profiles crossed over at approximately three-fourths of the seal
length; for liquids the crossover moved toward the exit. These
differences are most important to the dynamic stability of
turbomachines.

A maximum circumferential positioning error of 17° off true
0° position was found subsequent to testing and should be
realized and considered when interpreting the pressure data:
in most cases the effect should be small.

Critical mass flux and pressure profiles for hydrogen flowing
through a shaft seal offset by one-third of the nominal clearance
indicated a suppression of two-phase choked flow as the
backpressure at the exit reached the thermodynamic critical
pressure. Injecting gaseous helium near the seal exit plane
(close to the region where two-phase flow begins) substantially
increased upstream pressure. Injecting helium into fluids (gas
or liquid) within the seal could control turbomachine instabil-
ities. High-pressure, high-temperature hydrogen gas could be
used for this purpose in an alternative SSME fuel pump design.

Some tests with nitrogen demonstrated an anomalous
pressure rise near the seal exit along the maximum-clearance
position. This pressure rise could not be verified and remains
unexplained.

Data were taken over a range of inlet pressures and
temperatures with fluid nitrogen and fluid hydrogen. The
results, although complex, tended to follow the corresponding-
states principles for critical flows. The mass flux profiles of
this annual configuration are roughly comparable to those of
an orifice, and the pressure profiles to those of a long tube.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, October 16, 1986



Appendix A

Fanﬁo-Rayleigh Relations

Recall that for the simplified one-dimensional flow a solution
of the energy. continuity. and state equations leads to the Fanno
line.

5

uy us

he+—==h.+—==n, Energy (A1)
2 } 2
G =pu =pu, Continuity (A2)
S =S(P.p)
State (A3)
h=h(Sp)

For a given G, select u,. calculate p,, compute h,. and find
S, from the state relation. A plot of such solutions forms the
Fanno line. with Mach number being unity at §,,,,. Changes
along the Fanno line result from frictional effects but do not
represent heat transfer. If flow is initially subsonic, friction
causes velocity and Mach number to increase; but if flow is
initially supersonic. velocity and Mach number decrease. In
both cases the limiting value is Mach 1.

For a similar flow the solution of the momentum, continuity,
and state equations leads to the Rayleigh line, where the
momentum equation is

P+ pui= P+ p, uf =P, (A4)

For a given G, select u,, calculate p,, compute P,, and find
S, from the state relation. A plot of these solutions forms the
Ray]eigh line. As the equation of state is implicit, iteration
is usually required to produce the point on either line. Because
stagnation enthalpies are not restricted. the Rayleigh line
represents heat transfer effects.

The line joining the intersection of the Fanno and Rayleigh
lines represents an abrupt transition from supersonic to
subsonic flow, as shown in the following sketch:

Cooling
-—

/Heﬁng

Mach<'1

Mach =1
Rayleigh

Cooling

7

Heating

Appendix B

Gas Injection.

The nature of the pressure profile is very important to shaft
stability and housing loading. It was perceived that injecting
gas into the region immediately ahead of the two-phase choke
would substantially flatten the profile; that is, make it more
gaslike than liquidlike (effect a negative-to-positive curvature
change in the pressure profiles). Small quantities of helium
gas were injected through three of the four pressure tap holes
(0°.90°.270°; fig. 35) at a distance of 3.998 cm (1.574 in.)
from the seal inlet plane (position Ps, figs. 5 and 6) and one
(180°) at 4.623 cm (1.820 in.) from the seal inlet plane
(position P;). The resulting pressure profiles are shown in
figure 22. As can be determined from the figure, the average
slope changed from 0.40 to 0.23 MPa/cm (148 to 86 psi/in.).
Such seal stiffening can produce significant changes in rotor
dynamics.

In essence. the three injection ports at 270°, 0°, and 90°
simulate an eccentrically positioned seal with accompanying
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circumferential flow toward and accelerated axial flow along
the 180° position. Further, high-pressure, high-temperature
fluid hydrogen is available for taking an enthalpy drop to drive
the turbine, and an alternative design whereby gas is injected
into the second and third seal stages of the SSME fuel pump
could be realized.

Injection of a secondary gas, such as nitrogen or steam.
could form a *‘freeze seal.”” As the compressive strength of
ice is of the order of 14 to 21 MPa (2 to 3 ksi), fracture should
not become a problem and the seal formed by the working
fluid would remain intact during rub-in. Frozen material can
act as a positive seal if a fluid can be frozen on the shaft and
a minute amount of surface energy can be provided, prior to
start, to melt a fraction of the seal surface. This would permit
a minimum fluid loss if coolant to keep the ablative solid frozen
were available. However, the power losses due to drag would
be substantially increased.



Appendix C
Model —Including Vapor Production at Wall

A modification of the classic two-phase flow model is
proposed herein although the details and range of applicability
are not yet complete. The reason for inclusion at this time
is that such modeling appears to explain some of the other-
wise anomalous behavior observed in the studies of nozzles,
orifices, long tubes, and straight seals. The basic outline of
the model follows:

(1) Assume the flow to be homogeneous, single phase, and
completely described by the classic equations of motion and
state to the point X, which represents the point where the fluid
can become saturated at the wall and is a function of h,, P,
the bulk of the fluid being a function of hg,, P,,.

(2) Decreases in pressure caused by flow beyond this point
result in a degree of superheat being applied to the microlayer
adjacent to the wall and to the bulk fluid as well. Further
decreases in pressure increase the degree of wall superheat
until Hsu’s nucleation criteria (ref. 21) for a flowing fluid are
satisfied. At this point bubbles form —their size, number, and
rapidity depending on the superheat, the surface conditions,
and the fluid.

(3) The microlayer downstream becomes bubble laden, and
its effective viscosity is substantially reduced.

(4) The liquid core tends to ride on the vapor layer with

sats

a reduction in pressure drop while at the same time being
constricted by the vapor annulus. The slip becomes quite large
and the assumption of k = u,/u; = 1, or a slip ratio of unity,
is no longer valid. In fact, one technique is to set k = 0, that
is, assume that a continuous annular static vapor layer exists
and that the liquid flows through the resulting constricted
opening. The thickness of the annular vapor layer is defined
by the number of bubbles generated per unit area, and their
size is determined by the Hsu criteria (ref. 21).

Such a model (items 1 to 3) permits vapor generation but
never more than in an annulus since once vapor generation
begins the effective viscosity is reduced to a parabolic shock
profile at the exit irrespective of the tube length; this makes
the problem elliptic. Decoupling may be permitted so long as
the solutions are all matched at their respective interfaces. Note
that all this should occur close to the exit.

This type of model is useful in explaining the positive and
negative curvature changes in the axial pressure profiles of
both the long tube and the seal. It is also useful in explaining
why a decoupled solution for mass flux (egs. (10) and (17))
overpredicts the data. However, one must also combine the
modeling with the diabatic entrance effects, which can reduce
the inlet temperature and thus lower the calculated mass flux.

13
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Figure 6.—Overview of pressure taps and geometry for straight cylindrical seal. (Linear dimensions are in centimeters (inches).)
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Figure 8.—Reduced choked mass flux based on homogeneous isotropic nonequilibrium models. (From ref. §.)
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Figure 9.—Reduced choked mass flux based on homogeneous isentropic equilbrium model. (From ref. 8)

Reduced inlet
stagnation
temperature,

[em] U o

wn

Critical mass flux, Gpay = G/ PPclZc

0 .5 1.0 L5 2.0 2.5 3.0
Reduced inlet stagnation pressure, PR o

Figure 10.—Critical mass fluxes of oxygen, nitrogen, argon, and methane computed by isentropic equilibrium expansion using corresponding-states principles.
(From ref. 7.)
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Figure 11.—Critical flow pressure ratios of oxygen, nitrogen, argon, and methane computed by isentropic equilibrium expansion using corresponding-states
principles normalized by perfect gas ratio. (From ref. 7.)
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Figure 12.—Reduced mass flux of gaseous nitrogen through straight cylindrical seal in concentric position, as function of reduced pressure. Area, A, 0.3569 cm?
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Figure 13.—Axial pressure distribution for gaseous nitrogen flow through straight cylindrical seal in concentric position.
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Figure 15.—Axial pressure distribution for fluid nitrogen flow through straight cylindrical seal in concentric position.
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Figure 17.—Reduced mass flux of liquid hydrogen through straight cylindrical seal in concentric position, as function of reduced pressure—first set of data.
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Figure 18.—Axial pressure distribution for liquid hydrogen flow through straight cylindrical seal in concentric position—first set of data.
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Figure 19.—Reduced mass flux of liquid through straight cylindrical seal in concentric position, as function of reduced pressure—third set of data.
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Figure 22.—Axial pressure distribution for helium-augmented gaseous nitrogen flow through straight cylindrical seal in concentric position.
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Figure 24. —Reduced mass flux of gaseous and fluid nitrogen through straight cylindrical seal in fully eccentric position, as function of reduced pressure.
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Figure 26.—Axial pressure distribution for gaseous nitrogen flow through straight cylindrical seal in fully eccentric position. (A maximum circumferential
position error of 17° off true 0° position was found subsequent to testing and should be realized and considered when interpreting the pressure data.)
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Figure 27.—Axial pressure distribution for liquid nitrogen flow through straight cylindrical seal in fully eccentric position. (A maximum circumferential
position error of 17° off true 0° position was found subsequent to testing and should be realized and considered when interpreting the pressure data.)
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Figure 28.—Axial pressure distribution for gaseous and fluid hydrogen flow through straight cylindrical seal in fully eccentric position.
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Figure 31.—Extrapolated reduced mass flux of fluid through straight cylindrical seal compared with flow through classical venturi.
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(a) Fluid nitrogen; runs 506 to 509.

Figure 32.—Axial pressure distribution for fluid hydrogen flow through straight cylindrical seal in partially eccentric position, with backpressure control.
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Figure 32.—Continued.
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(c) Fluid hydrogen; runs 497, 498, 511, and 512.
Figure 32.—Concluded.
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(a) Fluid nitrogen; runs 514 to 516, 519, and 521.

Figure 33.—Axial pressure distribution for nitrogen flow through straight cylindrical seal in partially eccentric position, with backpressure control.
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(b) Gaseous nitrogen; runs 522 to 524.
Figure 33.—Continued.
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4 circumferential position
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(c) Fluid nitrogen; runs 525 to 527.
Figure 33.—Concluded.



Flow coefficient, C¢
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Figure 34.—Flow coefficient as function of reduced inlet stagnation temperature.
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Figure 35.—Helium injection system at axial location 3.998 cm (1.574 in.) from inlet.
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TABLE 1. —PRESSURE TAP LOCATIONS
FOR STRAIGHT CYLINDRICAL SEAL2

Pressure | Circumferential | Axial distance
tap position, from seal inlet
deg
cm in.

1 0,180 0.3302 | 0.130
2 4572 .180
3 1.9558 | .770
4 3.3909 | 1.335
5 3.9980 | 1.574
5j 90 3.9980 | 1.574
Sk 270 3.9980 | 1.574
6 0,180 4.4958 | 1.770
7 0,180 4.6228 | 1.820

See also figure 6.

TABLE II. -CRITICAL CONSTANTS USED IN REDUCING PARAMETERS

Fluid Critical Critical Critical Compressibility, | Flow-normalizing
pressure, temperature, density, P parameter,
P T, Z, = G*
c < p(‘ (3 pCRTC
MPa psi K °R g/cm? | lbm/in.3 g/em? s | 1bm/in.2 s

Nitrogen 3.417 495.5 | 126.3 2273 0.3105 | 0.0112 0.2937 6010.4 85.49
Oxygen 5.083 737.0 | 154.78 278.6 4325 .0156 .2922 8073.9 114.8
Methane 4.627 670.9 | 190.77 343.4 .162 .00585 .2889 5093.7 72.45
Argon 4.865 | 705.4 | 150.7 271.3 .531 .0192 2921 9404.2 133.8
Parahydrogen| 1.2925 187.4 32.976 59.36 .03143 | .00114 .3023 1158 16.47
Helium .22746 32.98 5.2014 9.362 | .06964 | .00252 .3023 724 10.30




TABLE III.—FLOW RATE AND PRESSURE DROP DATA FOR STRAIGHT CYLINDRICAL SEAL, CONCENTRIC POSITION

[Where two values are given, the top value is for the 0° circumferential position and the bottom value is for the 180° circumferential

position. ]
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TABLE III.—Continued.
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2Top value,

bpr

Ps; (90°); bottom value, Ps;
essure unavailable; exhausted to ambient.

dStatic test of transducer efficiency.

51



P,
MPa

(a) Continued.
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st (90°): bottom value, Psy (270°).

Pressure unavailable; exhausted to ambient.

2Top value,

b



TABLE II1.—Continued.

(a) Continued.

Run w, P, T, Py, Pressure at pressure tap locations 1 to 7, MPa P,,

g/s MPa MPa MPa
P, P, Py P, Py (a) Py P,

€16 1365. 64 85.9 .65 64.16 3.91 2.51 1.10 0.62 0.60 0.22 0.21 0.22
4.08 3.81 2.36 1.10 0.59 0.70 0.24% 0.2¢4

617 1304. .64 85.5 .28 3.75 3.53 2.29 1.04 0.59 0.56 0.21 0.19 0.21
3.68 3.45 2.12 1.01 0.55 0.65 0.23 0.23

618 1186. .93 85.5 .63 3.13 2.96 1.95 0.93 0.55 0.52 0.20 0.18 0.20
3.08 2.88 1.78 0.89 0.50 0.58 0.22 0.22

619 1031. .10 85.7 .86 2.46 2.32 1.56 0.79 0.49 0.46 0.19 0.17 0.18
2.42 2.26 1.41 0.75 0.44 0.50 0.21 0.21

620 864. .27 85.9 210 1.79 1.69 1.16 0.63 0.42 0.40 0.19 0.16 0.16
1.76 1.64 1.05 0.60 0.38 0.43 0.20 0.22

621 1439. .58 85.5 .14 4.60 4.30 2.75 1.17 0.63 0.60 0.22 0.21 0.23
4.54 4.17 2.54 1.16 0.61 0.72 0.24 0.26

622 1346. .96 84.9 .58 4.01 3.77 2.41 1.06 0.59 0.55 6.19 0.19 0.21
3.98 3.65 2.20 1.03 0.54-0.64 0.22 0.26

623 1230. .24 84.9 .92 3.38 3.18 2.06 0.95 0.55 0.52 0.19 0.18 0.19
3.35 3.07 1.84 0.90 0.49 0.57 0.21 0.22

624 1129. .66 85.2 .38 2.89 2.72 1.79 0.87 0.51 0.48 0.19 0.18 0.18
2.88 2.63 1.59 0.81 0.46 0.52 0.21 0.21

625 994. .93 85.7 .71 2.29 2.16 1.45 0.74 0.47 0.4 0.19 0.17 0.17
2.28 2.09 1.29 0.69 0.42 0.47 0.21 0.22

626 1149. .12 106.4 .77 4.28 4.01 2.87 1.73 1.31 1.32 0.78 0.37 0.35
4.31 4.00 2.76 1.75 1.31 1.39 0.82 0.38

627 1064. .55 106.5 .24 3.78 3.55 2.60 1.65 1.29 1.30 0.77 0.35 0.33
3.81 3.54 2.49 1.66 1.28 1.34 0.81 0.36

628 956 .86 106.4 .61 3.23 3.04 2.29 1.54 1.24 1.264 0.73 0.32 0.29
3.21 3.02 2.13 1.52 1.22 1.24 0.77 0.33

629 8407 .05 106.4 .86 2.56 2.43 1.90 1.37 1.16 1.15 0.68 0.27 0.25
2.54 2.41 1.77 1.35 1.13 1.17 0.72 0.30

630 645. .33 106.7 .19 .1.99 1.90 1.56 1.22 1.08 1.09 0.63 0.22 0.21
1.97 1.89 1.48 1.21 1.06 1.09 0.68 0.26

631 4603. .98 2645.0 .66 6.46 6.26 5.35 3.85 2.92 3.01 1.06 0.27 0.35
6.41 6.20 5.19 3.96 3.08 3.23 1.40 0.32

632 376. .19 242.2 .90 5.68 5.50 4.72 3.47 2.67 2.69 0.99 0.25 0.32
5.65 5.45 64.57 3.50 2.76 2.90 1.25 0.29

633 360. .82 240.6 .55 5.32 5.15 4.41 3.25 2.52 2.54 0.93 0.23 0.30
5.30 5.11 4.30 3.31 2.62 2.75 1.19 0.28

636 340. .55 260.6 .29 5.05 4.89 4.19 3.10 2.41 2.43 0.89 0.22 0.29
5.03 4.85 4.08 3.14 2.49 2.61 1.13 0.26

635 285 .68 238.3 .46 6.24 6,10 3.51 2.62 2.06 2.08 0.76 0.17 0.264
%.22 4.07 3.41 2.64 2.10 2.20 0.95 0.23

@Top value. Ps; (90°): bottom vaiue. Pgy (270°).
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TABLE III.—Continued.

(a) Continued.
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TABLE III.—Continued.

(a) Continued.

Run W, P, T, Py, Pressure at pressure tap locations 1 to 7, MPa P,,

g/s MPa K MP MPa
P, Py Py P, Ps (a) Pg P,

656 860 2.99 103.2 2.80 2.51 2.39 1.81 1.24 1.00 1.00 0.59 0.28 0.25
2.46 2.33 1.72 1.20 0.98 1.01 0.64 0.28

657 745. 2.45 103.2 2.30 2.07 1.98 1.55 1.12 0.94 0.93 0.56 0.25 0.22
2.04 1.93 1.48 1.09 0.92 0.94 0.60 0.27

658 668. 2.12 102.8 1.99 1.78 1.71 1.37 1.02 0.88 0.87 0.52 0.23 0.20
1.76 1.67 1.31 1.00 0.86 0.88 0.57 0.24

659 552. 1.70 103.1 1.60 1.45 1.41 1.17 0.93 0.83 0.84 0.48 0.19 0.17
1.44 1.38 1.13 0.92 0.82 0.84 0.53 0.23

660 1089. 4.91 109.4 4.59 4.15 3.95 2.93 1.92 1.52 1.54 0.92 0.40 .36
4.08 3.89 2.84 1.85 1.50 1.55 0.96 0.38

661 980. 4¢.20 109.1 3.94 3.56 3.39 2.58 1.75 1.643 1.44 0.87 0.36 .32
3.50 3.35 2.49 1.71 1.40 1.44 0.91 0.34

662 &91. 3.65 108.8 3.43 3.11 2.97 2.30 1.63 1.37 1.37 0.83 0.32 0.29
3.07 2.94 2.23 1.60 1.34 1.37 0.88 0.33

663 751. 2.91 108.6 2.74 2.50 2.40 1.92 1.45 1.26 1.26 0.76 0.28 0.25
2.48 2.36 1.88 1.43 1.2%4 1.26 0.81 0.28

664 6466. 2.41 108.0 2.28 2.08 2.01 1.65 1.31 1.17 1.18 0.69 0.24%¢ 0.21
2.08 2.00 1.63 1.30 1.16 1.17 0.76 0.27

665 547. 2.03 107.9 1.93 1.78 1.73 1.46 1.21 1.11 1.12 0.65 0.21 0.18
1.77 1.72 1.45 1.21 1.10 1.11 0.71 0.21

666 421. 1.64 107.8 1.56 1.47 1.43 1.27 1.11 1.01 1.03 0.56 0 I7 .15
1.46 1.43 1.27 1.12 1.01 1.04 0.61 0.20

667 1028. 46.73 111.4 64.464 3.98 3.79 2.85 1.92 1.57 1.57 0.95 0.38 0.35
4.00 3.75 2.80 1.89 1.55 1.61 1.01 0.38

668 956. 4.30 111.7 4.03 3.65 3.49 2.68 1.87 1.57 1.56 0.94¢ 0.36 0.33
3.67 3.45 2.63 1.84 1.54¢ 1.59 1.00 0.37

669 832. 3.55 111.3 3.35 3.05 2.93 2.32 1.72 1.48 1.49 0.89 0.31 0.28
3.06 2.839 2.26 1.68 1.46 1.49 0.95 0.32

670 £€60. 2.69 110.8 2.56¢ 2.34 2.26 1.88 1.51 1.36 1.37 0.80 0.25 0.22
2.33 2.24 1.84 1.48 1.33 1.36 0.86 0.26

671 522. 2.12 110.2 2.01 1.87 1.82 1.58 1.34 1.24 1.24 0.69 0.20 0.18
1.87 1.81 1.56 1.33 1.22 1.24 0.77 0.21

673 611. 5.09 135.2 64.85 6.60 4.48 3.87 3.02 2.43 2.49 1.06 0.32 0.31
4.60 4.47 3.85 3.06 2.49 2.59 1.24%4 0.32

674 509. 4¢.22 131.3 464.03 3.82 3.73 3.21 2.49 2.06 2.08 0.91 0.26 .26
3.82 3.72 3.17 2.47 2.06 2.13 1.03 0.27

676 219. 2.43 129.4 2.32 2.18 2.12 1.82 1.42 1.16 1.16 0.47 0.12 0.13
2.18 2.11 1.79 1.40 1.15 1.19 0.55 0.13

677 138. 1.74 137.0 1.66 1.55 1.50 1.28 1.00 0.82 0.82 0.31 0.08 0.11
1.55 1.49 1.27 0.99 0.82 0.84 0.35 0.12

2Top value, P5j 190°1: bottom value, Pgy (270°).
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TABLE IIl.—Continued.

(a) Continued.
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2Top value, Ps; (90°): bottom value, Psy (270°).



TABLE III.—Continued.

(a) Continued.

Run w, P, T,. Py, Pressure at pressure tap locations 1 to 7, MPa P,,
g/s MPa K MP: MPa
P, Py Py P, Py (a) Pg P,

698 275. 6.02 184.8 3.83 3.63 3.51 3.01 2.29 1.78 1.84 0.66 0.14 0.21
3.61 3.49 2.90 2.24 1.80 1.90 0.79 0.19

699 184. 2.74 183. 2.61 2.45 2.37 2.03 1.56 1.23 1.27 0.46 0.10 0.15
2.43 2.35 1.94 1.52 1.23 1.30 0.55 0.16

e

700 35%. 6.16 281. 5.86 5.67 5.50 4.72 3.49 2.61 2.€5 0.95 0.72 0.77
5.62 5.46 4.61 3.51 2.78 2.88 1.31 0.66

701 324. 5.53 273. 5.27 5.04 4.90 4.20 3.13 2.37 2.41 0.86 0.64 0.70
5.01 4.86 4.10 3.13 2.49 2.58 1.17 0.59

702 275. 4.65 263. 4.43 4.21 4.09 3.50 2.63 2.02 2.06 0.73 0.54 0.60
4.18 4.06 3.41 2.62 2.10 2.17 0.97 0.49

703 219. 3.70 255. 3.52 3.32 3.23 2.77 2.10 1.63 1.66 0.59 0.43 0.48
3.30 3.21 2.69 2.07 1.67 1.72 0.77 0.38

79¢ 150. 2.62 252. 2.50 2.34 2.29 1.95 1.50 1.18 1.20 0.43 0.31 0.35
2.34 2.27 1.90 1.47 1.20 1.22 0.54 0.27

705 101. 1.91 268. 1.83 1.70 1.66 1.42 1.09 0.87 0.88 0.31 0.23 0.27
1.70 1.66 1.38 1.07 0.88 0.90 0.39 0.23

706 610. 4.91 84. .54 ¢.01 3.80 2.57 1.34 0.84 0.79 0.68 0.76 0.79
3.98 3.73 2.44 1.29 0.83 0.83 0.62 0.76

707 570. 4.70 85. 4.36 3.81 3.60 2.43 1.29 0.83 0.77 0.66 0.75 0.77
3.80 3.56 2.33 1.25 0.81 0.81 0.61 0.74

708 1345. 5.22 89. 6.86 ¢.30 4.06 2.78 1.51 0.99 0.96 0.83 0.92 0.93
4.27 4.01 2.67 1.47 0.98 0.98 0.76 0.91

709 1231. 4.41 89. 4.09 3.57 3.37 2.32 1.26 0.82 0.78 0.66 0.74 0.78
3.55 3.33 2.19 1.21 0.80 0.81 0.61 0.7¢

710 1212. 4.33 89. 4.01 3.51 3.31 2.28 1.24 0.81 0.77 0.65 0.73 0.77
3.49 3.26 2.16 1.19 0.80 0.80 0.61 0.73

711 1077. 3.55 89. 3.29 2.86 2.71 1.91 1.10 0.75 0.72 0.61 0.68 0.71
2.86 2.67 1.80 1.05 0.73 0.74 0.58 0.68

712 918. 2.75 90. 2.55 2.22 2.11 1.53 0.93 0.67 0.66 0.56 0.62 0.65
2.21 2.09 1.44 0.90 0.66 0.67 0.5¢ 0.61

713 1358. 4.95 85. 4.57 .00 3.75 2.44 1.15 0.54 0.58 0.42 0.51 0.5¢4
3.98 3.72 2.34 1.10 0.61 0.66 0.34 0.52

714 1320. 4.69 85. 4.33 3.74 3.51 2.28 1.08 0.47 0.55 0.31 0.40 0.44
3.76 3.49 2.19 1.03 0.57 0.63 0.25 0.42

715 1161. 3.74 85. 3.45 2.96 2.78 1.86 0.93 0.47 0.49 0.27 0.34% 0.38
2.95 2.76 1.764 0.87 0.50 0.54 0.2%4 0.36

716 98s. 2.80 85. 2.59 2.20 2.08 1.42 0.75 0.43 0.43 0.25 0.30 0.35
2.20 2.05 1.32 0.70 0.43 0.46 0.24 0.31

717 811. 2.02 87. 1.87 1.59 1.51 1.06 0.61 0.39 0.38 0.26 0.29 0.32
1.59 1.49 0.99 0.57 0.3% 0.41 0.25 0.29

2Top value. st (90°); bottom value, Psy (270°
€Runs above 700 are connected to vent system.
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MPa
P,.
MPa

0.44

Py
Py

0.33
0 0.28 0.33

.62 0.37 0.45
71

Pe
0.52 0.33 0.40

0.60 0.32

1
3 0.36 0.42

(a)

0.94 0.37 0.22

(a)

6
.6
Py

Ps
0.91 0.93 0.32 0.23 0.28
0.91

.20 0.69 0.71 0.36 0.42 0.46
12 0.67 0.7

P,
Py

2.76 1.33 0.72 0.76 0.38 0.45 0.50
2.59 1.25 6.71 0.80 0.36 0.47

52 1.16
.50 1.15

Py

Py
35 1.20
.21 1.12

9
5

.79 1.52
78 1.50

Pressure at pressure tap locations 1 to 7. MPa
83 1.79
.83 1.78

Pressure at pressure tap locations 1 to 7. MPa

(b) Hydrogen

(a) Concluded.
2.86 2.78 2.34 1.77 1.41 1.46

TABLE III.—Continued.

3
.G

3.07 2.85 2.79 2.36 1.78 1.38 1.642

K

.60 90.3 64.25 3.68 3.49 2.35
3.70 3.45 2.21
15 277.8

2.03 272.5 1.98 1.83
1.83

3.63 281.6
2.49 270.9

.41

.27

MPa
.

5.42 89.5 5.01 4.38 4.14
4.40 4.10
k4

3.70 153.3

3

ra

290.

782.
W,
g's
51.
45.
35.
28.

Run
724
725
726
727

719 1400.
720 1265.
721 1050.

"Run

718
722

75 0.77 0.26 0.20 0.24
.75 0.77 0.30 0.21

0.95 0.
0.94 0

1.25
1.23

\D O
(S o o
e~

oo
mn N

.62 1.
1

1

1.66 274.7

22.

728

o~
——

oo
o N
— o
oo
N o
mnn
oo
Sl
n N
oo

Q0 O
D D

oo
o
00 o0
oo

T\
oo

~ -
~r~
oo

1

1.20 273.6

15.

.28 0.30 0.33

1.20 1.12 0.82 0.58 0.4% 0.47 0.29 0.30

1.40 1.20 1.13 0.86 0.59 0.46 0.45 0

i
5

.68 23
.47 23.

1
1

211.
193.

730
731

6 0.23 0.20 0.23

7 0.26 0.20

D O

-
O O
N
—

oo
m o

.47

47.

732

.43

287. .81

306.

5 (90%): bottom value, Pgy (270°).
Duplicated runs: flow stopped and restarted.

736
f735

2Top value. P.

]
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.37 0.39 0.45
39 0.39
0.40 0.36 0.43

0.42 0.37

(a)

5 0.48 0.29 0.33

Ps
0.53 0.57 0.33 0.36

.74 0.54 0.57 0.32 0.33
3
2

P-S
0.75 0.53 0.54 0.32 0.36 0.40
0.7¢

9

2 ’
.98 0.63 0.45 0.46 0.28 0.32 0.37
92 0.62 0.4

.19

.12
11.19 0.75 0.53 0.54 0.31 0.33 0.38
0 1.12 0

P,

2.22 1.53 0.95 0.67 0.72 0.38 0.40

Pressure at pressure tap locations 1 to 7, MPa

1
2 1.96 1.40 0.95 0.72 0.75 0.42 0.39

(b) Continued.

7
7

TABLE III.—Continued.
1.74 1.6
1.75 1.6

06

2.

.0

24

18
99
.61
19
18
.81

3.
2.
2
2.
2.
1

292.
264.
253.
252.
231.

305.
739 265. 2.60 26.8 2.46 2.11 1.96 1.47 0.96 0.72 0.72 0.40 0.38 0.44
2.1

737 296. 2.97 25.1 2.81 2.39 2.23 1.61 0.98 06.67 0.68 0.37 0.40 0.45
2.41

736
f738
f240
f741
f742
f743

6 0.47 0.27 0.31 0.35
6 0.49 0.28 0.31

(SN o

.81

230. 1

f744

.41 0.26 0.30 0.34
43 0.27 0.31

.
oo

22.6

.54

213. 1

745

1 0.26 0.29 0.34

4 0.27 0.30

LSl

22.7

.54

213. 1

f746

9 0.36 0.40 0.26 0.31

7
.6

f747 191. 1.32 22.4 1.25 1.05 0.97 0.73 0.49 0.37 0.37 0.25 0.29 0.34
1.04 0.96 0.69 0.6

9 0.37 0.40 0.26 0.29

0.7¢ 0.50 0.37 0.37 0.25 0.28 0.32
0.69 0.4

~r~
oo

oo
wnwn
oo

~ -

.6

22

.33

195. 1

f748

59

2 0.32 0.10 0.12 0.28
1 0.13 0.23 0.22

2 0.48 0.39 0.39 0.13 0.15 0.20

9 0.48 0.38 0.33 0.16 0.24

0.99 0.94 0.73 0.23 0.44 0.30 0.25 0.17

0.89 0.83 0.60 0.23 0.33 0.30 0.24 0.17
1.22 1.00 0.94 0.77 0.57 0.36 0.12 0.23 0.26 0.30

1.21 1.02 0.93 0.71 0.48 0.27 0.11 0.24 0.28 0.32
1.01 0.93 0.66 0.22 0.35 0.30 0.24 0.17

1.08 0.91 0.83 0.64 0.45 0.33 0.12 0.22 0.25 0.29

.2
.3
.4

22
22
30

.29
.28
.15
.27
.25
.96
.87

1
1
1
1
1
0
0

193.
178.
107.
191.
159.

30.

194.
st (90°): bottom value. Pg; (270°).

runs: flow stopped and restarted.

749
750
751
752
784
755
756

2Top value.
fDupllcated



TABLE III.—Continued.

(b) Continued.
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#Top value. Ps; (90°): bottom value. Pgy (270°).



TABLE IIl.—Continued.

(b) Concluded.

Run W, P, T, Py, Pressure at pressure tap locations 1 to 7, MPa P,,

g's MPa K MP MPa
Py Py P; Py Ps @ Pg P,

34¢ 281. 2.89 25.1 2.764 2.38 2.21 1.61 0.96 0.69 0.67 0.33 0.37 0.46
2.32 2.15 1.52 0.96 0.66 0.74 0.36 0.41

847 297. 3.17 25.1 3.00 2.61 2.44 1.76 1.03 0.73 0.71 0.35 0.41 0.49
2.56 2.38 1.67 1.00 0.69 0.78 0.38 0.45

848 297. 3.17 25.3 3.00 2.61 2.43 1.76 1.06 0.76 0.72 0.34 0.38 0.47
2.55 2.38 1.67 1.01 0.70 0.78 0.38 0.42

849 306. 3.29 25.0 3.12 2.71 2.53 1.82 1.06 0.74 0.72 0.34 0.39 0.48
2.66 2.47 1.73 1.03 0.71 0.79 0.38 0.43

850 284. 2.85 264.5 2.70 2.33 2.17 1.57 0.93 0.66 0.64 0.30 0.35 0.4¢4
2.28 2.11 1.49 0.91 0.63 0.70 0.34 0.39

851 256. 2.32 23.6 2.19 1.87 1.73 1.27 0.77 0.56 0.54 0.25 0.30 0.38
1.82 1.69 1.19 0.75 0.52 0.59 0.29 0.35

852 233. 1.93 23.1 1.82 1.55 1.43 1.06 0.66 0.49 0.47 0.22 0.28 0.36
1.50 1.39 0.99 0.64 0.45°0.52 0.26 0.32

853 216. 1.71 22.7 1.61 1.36 1.25 0.94 0.59 0.44 0.43 0.22 0.28 0.35
1.31 1.21 0.86 0.57 0.41 0.48 0.25 0.32

854 197. 1.42 22.5 1.33 1.12 1.02 0.79 0.51 0.39 0.38 0.19 0.25 0.32
1.08 1.00 0.72 0.50 0.36 0.43 0.22 0.29

855 178. 1.21 22.4 1.16 0.96 0.87 0.69 0.46 0.36 0.35 0.18 0.23 0.30
0.92 0.85 0.62 0.45 0.33 0.41 0.21 0.28

¥56 184. 1.28 22.0 1.21 1.02 0.93 0.72 0.47 0.37 0.36 0.18 0.23 0.30
0.98 0.90 0.65 0.646 0.33 0.41 0.21 0.28

857 166. 1.09 22.1 1.02 0.86 0.78 0.62 0.42 0.34 0.33 0.17 0.22 0.29
0.82 0.76 0.56 0.41 0.31 0.38 0.20 0.26

858 297. 3.01 24.3 2.86 2.47 2.30 1.65 0.97 0.68 0.65 0.30 0.35 0.44
2.41 2.23 1.57 0.94 0.6% 0.72 0.33 0.39

(c) Nitrogen with helium gas injection®

h765 150. 2.65 259.5 2.57 2.38 2.33 1.98 1.52 1.20 1.22 0.48 0.30 0.36
2.38 2.32 1.96 1.51 1.22 1.25 0.54 0.15

766 147. 2.69% 263.6 2.61 2.43 2.38 2.05 1.65 5.02 5.02 0.42 0.31 0.36
2.43 2.36 2.00 1.56 5.01 1.26 0.50 5.00

767 147. 2.70 263.2 2.63 2.4% 2.39 2.06 1.69 6.29 6.29 0.40 0.32 0.37
2.464 2.38 2.03 1.68 6.26 1.27 0.44 6 25

768 147. 2.71 263.1 2.64 2.45 2.40 2.08 1.73 7.84 7.84 0.39 0.32 0.37
2.45 2.39 2.05 1.71 7.81 1.27 0.643 7.80

h771 275. 2.47 201.3 2.33 1.95 1.85 1.26 0.71 0.34 0.41 0.28 0.32 0.34
1.96 1.84 1.21 0.72 0.31 0.41 0.08 0.32

772 266. 2.49 202.0 2.36 2.01 1.91 1.39 1.03 4.92 4.92 0.30 0.32 0.3¢4
2.01 1.90 1.33 1.00 4.89 0.42 0.08 4.88

3Top value. Ps;j (90°): bottom value. Psy (270°).
8See figure 35.

hWithout helium injection




0.31 0.32 0.3¢4

2.02 1.90 1.36 1.05 6.28 0.4% 0.08 6.25

(a)

Ps

Pressure at pressure tap locations 1 to 7, MPa

TABLE III.—Continued.
(c) Concluded.

2.35 2,01 1.92 1.42 1.09 6.31 6.31

2.48 202.7

261.

Run

773

2 7.72 0.32 0.34 0.35
9 0.47 0.08 7.65

~ o

2.50 204.2

258.

776

.22 7.71 7.71 0.34 0.35 0.37

.20 7.68 0.52 0.08 7.64

—~ -

2.5 206.7

257.

775

0.48
0.37

4 1.28 1.31 0.48 0.31
21.31 1.32 0.54 0.31

1
0 3.22 2.42 1.93 1.98 0.82 0.44
3.92 2.964 2.33 2.42 1.03 0.58

(d) Hydrogen with helium gas injection®
76¢. 5.02 284.9 4.91 6.76 4.65 3.95 2.91 2.22 2.25 0.86 0.57 0.63
4.75 4.62

2.51
3.

2.56 298.7
3.76 2764.5

58. 4.19 297.1 4.11 3.90 3.81 3.22 2.39 1.85 1.90 0.72 0.43 0.51
3.91 3.8
2.83 272.5

33.
56.
61.

783
784
i785
786
i787

8 0.89 0.31 0.22 0.27

8
.89 0.90 0.36 0.23

oo

——

D &
Aol o
. e
——
N~
~~
..

—tr—

76
.76

1
1

.88

1

1.92 269.6

27.

i788

1.30 272.4

17.

789

.36 0.40 0.62

5 0.82 0.58 0.60 0.37 0.40

6 0.81 0.58 0.56 0
1791 238. 2.17 24.5 2.07 1.80 1.70 1.25 0.80 0.58 0.56 0.34 0.36 0.39
1.82 1.69 1.2

[QVEY)

239. 2.18

790

4 0.81 0.57 0.59 0.35 0.36

0
9

.80 5.80 0.38 0.40 0.43
78 0.67 0.39 5.76

wnn

—t—
N~
>
4t
0~
©Q O
— -

oo~
oo
.

2.36

240.

792

6 0.36 5.77
0.47 0.49
5.74
9 0.38 0.43 0.66
7 0.38 5.75

.81 5.82 0.35 0.37 0.40
79 0.6

1 5.81
9 5.79

1.1
1.0

46
.62

7
5

9
9

.28
.89
.87

.27

3
3
2
2

sj (90°): bottom value. Pgy (270°).

8See figure 35

285.
285.
268.
269.

793 240. 2.33 24.9 2.24 1.98 1.8 1.
1.98 1.85 1

'Without helium injection: mass flow % data seem 12 percent low.

754
795
1796
i797
3Top value. P,
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TABLE III.—Continued.

(d) Continued.

« ~ n 0 e 0 [¥e) N n ~ [73) — 2] [=) ~ <3 ~N S & ) %)
PvD.. r (-4 -4 T ~M M Lgl N Le} e Lag] N [N L] M N n S g ~N
o o o o [=} o (=} o (=} o o o (=3 (=} o o (=} o o o
NM O MIN OWw INW GNW ~IN NG ME —M N0 O 3 ~N 00 0 NN O AN ov e
. FE FF F~ F~ M~ M~ NN NN MM MM NN NN MM MY NN AN e I 0
CcOo ©0O0 oI oOoINn o oOon oNn oI 00 OO0 OO0 00 OO0 O Vo oo oo 00 00 oo
MO NI O W~ NI Or INW ON e OO0 W NV N N M o0 0 MO I o
Q% T EF MF MM MM MM AN NN MM M NN NI N T M AN IND DD MY it
& 0O OO0 OO0 OO0 OO0 OO0 OO0 OO0 OO0 OO0 OO0 OO0 OO0 0o o 00 oo 0o oo 00
= OodF OF OO HIN O OWw ON QN VM NN OWw O INM T~ O O M MAN O ot
~| o] weo WO N~~~ WK~ W I WU W TN N NN VN e 0o oo NV FIN ME o~ o~
~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . .
e oo o000 NO NEe INO NO O INO 00 00 00 00 O Om o2 00 A e ~- oo
—
2 NN NN O~ HO O O~ O NO O O NN OO0 0 N0 N 000 M) MY N oo
15 Q7| P~ S o Wi~ I~ 0N NI~ 0000 WIT T NN I~~~ oo o0 O00r NN T MM O o
m cOo oo 1MInN NN NN NN NN NN 00 00 o0 0o o0 oo oo 0o A~ A~ ~~ oo
M. AM AN O O~ M e N0 M ON O N0 00D M NI e MO M O Ol NN
S Q7| PN MmN o N O O O O 0N NN NN OO0 AN N HH 00 O O INg oo
m et HrHA HH HH HO HO 0O HH 00 00 00 00 M A e 00 NH A A oo
W
o OO OM 0O WO NO FTO OW O~ NV MO ~M N O ~H I~ N I~ e 3 o
a. Q7| ooy onOr 000 0O NN N OO0 MAN MO MO OO0 N VWY tINT MM o0 i NN 0 e
w A A A A A A O e HH A 00 e A A A Ao NN NN A
k)
1=
2 N MO O W0 TN MO OO0 MY O MO 0w OO0 O 0 O o W M~ MmN oo
4 Q)'| o WV (Sl ie] MM NN NN N T T T - M OO0 0O NN A OO0 VY . M
A NN NN NN N rdrd A At e A et et e N A A e ) NN NN
W O~ NO OO0 NO MO W HO MAN N NG N 00 00 VN NO N0 NN 00 Moy
Q| ™~ N~ N e Do Ol N NN NN NN NN T HO 0060 Vo NN A S NN
[oVEeV] NN NN NN ~— - — — ot — - — — NN — — - ——t el 2] NN [V N4V ——
. ® " o — o — o ~ [\ [Te} n ~ v S2 o M M n Vo) o O
PwW —~ — o0 e} o0 o N No) ~ ~ N4 n 2} — o0 L) g o [e] N
g} 2] o o~ — - — — — — — — o~ o — — e} [N} o~ 1
. " Cg — — o o~ T o ~ g o — (V] — N4 N n g ~ O
0K . . . . . . . . . . . . . . . . . . . .
~ (Vo] Vel n wn i g gl (N o [ e} Lha) 2] — ['e] — — — n Ll o Vel %)
o [§V} o N N N [9V} el N [sV} " ~ g} LLg} m D T o8 Lo o
. © ~ Lre] S N o o0 3V D Ll + — ~— gl 0 (o} ~ mn mn el P=3
Pam.., o~ o o o 0 0 n 0 0 0 n 0 Sg — L 2} n o N2 O
P . . . . . . . . . . . . . . . . . . . .
”m ”m N [V} — — — — - — — - N [qV] — — Laal g} N —
" o o ~ M ~ o ~ o o [N — ~ ~ (Vo) o ” n o0 ”m w0
Lz ] o ~ ~ o o N S — o~ N n — o (Ve S o ~ o O
e ~ N o o~ N N — o~ ~ — o~ — — ~ — —
00 o o — o [e} K n Vo) ~ 0 o o — N Le] g n 0 ~
= o o o o o o o o [=} (=} o o — — — — — — — —
& ~ ~ L) 0 o) 0 0 3] ©0 © 0 L) ) 0 0 L) 0 ) o0 S

2Top value. Ps; 190%): botiom value. Pgy (270%)

'Without helium njection: mass flow w data seem 12 percent low.
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TABLE III.—Continued.

(d) Concluded.
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'Without helium injection: mass flow w data seem 12 percent low.

2Top value. Ps; (90°): bottom value, Ps; (270°).



TABLE IV.—FLOW RATE AND PRESSURE DROP DATA FOR STRAIGHT
CYLINDRICAL SEAL, FULLY ECCENTRIC POSITION

[Where two values are given. the top value is for the 0° circumferential position (minimum clearance) and the bottom value is for
the 180° circumferential position (maximum clearance).]?

(a) Nitrogen

Run W, P, T, Py, Pressure at pressure tap locations 1 to 7, MPa P,,
g's MPa K MP MPa
P, P, Py P, Ps (b) Pg P,
864 193. 3.24 262.4 3.15 3.14 3.11 2.66 1.87 1.17 1.49 0.40 0.41 0.43
2.86 2.76 2.35 1.91 1.62 1.49 0.91 0.22
865 332. 5.62 274.4 5.48 5.56 5.52 4.86 3.40 1.96 2.53 0.69 0.70 0.71
5.08 4.91 4.19 3.36 2.82 2.62 1.60 0.39
866 298. 4.87 265.2 4.73 4.75 4.71 4.11 2.89 1.72 2.19 0.61 0.62 0.64
4.35 4.20 3.58 2.88 2.43 2.28 1.38 0.35
867 269. 4.35 260.0 4.24 4.25 4.21 3.64 2.56 1.55 1.97 0.55 0.56 0.58
3.89 3.75 3.20 2.58 2.18 2.05 1.23 0.32
868 242. 3.90 256.7 3.80 3.79 3.75 3.23 2.27 1.40 1.78 0.649 0.50 0.52
3.46 3.34 2.85 2.30 1.95 1.82 1.10 0.28
869 156. 2.52 2464.5 2.45 2.43 2.40 2.02 1.42 0.93 1.17 0.33 0.34 0.37
2.21 2.14 1.83 1.48 1.26 1.19 0.71 0.20
870 113. 1.88 247.6 1.83 1.81 1.78 1.50 1.07 0.71 0.88 0.26 0.27 0.29
1.64 1.59 1.36 1.10 0.94 0.89 0.53 0.18
871 71, 1.27 261.3 1.24 1.21 1.19 1.00 0.72 0.49 0.59 0.20 0.21 0.22
1.11 1.07 0.92 0.74 0.64 0.60 0.35 0.14
872 135. 2.39 276.2 2.33 2.32 2.28 1.92 1.32 0.83 1.10 0.15 0.16 0.11
2.10 2.04 1.74% 1.41 1.20 1.12 0.68 0.12
873 329. 5.54 281.6 5.39 5.47 5.43 .81 3.40 1.97 2.642 0.32 0.34 0.18
5.01 4.82 4.11 3.29 2.76 2.59 1.58 0.27
87% 3638. 5.06 2764.7 64.93 6.97 4.92 4.33 3.064 1.78 2.23 0.29 0.32 0.17
4.54 4.37 3.73 3.00 2.51 2.38 1.4% 0.22
875 254. 4.20 268.0 4.09 4.11 4.07 3.54 2.45 1.44 1.90 0.23 0.26 0.15
3.764 3.60 3.07 2.47 2.08 1.96 1.18 0.20
876 236. 3.85 263.2 3.75 3.75 3.71 3.20 2.22 1.32 1.75 0.22 0.2 0.14
3.41 3.28 2.80 2.26 1.91 1.80 1.08 0.18
877 195. 3.17 256.7 3.09 3.08 3.04 2.60 1.81 1.12 1.46 0.18 0.20 0.13
2.80 2.70 2.30 1.87 1.58 1.49 0.89 0.15
878 101. 1.68 244.5 1.63 1.60 1.57 1.33 0.93 0.62 0.78 0.12 0.13 0.11
1.46 1.41 1.20 0.98 0.83 0.79 0.47 06.07
879 73. 1.26 249.6 1.23 1.20 1.17 0.99 0.70 0.47 0.59 0.10 0.12 0.11
1.09 1.06 0.90 0.74 0.63 0.60 0.35 0.04
880 57. 1.03 253.2 1.00 0.97 0.95 0.80 0.58 0.40 0.48 0.10 0.11 0.11
0.88 0.86 0.73 0.60 0.51 0.49 0.28 0.05
881 505. 3.52 84.2 3.30 3.21 3.11 2.21 1.04 0.49 0.48 0.18 0.18 0.14
2.57 2.31 1.47 0.81 0.51 0.49 0.24% 0.21
882 418. 2.99 84.1 2.81 2.71 2.62 1.85 0.91 0.46 0.44 0.17 0.18 0.14
2.16 1.95 1.26 0.72 0.47 0.45 0.23 0.18

3As logged. 180°* = mimmum clearance. as presented in this table, 180° = maximum clearance.
"l'op value, Ps; (90%): bottom value. Pgy (270*).
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TABLE IV.—Continued.

(a) Continued.

Run w, P, T, Py, Pressure at pressure tap locations 1 to 7, MPa P,

g/s MPa K MP. MPa
Py P, Py P, Ps ® Pg Py

883 320. 2.38 84.3 2.264 2.15 2.07 1.47 0.75 0.40 0.39 0.16 0.1¢& 13
1.71 1.56 1.03 0.61 0.41 0.41 0.23 0 13

884 217. 1.69 83.9 1.59 1.52 1.45 1.04 0.56 0.33 C 32 0.16 0.15 0.1+
1.19 1.11 0.75 0.47 0.34 0.34 0.21 0.17

885 151. 1.24 84.3 1.17 1.11 1.06 0.78 0.44 0.28 0.28 0.13 0.14 0.12
0.88 0.83 0.58 0.39 0.30 0.30 0.21 0.16

886 112. 1.00 86.2 0.94 0.89 0.84 0.64 0.39 0.26 0.27 0.13 0.14 0.12
0.71 0.68 0.50 0.37 0.30 0.28 0.22 0.13

&87 1274. 3.91 85.0 3.66 3.54 3.43 2.38 1.05 0.47 0.49 0.17 0.18 0.15
2.78 2.50 1.60 0.86 0.53 0.52 0.23 0.18

888 1171. 3.34 85.1 3.13 3.01 2.92 2.03 0.94 0.4%¢ 0.45 0.16 0.17 0.14
2.35 2.12 1.38 0.77 0.49 0.48 0.22 0.20

889 1025. 2.66 85.2 2.50 2.39 2.31 1.61 0.78 0.40 0.39 0.15 0.16 0.1¢
1.86 1.69 1.12 0.66 0.43 0.43 0.22 0.19

890 869. 2.01 85.5 1.89 1.80 1.73 1.21 0.62 0.34 0.34 0.14 0.15 0.13
1.38 1.28 0.87 0.54 0.37 0.37 0.21 0.16

891 770. 1.61 84.9 1.52 1.45 1.39 0.98 0.51 0.29 0.30 0.12 0.14 0.13
1.11 1.04 0.71 0.46 0.32 0.33 0.20 0.17

925 1359. 4.67 89.9 4.39 4.27 4.14 2.75 1.18 0.59 0.68 0.26 0.24 0.17
3.50 3.13 2.05 1.11 0.70 0.73 0.35 0.20

926 1325. 4.49 90.2 464.22 4.09 3.96 2.66 1.18 0.60 0.67 0 26 0.23 0.17
3.35 3.00 1.97 1.08 0.6%9 ¢ 71 0.35 0.25

927 1242. 4.04 90.4 3.80 3.66 3.55 2.45 1.15 0.61 0.63 0.25 0.22 0.16
3.00 2.69 1.80 1.02 0.66 0.66 0.35 0.2¢4

928 1128. 3.42 90.5 3.21 3.07 2.96 2.06 1.03 0.57 0.58 0.24 0.21 0.16
2.50 2.26 1.53 0.90 0.60 0.60 0.34 0.23

929 1384. 4.69 87.5 4.40 4.28 4.15 2.71 1.09 0.51 0.60 0.21 0.21 0.16
3.51 3.12 2.03 1.06 0.63 0.66 0.29 0.26

93C 1206. 3.68 87.3 3.46 3.30 3.19 2.17 1.00 0.50 0.52 0.20 0.19 0.15
2.68 2.41 1.60 0.88 0.55 0.55 0.27 0.21

931 1063. 2.96 87.4 2.78 2.64 2.55 1.75 0.85 0.46 0.46 0.19 0.18 0.14
2.12 1.93 1.30 0.75 0.49 0.49 0.26 0.20

%32 917. 2.33 87.7 2.18 2.05 1.98 1.37 0.71 0.41 0.41 0.17 0.16 0.14
1.664 1.52 1.04 0.63 0.43 0.44 0.26 0.21

933 751. 1.65 87.5 1.55 1.46 1.40 0.99 0.55 0.34 0.35 0.15 0.14 0.13
1.17 1.09 0.77 0.50 0.36 0.38 0.24 0.16

934 627. 1.28 89.2 1.19 1.11 1.06 0.78 0.46 0.31 0.33 0.13 0.13 0.13
0.50 0.85 0.62 0.44 0.35 0.36 0.25 0.18

935 1312. 4.51 92.5 64.26 4.06 3.93 2.60 1.15 0.61 0.71 0.28 0.24 0.18
3.35 3.00 2.00 1.12 0.73 0.76 0.41 0.28

Tap value. Ps; (90°): bottom value. Pg; (270°).




TABLE IV.—Continued.

(a) Concluded.

Run W, P, T,. Py, Pressure at pressure tap locations 1 to 7, MPa P,,

g's MPa K MP. ) MPa
Py Py Py Py Ps ®) Pe Py

936 1227. 4.05 92.9 3.81 3.67 3.55 2.42 1.15 0.63 0.69 0.28 0.24 0.17
3.01 2.72 1.84 1.07 0.71 0.73 0.41 0.27

937 1133. 3.54¢ 92.9 3.33 3,19 3.08 2.13 1.06 0.61 0.65 0.27 0.22 0.17
2.62 2.37 1.63 0.98 0.67 0.68 0.40 0.26

938 982. 2.81 92.9 2.64 2.50 2.42 1.70 0.91 0.56 0.59 0.25 0.20 0.15
2.05 1.88 1.32 0.84 0.61 0.61 0.38 0.23

939 807. 2.06 93.0 1.94 1.83 1.7¢ 1.27 0.74 0.49 0.52 0.21 0.18 0.14
1.49 1.40 1.01 0.70 0.54 0.54 0.36 0.21

940 6642. 1.46 93,2 1.37 1.29 1.24 0.92 0.58 0.42 0.45 0.18 0.15 0.13
1.06 1.01 0.76 0.58 0.47 0.48 0.33 0.18

€941 734, 5.94 140.3 5.76 5.77 5.67 6.67 3.11 1.91 2.99 0.37 0.34 0.22
5.26 5.13 4.44 3.77 3.38 3.11 1.87 0.36

€942 653, 5.58 141.0 5.42 5.40 5.30 4.40 2.99 1.90 2.75 0.34 0.30 0.20
4.94 4.83 4.18 3.564 3.06°2.85 1.70 0.32

€943 553, 4.89 138.8 4.75 4.71 4.61 3.85 2.67 1.78 2.38 0.31 0.27 0.18
4.32 4.23 3.67 3.11 2.60 2.45 1.47 0.29

€944 398. 3.97 139.4 3.86 3.80 3.72 3.13 2.25 1.60 1.92 0.27 0.21 0.15
3.48 3.40 2.91 2.38 2.02 1.96 1.20 0.20

€945 288. 3.26 146.8 3.16 3.11 3.03 2.54 1.82 1.31 1.53 0.20 0.17 0.13
2.84 2.77 2.36 1.91 1.60 1.55 0.86 0.16

€946 210. 2.60 154.4 2.52 2.46 2.39 2.01 1.46 1.05 1.21 0.16 0.14 0.12
2.24 2.18 1.85 1.50 1.26 1.21 0.67 0.14

€347 173, 2.17 148.2 2.10 2.04 1.98 1.66 1.19 0.88 1.00 0.13 0.13 0.12
1.85 1.81 1.53 1.25 1.05 1.02 0.56 0.08

‘948 116 1.56 161.2 1.50 1.44 1.39 1.17 0.8% 0.63 0.71 0.09 0.11 0.12
1.30 1.27 1.07 0.89 0.74 0.73 0.39 0.10

€949 84. 1.16 159.5 1.10 1.04 1.01 0.84 0.61 0.46 0.52 0.07 0.10 0.12
0.94 0.92 0.78 0.64 0.53 0.54 0.28 0.06

(b) Hydrogen

950 36. 2.27 260.4 2.23 2.19 2.16 1.81 1.28 0.91 1.06 0.27 0.30 0.3¢4
2.01 1.94 1.67 1.32 1.11 1.05 0.58 0.26

951 63. 4.20 271.1 4.14 4.10 4.05 3.41 2.31 1.53 1.92 0.46 0.53 0.56
3.77 3.65 3.14 2.46 2.06 1.96 1.12 0.36

952 53. 3.60 272.3 3.55 3.51 3.46 2.90 1.99 1.34 1.67 0.39 0.46 0.50
3.23 3.12 2.68 2.11 1.77 1.68 0.95 0.32

953 46. 3.15 270.3 3.10 3.06 3.00 2.53 1.75 1.20 1.46 0.34 0.40 0.44
2.80 2.71 2.33 1.84 1.54 1.45 0.83 0.27

bTop value, P5j (90°1: onom value, Psy (270°).

“Warm gas or liquid was heated by passing pressurant gas through it with controlled ventin,

where temperature became uncontrollable (around PR = P,/P. = 0.8 for the eccentric seal).

2. When warm gas was run through the eccentric seal, there seemed to be a region
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TABLE IV.—Continued.

(b) Continued.

Run W P, T, Py, Pressure at pressure tap locations 1 to 7, MPa P,.

gls MPa K MP MPa
Py Py Py P, Ps (b) Pg Py

954 28. 1.95 260.3 1.91 1.86 1.81 1.5¢ 1.09 0.78 0.90 0.22 0.26 0.30
1.70 1.65 1.41 1.13 0.95 0.90 0.49 0.23

955 16. 1.17 255.0 1.14 1.09 1.04 0.89 0.64 0.47 0.564 0.16 0.19 0.23

0.99 0.97 0.83 0.67 0.55 0.55 0.28 0.19 :

956 226. 2.07 25.7 1.97 1.87 1.77 1.35 0.89 0.67 0.67 0.36 0.41 0.48
1.58 1.47 1.11 0.83 0.66 0.71 0.42 0.4%

957 250. 2.47 27.5 2.35 2.23 2.12 1.60 1.01 0.75 0.77 0.36 0.42 0.50
1.88 1.75 1.32 0.96 0.76 0.81 0.47 0.4¢4

958 285. 2.82 25.8 2.68 2.54 2.42 1.77 1.03 0.71 0.71 0.37 0.43 0.51
2.12 1.95 1.41 0.94 0.70 0.76 0.41 0.46

959 283. 2.83 26.2 2.69 2.54 2.43 1.78 1.04 0.72 0.72 0.35 0.40 0.49
2.12 1.96 1.42 0.96 0.71 0.77 0.42 0.43

560 217. 1.72 24.1 1.62 1.51 1.43 1.07 0.68 0.50 0.49 0.30 0.35 .43
1.25 1.16 0.85 0.62 0.48 0.54 0.31 0.40

961 195. 1.45 23.9 1.36 1.26 1.18 0.91 0.59 0.45 0.45 0.25 0.30 0.38
1.04 0.97 0.72 0.55 0.43 0.50 0.28 0.35

962 225. 1.79 23.7 1.69 1.57 1.49 1.10 0.68 0.49 0.48 0.29 0.34 0.42
1.30 1.20 0.87 0.62 0.47 0.53 0.30 0.39

963 200. 1.46 23.5 1.37 1.26 1.19 0.91 0.58 0.44 0.43 0.24 0.29 0.37
1.05 0.97 0.71 0.54 0.41 0.48 0.27 0.34

964 184. 1.29 22.9 1.20 1.10 1.04 0.79 0.52 0.40 0.39 0.24 0.29 0.37
0.91 0.85 0.62 0.48 0.37 0.44 0.26 0.34

965 173. 1.16 22.9 1.08 0.98 0.92 0.72 0.48 0.38 0.37 0.22 0.26 0.34
0.82 0.76 0.57 0.45 0.35 0.43 0.24 0.31

966 153. 0.99 23.2 0.93 0.84 0.78 0.63 0.44 0.36 0.36 0.19 0.24 0.31
0.70 0.66 0.50 0.42 0.34 0.41 0.23 0.29

967 153. 0.99 22.4 0.92 0.84 0.78 0.62 0.43 0.34 0.34 0.22 0.08 0.3¢4
0.69 0.64 0.48 0.40 0.31 0.39 0.24 0.24%

768 134. 0.81 22.5 0.76¢ 0.67 0.62 0.51 0.37 0.31 0.31 0.18 0.08 0.30
0.55 0.52 0.40 0.35 0.29 0.36 0.21 0.28

969 239. 1.98 23.9 1.86 1.74 1.64 1.21 0.73 0.52 0.51 0.28 0.34 0.42
1.42 1.29 0.94 0.66 0.49 0.56 0.30 0.38

970 214. 1.65 23.5 1.55 1.43 1.35 1.01 0.63 0.46 0.45 0.24 0.29 0.37
1.16 1.07 0.79 0.58 0.44 0.51 0.28 0.33

971 261. 2.32 24.5 2.18 2.05 1.94 1.42 0.84 0.58 0.57 0.29 0.34 0.43
1.69 1.55 1.11 0.76 0.56 0.63 0.33 0.38

972 279. 2.67 25.3 2.52 2.39 2.27 1.67 0.98 0.67 0.67 0.35 0.41 0.50
1.91 1.82 1.31 0.88 0.65 0.72 0.39 0.45

973 251. 3.00 32.0 2.87 2.7%4 2.6%4 2.01 1.34 1.04 1.12 0.36 0.44%4 0.52
2.31 2.24 1.75 1.33 1,11 1.16 0.75 0.41

bTop value, st (90°): bottom value. Psy, (270°).




TABLE IV.—Concluded.

(b) Concluded.

Run W, P, T,. Py, Pressure at pressure tap locations 1 to 7, MPa P,,

g’'s MPa K MPa MPa
Py Py Py Py Ps (b) P P,

976 226. 64 32.1 2.53 2.41 2.31 1.80 1.25 0.99 1.09 0.32 0.38 0.47
2.05 1.99 1.60 1.27 1.09 1.13 0.76 0.38

975 186. .15 31.8 2.06 1.96 1.87 1.50 1.10 0.85 1.02 0.26 0.33 0.41
1.69 1.65 1.38 1.16 1.03 1.06 0 65 0.36

976 206. -39 39.3 3.27 3.17 3.07 2.42 1.66 1.23 1.50 0.40 0.49 0.5
2.77 2.77 2.26 1.80 1.54 1.52 0.97 0.40

977 181. .87 38.0 2.77 2.67 2.58 2.08 1.47 1.07 1.37 0.34 0.42 0.51
2.35 2.351.96 1.63 1.43 1.39 0.82 0.35

978 148. .30 36.3 2.22 2.12 2.05 1.67 1.21 0.88 1.09 0.30 0.34 0.43
1.88 1.8% 1.61 1.39 1.20 1.11 0.63 0.31

979 138. .30 49.6 3.20 3.12 3.03 2.45 1.69 1.20 1.40 0.39 0.46 0.54
2.82 2.78 2.30 1.82 1.48 1.43 0.74 0.42

980 120. .84 47.8 2.76 2.67 2.59 2.11 1.49 1.08 1.22 0.34 0.40 0.49
2.40 2.38 1.97 1.57 1.28 1.26 0.67 0.38

981 88. .26 47.7 2.19 2.10 2.03 1.68 1.21 0.91 0.98 0.27 0.32 0.40
1.89 1.87 1.55 1.26 1.03 1.04 0.55 0.32

982 287. .71 25.0 2.55 2.42 2.30 1.69 0.98 0.67 0.65 0.35 0.42 0.50
1.88 1.86 1.29 0.87 0.63 0.71 0.37 0.47

983 275. .47 24.4 2.32 2.18 2.07 1.52 0.89 0.61 0.59 0.31 0.38 0.47
1.70 1.67 1.15 0.79 0.57 0.65 0.34 0.43

984 249. 06 23.8 1.93 1.79 1.70 1.26 0.75 0.52 0.51 0.28 0.34% 0.43
1.39 1.38 0.95 0.67 0.49 0.57 0.30 0.40

985 224. .71 23.0 1.60 1.47 1.39 1.04 0.65 0.47 0.45 0.28 0.33 0.42
1.16 1.16 0.79 0.58 0.43 0.51 0.28 0.40

986 203. .44 22.7 1.34 1.23 1.16 0.88 0.56 0.41 0.40 0.2¢ 0.29 0.37
0.97 0.97 0.67 0.51 0.38 0.46 0.25 0.35

bTop value. Ps; (90°): bottom value. Pg; (270%).
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TABLE V.—FLOW RATE AND PRESSURE DROP DATA FOR STRAIGHT CYLINDRICAL SEAL
WITH BACKPRESSURE CONTROL, PARTIALLY ECCENTRIC POSITION?

[Where two values are given, the top value is for the 0° circumferential position and the bottom value is for the 180° circumferential
position.]

(a) Nitrogen

Run w, P, 7, Py, Pressure at pressure tap locations 1 to 7, MPa P,

g's MPa K MPa MPa
P, P, P, P, bps © Pg P,

514 1386. 5.43 85.8 5.13 4.72 6.53 3.16 1.48 0.78 0.71 0.28 0.44%4 0.46
4.37 4.06 2.88 1.72 27+ 0.64 0.29 0.43

515 1368. 5.27 87.0 4.98 4.60 4.41 3.01 1.37 0.74 0.69 0.34 0.49 0.51
4.27 3.95 2.79 1.66 2-78 0.66 0.33 0.48

516 1308. 4.83 86.7 6.57 4.16 3.99 2.71 1.26 0.69 0.65 0.31 0.44 0.46
3.86 3.58 2.53 1.53 247 0.63 0.30 0.44

517 1377. 5.26 84.6 4.97 4.57 4.38 2.97 1.31 0.68 0.62 0.27 0.42 0.44%
4.2¢ 3.93 2.77 1.61 268 0.60 0.26 0.41

518 876. 2.32 84.4 2.19 1.94 1.89 1.29 0.69 0.43 0.40 0.23 0.30 0.32
1.80 1.69 1.21 0.77 2% 0.40 0.23 0.29

519 1290. 4.61 84.5 4.36 3.91 3.73 2.52 1.14 0.69 0.55 0.37 0.40 0.44
3.67 3.38 2.37 1.38 668 0.56 0.27 0.42

520 1188. ¢.52 85.2 4.30 3.90 3.76 2.75 1.65 1.28 1.15 1.02 1.¢(3 1.99
3.67 3.44 2.56 1.71 8-69% 1.06 0 96 1.06

521 1110. 4.61 86.9 4.42 4¢.06 3.92 3.05 2.10 1.78 1.67 1.56 1.58 1.61
3.85 3.64 2.88 2.156+-89% 1.60 1.50 1.59

522 123. 2.46 295.1 2.41 2.28 2.26 1.84 1.36 1.04 1.05 0.29 0.23 0.28
2.22 2.16 1.82 1.46 9766 1.14 0.40 0.19

523 227. 4.29 288.9 4.19 4.00 3.93 3.28 2.39 1.84 1.86 0.56 0.47 0.52
3.91 3.79 3.27 2.58 968 2.00 0.76 0.40

524 300. 5.52 286.9 5.39 5.18 5.08 4.28 3.08 2.34 2.37 0.75 0.65 0.69
5.09 4.91 4.26 3.34-6-66 2.53 1.01 0.56

525 1282. 4.69 89.2 4.43 4.03 3.88 2.62 1.26 0.69 0.62 0.41 0.52 0.54
3.72 3.42 2.41 1.33 666 0.58 0.37 0.51

526 1005. 2.99 89.1 2.83 2.51 2.42 1.61 0.83 0.49 0.45 0.23 0.31 0.35
2.31 2.13 1.49 0.89 966 0.45 0.24 0.32

527 723. 1.68 89.1 1.59 1.39 1.37 0.92 0.54 0.35 0.33 0.19 0.21 0.25
1.28 1.19 0.85 0.57 9666 0.34 0.20 0.22

(b) Hydrogen

(496 38. 3.05 299.9 2.98 2.87 2.81 2.38 1.74 1.34 1.38 0.42 0.37 0.46C
2.77 2.68 2.29 1.77 1.47 1.44 0.61 0.29

497 78. 4.87 306.2 4.76 4.60 6¢.52 3.85 2.76 2.10 2.16 0.68 0.60 0.64%
4.46 4.32 3.71 2.84 2.33 2.25 0.98 0.49

498 63. 6.88 304.9 4.78 4.62 4.53 3.86 2.77 2.11 2.18 0.77 0.99 1.01
4.47 6.33 3,72 2.85 2.34 2.27 1.01 0.98

2Data in these tabies were taken afer the data in previous tables (as a new run). and they should really be listed as 1514, 1515, ..., rather than 514. 515. ...
st values for the 180° circumferential position are questionable at best and should not be used.
CTop value, Ps; (90°): bottom value. Ps; (270°).




TABLE V.—Concluded.

(b) Concluded.
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TABLE VI.—HYDROGEN CHOKED-FLOW DATA®

Data . Calculated parameters
| . » P/P
Run P,. Pro i+ To Teo | P/P, G, G/G W P, o P, P, | (P/P,)g G. G/G* | 1 + (TR,
MPa | MPa | K g/em? s MPa (P,/P,) pg g/lem? s
1183 | 3.45 | 2.669 | 288 8.73 | 0.524 251 0.217 | 0.0373 | 1.8 0.994 0.5316 | 1.008 214 | 0.185
1184 | 3.47 | 2.684 | 288 8.73 524 256 221 .0381 | 1.82 .994 .5320 | 1.009 216 .186 T
1185 | 4.611 | 3.567 | 288 8.73 515 341 294 | 0507 | 2.38 .976 .5304 | 1.006 286 247
1186 | 3.024 | 2.339 | 272.1 | 8.25 531 228 L1999 | 0339 ) 1.6 1.007 .5326 | 1.010 193 .167
1187 | 2.976 | 2.302 | 270.3 | 8.2 .536 227 196 | 0337 ] 1.6 1.016 .533 1.011 191 164
1188 | 4.314 | 3.337 | 273 8.28 524 326 .282 0484 | 2.26 .994 .5304 | 1.006 275 .237
1189 | 2.561 | 1.981 | 268 8.13 .545 198 171 0294 | 1.4 1.033 .5333 | 1.011 165 142
1190 | 2.631 | 2.035 | 276.6 | 8.39 .536 167 144 1 0249 | 1.41 1.016 .5330 | 1.011 167 144
1191 | 3.755] 2.905 | 277.3 | 8.41 .524 238 206 | 0354 | 1.97 .994 .5319 | 1.008 238 .205
1192 3.692 | 2.856 | 278.8 | 8.45 5216 | 231 199 | 0344 | 1.93 .989 .5319 | 1.008 233 .201
i
1193 4.701 | 3.636 ! 281.2 | 8.53 516 292 252 0434 | 2.427 978 5204 1 1.006 295 255
1194 | 2.017 | 1.56 | 269.9 | 8.18 .546 135 116+ .0201 | 1.101 1.035 .5338 | 1.012 129 112
1195 2.972 | 2.299 1 3349 1.015| .2746 | 1467 1.267 | 2174 | .816 521 .2969 .5630 1459 1.259 1.035
1196 | 3.871| 2.994 @ 40.34| 1.223 | .3126 | 1339 1.156 | .199 | 1.21 .593 1.257
1197 | 1.192| 9227 30.72 | .932| .3939| 892 77 13261 .47 747 7121 1.350 605 .522 .987
i
S 1198 | 2.090 | 1.617 ; 2895 .878| .2433| 1398 1.208 | .208 .508 461 .2553 .4840 1355 1.170 .969
1199 | 2.832 | 2,19 @ 27.81 | .843| .1475]| 1696 1.465 | .252 418 .280 .1409 2671 1731 1.493 961
1200 | 3.3 2,552} 27.25) 826 .116 | 1871 1.616 | .278 .384 22 .1034 .1960 1926 1.662 .957
1201 | 2.84 | 2,196 32.23| 977 .26l 1418 1.224 | .21 74 .495 .2768 .5248 1482 1.2784 1.01
112021 2.00 | 1.547 { 70.0 | 2.122| .508 285.8 247 | 042 | 1.02 963 4776 .9056 279 241 1.12
S 1203 | 4.202 | 3.25 } 284.5 | 8.63 517 260 224 | 0387 | 2.17 .980 5317 | 1.008 262 .226
1204 | 5216 | 4.034 ; 285.8 | 8.67 511 321.8 278 | 0478 | 2.67 .969 .53 1.006 325 .280
. 1205 | 2.583 | 1.998 | 273.5 | 8.29 532 166.6 1441 0247 | 1.375 1.009 53321 1.011 165 .142
1206 | 3.505 | 2.711 | 29.45| .893| .1898| 1853 1.6 275 .665 .360 1379 .262 1894 1.634 .974
1207 | 2779 | 215 30.32| 919 | 2278 | 1566 1.352 | .2327 | .633 432 .2170 411 1577 1.361 .983
1208 | 2.488 | 1.924 1 37.37] 1.133| 274 953.8 824 | 141 .682 .520 1.127
1209 | 2.034 | 1.573 . 65.31| 1.98 4664 | 307.6 | 268 | .0457 | .949 .884 4754 .901 298 257 1.127
1210 | 4.614 | 3.569 | 28.65| .869| .1003| 2207 1.906 | .328 463 .190 .0821 1557 2277 1.965 .967
1211 ] 4.123 | 3.189 ¢ 29.1 882 | .1122| 2050 1.770 | .305 .463 212 1043 1978 2124 1.833 971
1212 4216 | 3.261 1 28.73| .872| .1065| 2088 1.803 | .31 .449 .202 .0951 .1803 2155 1.859 .968
1213 | 3461 | 26771 29.46| .893| .1429| 1835 1.58 273 494 271 .1406 .2665 1878 1.620 974
C1214| 2,137 | 1.633 1 31.04 | 941 | .2884| 1266 1.093 | .188 .616 .547 .3455 .6551 1240 1.070 991
1215] 1.571 | 1.215 ] 32.25| 978 | .4762| 896.7 774 | 133 .748 .903 6303 | 1.195 756 .653 1.01
1216 | 5.797 | 4.484 ‘ 28.57 | .866| .0766 | 2506 2,164 | 375 444 .145 .0576 .1093 2599 | 2.242 .966
1217 | 4.114 | 3.182 30.32 1 919 | .1309 | 1989 1.718 | .296 .538 .248 1253 .2375 2049 1.768 981
1218 | 2,752 | 2,127 1 3234 981 | .2692| 1425 1.231 212 .74 510 .2937 .5569 1435 1.238 .987
1219| 3.602 | 2.786 | 30.56 | .928 | .1581| 1833 1.583 | .272 .57 3 1567 .2971 1869 1.613 983
1220 | 2.805 | 2.17 | 31.32| .95 2326 | 1517 1.310 | .225 .652 441 .2431 .4705 1528 1.318 .995
1221 2.117 | 1.638 { 3221 977 312 | 1185 1.023 | 176 .6606 .592 4145 7859 1132 | 0.977 1.01
1222 5.724| --- © 28.07| .851| .0754| 2502 2.161 372 .431 143 .0539 .1023 2601 2.245 .963
12231 4,154 | 3213 29.79 | .903 | .1222| 2020 1.744 | 3 .508 232 1143 .2168 2087 1.801 977
12241 2,709 | 2.095 © 31.28 | 948 | .2398 | 1495 1.291 222 .65 455 .2589 4909 1490 1.286 .995

“From reference 10

“Thermody namic cnitical vaiues pressure. P 1.2928 MN m=: demyity. .. 0.03143 g em=: temperatura. T, 32.976 K. Critical value ratio. ~ (P.p. 2. = 1158 ¢ em? s (16.44 Ibmin 2 +)
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