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ABSTRACT

A computer program is presented for the analysis of compressible fluid flow across
a sealing dam, such as is used in a shaft seal. The mathematical model consists of two
closely spaced parallel rings, one of which is rotating. The analysis is restricted to
steady, laminar, subsonic, isothermal flow. The effect of rotation on mass flow, pres-
sure distribution, and other physical parameters is determined. The computer program
is written in FORTRAN IV. The input and output variables are in English units; printout
of data in the International System of units is optional.
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INVESTIGATION OF ISOTHERMAL, COMPRESSIBLE FLOW
ACROSS A ROTATING SEALING DAM
IT - COMPUTER PROGRAM
by John Zuk, Patricia J. Smith, and Lawrence P. Ludwig

Lewis Research Center

SUMMARY

A computer program is presented for steady, laminar, subsonic, isothermal,
compressible-fluid flow across a sealing dam of a radial shaft seal. Output variables
include mass flow, volume flow, exit Mach number, rotational flow Reynolds number,
pressure flow Reynolds number, Knudsen number, center of pressure, sealing dam
force, pressure distribution, power loss, and approximate temperature rise of the gas
leaking through the seal. The computer program is written in FORTRAN IV for the com-
puter at Lewis Research Center, which is an IBM 709411/7044 or 7040 direct couple
computer under IBSYS version 13 using ALTIO. Al input, output, and calculations are
in English units; printout of data in the International System of units is optional. The
program flow charts are presented in detail and a sample problem is given.

INTRODUCTION

In a companion paper (ref. 1), the analysis is given for the mass flow and pressure
distribution for a parallel set of surfaces typical of that in the sealing dam of shaft face
seals (ref. 2). The analysis is for stéady, laminar, subsonic, isothermal, compressible-
fluid flow with rotation of one of the sealing dam surfaces. Mass flow and pressure dis-
tribution with rotation are compared with the hydrostatic case. Reference 1 shows that
rotation has significant effects when the speed is high or the radial pressure differential
across the sealing dam is very small and the speed is moderate. When the sealing dam
radius is much greater than the sealing dam width, which, in turn, is much greater than
the film thickness, and the radial pressure flow is sufficiently large, a hydrostatic
analysis is shown to be valid. Further, in the analysis presented in reference 1, the
region of validity of the analysis is defined as follows:



(1) The analysis is valid until the circumferential shear flow causes transition to
turbulence.

(2) The analysis is valid until the radial pressure flow approaches a Mach number of
1/\/77, where 7y is the ratio of specific heats or until the pressure flow becomes turbulent.
The objective of this report is to present the computer program for the analysis
given in reference 1. Input variables include the dimensions of the seal, pressure bound-
ary conditions, and molecular weight and physical properties of the gas. For specified

film thicknesses, which are used as parametric input, the output includes mass flow
rate, pressure distribution, velocity distribution, Mach number, force, center of pres-
sure, rotational flow Reynolds number, pressure flow Reynolds number, power loss,
torque, and approximate temperature rise due to the viscous shearing. The computer
program is written in Fortran IV for the computer at Lewis Research Center, which is
an IBM '7094I1/7044 or 7040 direct couple computer under IBSYS version 13 using
ALTIO. Al input, calculations, and output are in English units; printout of data in the
International System (SI) of units is optional.

CCMPUTER ANALYSIS
Sealing Dam Model
A typical face seal is shown in figure 1. It consists of a nonrotating nosepiece held

either in sliding contact against or in close proximity to a rotating seal seat; the dynamic
leakage gap (sealing dam) between the nonrotating and rotating surfaces is exaggerated in
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Figure 1, - Schematic of pressure balanced face seal,



the diagram. Since typical values of the sealing gap are less than 0.0010 inch

(0.0025 cm), the gap is, in effect, a long narrow slot, and viscous forces are predomi-
nant in leakage analysis. The model that approximates this sealing dam is shown in
figure 2. It consists of two parallel, concentric circular rings, separated by a very
narrow gap, with one moving at a constant speed. A pressure differential exists between

Inner
cavity

P2

N7 w7
T T

e |

P2

Figure 2. - Model of sealing dam.

the inner and outer diameter of the rings, and the fluid is stagnant in the inner and
outer cavities that bound the sealing dam. The model formulation is based on the fol-
lowing restrictions:

(1) Homogeneous, compressible, viscous, and Newtonian fluid

(2) Steady and laminar flow with negligible inertia forces

(3) Bulk modulus, A = —%u (Symbols are defined in appendix A.)

(4) Perfect gas fluid

(5) Negligible entrance region effects

(6) Isothermal fluid film

('7) Entrance Mach number, close to zero

Sealing Dam Analysis

The governing flow equations for a compressible fluid with constant viscosity in
vector notation are as follows (ref. 3):



Conservation of mass

DPypv-v=0

Dt

Conservation of momentum (Navier-Stokes equation)
D'_‘; _Z - = - — - —_ —
p o VP - pVX(VXV) + (A + 2U)V(V - V) + F
D

Equation of state for an isothermal process

P = P(p)

In reference 1 the governing flow equations are applied to the sealing dam model,
simplified, and solved by

(1) Utilizing a cylindrical coordinate system (see fig. 2)

(2) Simplifying the governing equations by using the restrictions listed for the

sealing dam model

(3) Applying the appropriate boundary conditions.
The resulting equations are shown in table I in the form used in the computer program.

The equations of table I are in the English system of units, and table II shows the
conversions to SI units. The computer calculations are carried out in the English sys-
tem of units, but the program contains provision for printout in SI units.



TABLE I. - FORM OF PERTINENT EQUATIONS FOUND IN COMPUTER PROGRAM

(IN SAME SEQUENCE AS EQUATIONS APPEAR IN PROGRAM)

P_. U_ 2h(12 in. /ft)
A= n(Rg - R%), in.2 Re(p) = Minvav = Rey,
(32‘ 174&3&“;%);1 ®R(T + 460)
-5ec
q-%, B yhereg=1545.4  TIOE ]
m  Tom "R (b-molg) °R Q- 13.083M, scfm
2,02
i P, (144 in %/1t?) Ibf-sec? _uav?/ 1mp 1
Py TR g Power = "2 i -——1, hp
(T + 460) (32. 174) 2— it h | egqft-lb 1, in.
Ibf-sec sec ft
bm-ft ;
a =4 /y®(T + 460)[32. 174 2, ft/sec i
\/ Ibisec?) (42. 42 PL-min (power)
AT = hp ., %F
Ry + R,) MC
B L=0L=27 ' 2%, in p
Hypgr = 42.42 (Power), Btu/min
If Po = 0, Py =Pys lbf-secz/ft4
Ry-Ry
R, +R . F-1L (P -P_. )dx, Ibf
If N£0, V= 2N 1772 ('ﬂ’ﬂ.), ft/sec min
(12 in. /1t) 2 60 sec 0
I N=0 AT =0, °R
. R,-R
) then o 2717
and if V=0, C_=0, Btu/lbm "R _L ;
p Xc = = P - Pmin) x dx, in.
Q = 27N, rad/min 0
_ R. + R x=x1+nAx,in‘
Re(R) =p0< 2 1> s o
2/ (80 sec/min)(144 in.2/1t?) 5
2 Ky 2 KRy
Pz exp\ —~] - Py exp —
R, - Ry ' K RBAZ 2 2
AX = t , in. P - 1/%+Rq 2R2
(number of steps) &)= § exp | -— . -
2 R Ro-Rq
2 Ky /X + Ry\2
exp| = -
2
3.3 2 .2 1 R% K, R} 2= ax
1.93x10°h"p 4P - Pj exp |- = -1 Sexpl = = X+ Ry
RZ 2 Rr2 0
2 2
- —, 1b/min
Ry-R, , < 1/2
Kl X + Rl Kl X+ Ry 2
exXp| — - exp| -~ el
2 \ R, 2\ R, K,R?
BP; £ ax x L =ax+Piexp( 12
x+ Ry X+ Ry 2r2
2
A 0
3R2q2
s R202 where K, = - _2
where K, =-2 _4 5Q@T
5 ®T
. = F
2,2 MP F= v
U, ) = (144 in.%/58%) 1 tt/sec |P1 - PZI(RZ -R)L
(32_174 Tom -ft )(60 s_e_) Lo;h, P() —
bf-sec? \ min X
X = ¢
C
U (Ry - Ry)
M= 2V
a Torque = (33 000) (Power) (12 i) ft - 1bf
N ft




TABLE II. - CONVERSION TO INTERNATIONAL UNITS

Quantity To convert Multiply by
From To
Length in. m 2. 54x10™2
Mass Ibm kg 0.45359239
Time min sec 60
Force Iof N 4,4482216
Torque Ibf -ft m-N 1. 3558179
Energy Btu J 1.05587x10° :
Power hp w 7. 4569987x10°
Density Ibf-sec?/it* |kg/m? 5. 15379x102
Viscosity lbf—sec/ftz N-sec/m2 47, 880258
Gas constant ft-Ibf/1bm-°R |J/kg-K 5. 38095
Specific heat Btu/lbom-°R |J/ke-K 4.1865783x10°
Temperature O K K = 5(F + 460)/9
Temperature difference | °F K K = 5F/9
Pressure psi N/m? 6. 8947572x10°
Velocity rpm rps 1/60
ft/sec m/sec 0. 3048
Area in.? m? 6. 4516x10~%
Mass flow rate 1bm/min kg/sec 7.55987x10"3
Volume flow rate at scfm m3/sec 4.7194744x10™4
standard conditions
Heat flow rate Btu/min w 17.59783

Also included are lists of the input variables and program variables along
with their descriptions and English units, detailed descriptions of the subprograms,
and a flow chart of the main program (fig. 3). (Listings of the programs are given
in appendix B; the sample problem, with output options, appears in appendix C.)

Description of Program

RSEAL - Main Program. - The main program, RSEAL, performs the primary flow
analysis. Subroutines are used for secondary operations such as numerical integrations
and plotting data. Input to RSEAL is by punched cards in the following order:

(1) Title card: alphanumeric identification of the data (format 12A6)

(2) NJ card: number of film thicknesses to be analyzed in one running of the pro-

gram (format I3)

(3) Film thickness, h ., cards: 6 per card (format 6F12. 0)

(4) Data cards: seal dimensions, operating conditions, physical properties of gas

and logical variables (read by NAMELIST/RINPT/)

Data are read by NAMELIST to minimize the number of cards required to run a
second case with the same title and hm cards. Input variables are set of zero initially.
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Consequently, variables that are not changed during the reading of data will be calculated
by the program. (See the list of input variables for the significance of each variable and
any restrictions on them.)

Output data are printed in English units in the following order of groups:

(1) Program identification: compressible sealing dam with rotation and parallel
surfaces

(2) Data identification: printout of title card

(3) Input data as it appears on RINPT cards

4) Calculated constants: gas constant, reference density, speed of sound, length
of seal, area of seal

(5) Parameters that vary with h: mass flow rate, volume flow rate at standard
conditions, maximum Mach number, pressure flow Reynolds number, rotational
flow Reynolds number, sealing dam force, center of pressure, dimensionless
sealing dam force, dimensionless center of pressure, and Knudsen number.
(Printout of dimensionless sealing dam force and center pressure may be
skipped by setting RSKIP to TRUE.)

(6) Parameters associated with power dissipation: power, total shear heat, appar-
ent temperature rise, and torque. (Printout of all data associated with power
dissipation may be skipped by setting TSKIP to TRUE.)

('7) Distribution of parameters across the sealing dam (one group for each hm):
distance across seal, pressure, pressure ratio, average velocity, and Mach
number.

Printout of data in English units is followed by plots of various parameters. Plots
appear in standard form with minimum X and minimum Y in the lower left-hand
corner. Legends at the bottom of the plots give conversion factors for SI units. The
plots are as follows:

(1) Power versus h_ for N £0

(2) Pressure ratio versus distance across seal for first case for which the model is
valid. Plot 2 may be suppressed by setting ASKIP to TRUE.

Following the plots, the data are printed in SI units in the same order as for English
units. This printout may be skipped entirely by setting NOUI to TRUE.

RSEAL is divided roughly into eight sections. The first section reads data and
calculates program constants (cards 41 to 56).

Section two (cards 82 to 87) calculates the constants needed in the pressure equation.

Section three (cards 93 to 105) tests input variables. If they are zero, new values
for them are calculated. Since SPEED and CAPV both represent rotational velocity,
they must be consistent. If SPEED is read as nonzero, CAPV is calculated from SPEED.
If SPEED is read as zero, CAPV must be examined. In the case that CAPV is nonzero,

SPEED is calculated from CAPV. If both SPEED and CAPV are zero, the system con-
sidered is static.



Section four (cards 111 to 139) is the first part of a loop which is done for each h,,.
This section calculates a starting value for X, mass flow rate, volume flow rate at
standard pressure condition, pressure flow Reynolds number, rotational flow Reynolds
number, maximum Mach number, and Knudsen number. I the maximum Mach number
is greater than 1/ V;/_, this analysis is no longer valid, JHTAG(J) is set equalto 1as a
trigger, and no further calculations are made. If the model remains valid, the program
calculates power, temperature rise due to power dissipation, total shear heat, sealing
dam force, and center of pressure. The integrations in the force and center of pressure
equations are done numerically by Simpson's Rule. :

Section five (cards 144 to 154) is the rest of the loop started in section three.
Section five calculates pressure, pressure ratio, average velocity, and Mach number
for several points across the sealing dam.

Section six (cards 158 to 200) writes data in English units. Section seven (cards 204
to 233) plots the various parameters. And section eight (cards 237 to 295) writes data
in SI units.

Numerical constants in the program are for units conversion.

Subprograms. - RSEAL uses eight subprograms whose listings appear in appendix B.
These are SIMPS1, SIMPS2, PX, PXX, PRESS, ROT, EXPK, and ARRNG. RSEAL also
uses two other subroutines that are not standard in IBSYS: SORTXY and PLOTXY.

SORTXY sorts two numerical arrays. A statement such as CALL SORTXY (X, Y, N)
results in the array X being rearranged such that X(1) £ X(2) £. . . £ X(N) with the
Y array entries reordered to preserve the (X, Y) pairs. N is the number of elements
inthe X and Y arrays.

PLOTXY plots two numerical arrays. A statement such as CALIL PLOTXY (X, Y,
KODE, P) produces a printer plot of X versus Y with the minimum X and the mini-
mum Y in the upper left corner of the page with X increasing down the page and
Y increasing across the page. KODE tells which plotting options are to be used. For
example, KODE = 6 gives a plot with most of the grid lines suppressed, with asterisks
as the plotting character, and with the X and Y scales computed by the plotting routine.
The array P contains information needed by the plotting routine such as the number of
points to be plotted, the X and Y scales if the programmer computes them, and
the frequency of grid lines in the X and Y directions.

Special format statements are used to print plot titles and plot legends. A pair of

statements such as

WRITE (6, 1)
1 FORMAT (2HPT, 10HPLOT TITLE)

will print the title



PLOT TITLE
above the plot. A pair of statements such as

WRITE (6, 2)
2 FORMAT (2HPL, 11HPLOT LEGEND)

will print the legend

PLOT LEGEND

immediately below the plot.

Listings of SORTXY AND PLOTXY along with details for their use can be found in
reference 4 or can be obtained from the Instrument and Computing Division of the Lewis
Research Center.

SIMPS1 is a function subprogram to perform a numerical integration by Simpson’s
Rule. The integrand is evaluated at interior points by the external function named in the
calling vector. A statement such as F = SIMPS1 (XO, XF, G, K) gives F as the

definite integral
XF
f G(X) dX
X0

The integrand is evaluated at interior points by the function G named in the calling
vector. The interval of integration XO to XF is not divided uniformly. More sub-
divisions are made where values of the integrand are changing rapidly. If two succes-
sive evaluations of the integral on a particular subinterval differ by more than 3><10~5><
value of the integrand, the subinterval is divided into two subintervals and the integration
is repeated. If the integration required more than 200 subintervals, the integer K is
raised by 1 to indicate that the value of the integral is incorrect.

SIMPS2 performs essentially the same operation as SIMPS1, but it permits carry-
ing a constant parameter into the integration by means of the calling vector. A state-
ment such as F = SIMPS2 (A, XO, XF, G, KK) gives F as the indefinite integral

XF
/ G(A, X) dX
X0

Use of SIMPS2 permits evaluating double integrals because the external function G can
call SIMPS1 to evaluate the inner integral. KK performs the same function as K, but
KK is raised by 2 to indicate inaccuracies in the integration. Subprograms SIMPS1 and
SIMPS2 are in general use at the Lewis Research Center.



PRESS is a function subprogram to evaluate the pressure at any distance from the
inner radius of the seal. This distance appears in the calling vector. The pressure
differential equation is solved analytically and the resulting formula is used in the
program.

2 X 1/2
K K. R
Pgexp<_1> —P% exp 11 exp i{_l_ X+Ry

K, x+R) 2 2R 2\ Ry s [xR2
P(x) = < exp —~ - ———————"—=dx+Plexp| ==
2 R2 R2 'R1 X + Rl 2

K1 X + Ry 2R2

exp Ty
R .
2 dx 0

X+ Ry

where PX is an external function to evaluate the integrand in the integral

Ry-Ry
= (P - Pmin) dx

0

B | =

Similarly, PXX is an external function to evaluate the integrand in the integral

Ra-Ry
L
XC:E—/ (P—Pmin)xdx
0

where Pm .

in is the smaller of P1 and PZ'

EXPK is a function subprogram to evaluate exp(le)/<2R§> where x appears in
the calling vector.
ROT is an external function to evaluate the integrand in the integral

10



2

Kl(x + Rl)
exp|———
ZRZ

x+R1

ARRNG is a subroutine subprogram which arranges two arrays X and Y for plot-
ting. The subroutine first eliminates cases for which the model does not remain valid.
It then sorts the remaining data in order of ascending X. It then inverts both arrays
and interchanges them. The data are now in the form of ordered pairs (Y(N), X(N)),
Y(N-1), X(N-1), ..., (Y(1), X(1)) where YN)=Y(N-1)=. .. =Y(l). Data
arranged in this form permit plotting with Y as the independent variable in descending
order. Consequently, the plots appear with the minimum X and minimum Y in the
lower left corner.

Input Variables

The following table lists variables input to the program and their units. Arrays are
given with their dimensions.

Variable Unit Description

TITLE (12) Data identification

NJ Number of mean film thicknesses (NJ = 50)

HMEAN(J), --J=1, ~NJ in. Mean film thicknesses

L in. Width or mean circumference of sealing dam
of flow

SPEED rpm Rotational speed. Either SPEED or CAPV
may be set. If both are set, calculate CAPV
from SPEED

CAPV ft/sec Surface speed.

MOLWT 1bm/(lb-mole) Molecular weight of the gas

P1 psi Pressure at inner radius of seal

P2 psi Pressure at outer radius of seal

T Oop Isothermal reference temperature

11



Variable
R1

R2
RHORO

RHORF

MU

CP
GAMMA
NGRID
ASKIP

RSKIP

TSKIP

NOUI

Unit
in.

in.
1bf-sec/it?

1bf-sec2/it

1bf-sec/ft 2
Btu/Tom-°R

Description

Inner radius of seal

Outer radius of seal

Reference density at inner radius of the seal.
If RHORO is read as zero, program cal-
culates RHOROQO.

Density at mean radius used in calculating
the rotational Reynolds number. If RHORF
is read as zero, the program calculates
RHORF.

Absolute viscosity of gas

Specific heat of gas

Ratio of specific heats

Number of steps across seal (max = 20)

Logical variable. If ASKIP = TRUE, pro-
gram skips calculation and printout of x,
pressure, average velocity, Mach number,
and pressure ratio. It also skips plotting
of X versus pressure ratio.

Logical variable. If RSKIP = TRUE, program
skips calculation and printout of dimension-
less center of pressure and force. It also
skips plotting of dimensionless F.

Logical variable. If TSKIP = TRUE, program
skips calculation, printout, and plotting of
power.

Logical variable. If NOUI = TRUE, program
makes no conversion to SI units.

Program Variables

The following table lists the variables used in the program in the approximate order
of their appearance, any limitations on the variables, and their units. Variables marked

with an asterisk are printed as output data.

PI
RUNIV

12
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Variable

ZERO
PREF

RR1
MCUT
NN
JMOD

RDIF
PDIF
AREA¥*

R*

RHO1*

A*
RHOREF*
OMEGA
ECONST

EA

AA

DELX

X, *
MDOT J)*
VAV
MACHMX(J)*
REP(J)*

Unit

psi

in.

psi

in.

Tof-ft/Ibm -°R
Ibf-sec? / g
ft/sec
Ibf-sec/ft?
rad/min
1/in.2

1b£2 /in. 2

1of2 /in. 2

in.
1bm /min
ft/sec

Description

Input variables are set to 0.

Smaller of P1 and P2 in the COMMON
block

Value of R1 in the COMMON block

1/ ‘f)'/ = upper limit for which model is valid

Number of grid points (1 = NN = 21)

Integer number of pressure distributions that
will fit on one page.

Distance across seal = R2-R1

Total pressure drop across seal

Face surface area of seal

Gas constant

Density at inner radius of seal

Speed of sound

Calculated density at mean radius of seal

Rotational velocity

-KI/ZRg (where K, is defined in appendix A)

2
K
P%exp—‘1 —-1-

2 R2

_Rl
2
exp ﬁ<X + R1>
2 R,

X+R1

dxX

0

Distance between two successive grid points
Distance from inner radius of seal

Mass flow rate

Average velocity at outer radius of seal
Maximum Mach number for given HMEAN
Pressure flow Reynolds number

13



Variable

RER(J)*
QE)*
KN(50)*
THTAG(J)

POWER(J)*
DELTJI(J)*

TORQUE(J)*
HTOTAL(J)*
F@)*

XC(J)*

K, KK

P(I, D*
PRAT(J, I)*
UAVRG{, I)*
MACH(®J, I)*
FBAR(J)*
XCBAR(J)*
JJ

XPT(50), YPT(50),
XPLOT(50), YPLOT(50)

PP(61)
KODE
NP

I
J

14

Unit

scfm

hp

Ibf-ft
Btu/min
1bf

in.

psi

ft/sec

}

Description

Rotational flow Reynolds number

Volume flow rate at standard conditions

Knudsen number

Numerical flag

IHTAG(J) = 0 implies model remains valid

IHTAG(J) # 0 implies model is invalid

Power dissipated by viscous shearing

Apparent temperature rise due to power
dissipation

Torque

Total shear heat of system

Equivalent force

Center of pressure

Numerical flags that indicate whether the
numerical integrations in the calculation of
F@J) and XC(J) are accurate

Pressure at X(J, I)

Ratio of P to Pin at X(J, I)

Average velocity at X(J, 1)

Mach number at X(J, I)
Dimensionless force

Dimensionless center of pressure

Counter for valid cases. If JJ =1
modulo JMOD, the printer will skip to
a new page.

Utility arrays used in sorting and plotting
data

Array needed by plotting subroutine - see
description of PLOTXY for details

Plotting code - see description of PLOTXY
for details

Number of points in a plot (1 = NP = 50)

X index

HMEAN index



Subroutines

Name Call Common Program
vector block variables
variables variables

PRESS - pressure function X
PREF
RR1
EA
AA
S
R1
QQ
K
Q
ROT - integrand in integral R1
3 K, [X+RN X
+
exp -_!< 1) Y
2\ R
2 7 ax
X+R1
0
PX - integrand in integral X
fo (P - P ;) dx A, B,
C,D
Y

Description

Distance from inner radius of seal
Reference pressure

Inner radius of seal

2

K,/R
P‘% exp _1 —-1

0
Inner radius of seal

X 2
K1 X + R1
exp —

dx

X-&-R1
0

Numerical flag indicates whether
numerical integration is
accurate

P2 (x)

Inner radius of seal

Distance from inner radius of seal

Radial distance = R1 + x

Distance from inner radius of seal

Reference pressure

Dummy variables to fill COMMON
block

P- Pmin

15



Name Call
vector
variables
PXX - integrand in integral X
Ry-R
271
f (P -P ;) xd&x
0
EXPK - special exponential X
function
ARRNG - arranges arrays in X
proper order for plotting Y
XP
YP
N
I

16

Common Program
block variables
variables
PREF
A, B,
C,D
Y
ECONST
YY
Y
T

Description

Distance from inner radius of seal
Reference pressure

Dummy variables to fill COMMON
block

(P - Pmin)X
Square of distance from center of
seal

2
(K]_/z)/Rz
Distance from center of seal

K1 X + R1 2

exp |—

Rg

Input array of independent variables

Input array of dependent variable

Sorted and inverted array of new
independent variable

Sorted and inverted array of new
dependent variable

Number of elements in input arrays

Number of elements in sorted
arrays

Temporary storage for sorting



Set input parameters
to zero

( Read title card

C Read NJ card

( Read hy cards

( Read input cards

Calculate program
constants

C Write input data

No
ST units
?

Convert input data

Do statements 200 to 400 for each J
J=1, NJ

Set starting value

of x
i
Calcuiate M, V,,,
and Mach number

Calculate power, AT,
Hshear» and torque

Calculate force and
center of pressure

to SI units

Calculate rotation

Skip
pressure

constants

Test input variables

(a) Initial steps.

calculation
?

No

Set starting value
of P

For 1- 1, NN, calculate
%, P, PIPgin, Vay and
Mach number

()
©

(b) Main calculation.

Figure 3, - Flow chart of Main Program.
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Write pg, py, A, speed,
R, L, area, and V

Write column headings
for parameters that vary
with film thickness

Skip
nondimensional-
ization of F
and X.
?

No /~ Write column headings
for dimensionless

F and X.

Write h, M, Q, maximum
Mach number, Re(P), Re(R),
and Ky for J=1, NJ

Skip
nondimensional-
ization of F

and X,
?

Nondimensionalize
F and X. and
write them out

Skip

printout of

power
?

Yes 612

Write column headings
for parameters associated
with power

Write hp,, power, Hgpear
AT, and torque for J =1, NJ

Skip
printout of
p?

Write column headings
for pressure distributions

I

Write hy and x, PIP min P
Vavr and Mach number
distributions for 1=1, NN

{c) Write routine,

Figure 3, - Continued.
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For cases for which model
is invalid, set
HMEAN()) = -HMEAN())

Skip
plot of power
?

Is
speed zero
?

( Plot PIP ;i against hy, )

For cases for which mode!
is Invalid, reset
HMEAN(J) = -HMEAN(J)

Convert output data to ST units
and print in same format
as for English units

{d) Plot routine.
Figure 3. - Conciuded.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 24, 1969,
120-27-04-90-22.
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APPENDIX A

SYMBOLS
. 2, 2
cross-sectional area, in.”; m Q
speed of sound, ft/sec; m/sec
specific heat at constant pressure, R
Btu/(1bm)(°R); J/(ke)(K) AR
specific heat at constant volume,
Btu/ (Tbm) (°R); J/(ke)(K) Rey,
material derivative, % +u ai
Vo, 2 9 r
* o0tV oz Re .
sealing dam force, lbf; N
dimensionless force, ®
F/(P2 - PP, - Rl)L
®R
body force vector -
film thickness, nominal, in.; m
-(3R202/5@T) r
sealing dam width, in.; m T
Mach number T
mass flow, lbm/min; kg/sec
change in mass flow
molecular weight of gas, u
1bm/(lb-mole); kg/kg-mole
speed of rotation, rpm \
integer
. - 2 v
static pressure, psi; N/m
pressure differential, psi;
9 W
N/m
smaller pressure of two pressure W

boundary conditions, psi;
2
N/m

net volume flow rate, scfm;
std. m3/sec

mean radius, (R; + Rz)/z, in.; m

sealing dam length, R2 - Rl’
in.; m

Reynolds number in radial direc-
tion, pUh/p

Reynolds number in circumferen-
tial direction, PRQh/u

gas constant, @/ m,
ft-1bf/(Ibm)(°R); J/(kg)(K)

universal gas constant, 1545.4
ft -1bf/(Ib-mole)(°R);
8.3143 J/(kg-mole)(K)

radial direction coordinate
temperature, 0F; K
average temperature, 0F, K

pressure-flow reference velocity,
ft/sec; m/sec

velocity in r-direction or
x-direction, ft/sec; m/sec

reference shear flow velocity,
ft/sec; m/sec

velocity in §-direction, ft/sec;
m/sec

velocity in y-direction, ft/sec;
m/sec

reference velocity across film
thickness, U(h/AR), ft/sec;
m/sec




center of pressure in radial or
X-direction, in.; m

dimensionless center of pressure,
X./(Ry - Ry)

coordinate in pressure gradient
direction

coordinate across film thickness

shear flow coordinate in Cartesian

system
specific-heat ratio, Cp /Cv
circumferential coordinate

second viscosity coefficient or
coefficient of bulk viscosity

absolute or dynamic viscosity,
(lbf)(sec)/ftz; (N)(sec)/m2

kinematic viscosity, ftz/sec;
mz/sec

p density, (Ibf)(sec)/ft?; kg/m?>

angular rotational velocity,

rad/sec
\Y Del operator, £§+—£ 88—93+ (%12
Subscripts:
av average
h based on film thickness
m mean
r based on radius
ref reference
0 reference
1 inner radius or inlet
2 outer radius or exit
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APPENDIX B

PROGRAM LISTING .

$IbFTL RSEAL DEBUG

(2N aXgl

[aN el ool ol aN el oN o o N aN o N o N o W al

22

90

1oy

COMPRESSIBLE FLOW SEALING DAM ANALYSIS WITH ROTATION)

LOGICAL ASKIPsRSKIP,TSKIP,NOUIL

REAL MDOT,MULWT,MU,MACH s MACHMXy MCUT 9KN, L

DIMENSION XPLOT(50) ,YPLCT{50) 4XPT{50) o,YPT(50) ,PP{61),ZERO(LT),
1L Ul€30),TITLELL2)

DIMENSION F(50),XC(50) ,MDAT {501} yXCBAR{50) 4FBARI{50),Q{50),

L POWER(50},1HI(50) yA TOTAL{50) ,DELTJ(50),TORQUE{50) ,HMEANI(S50]),

2 MACHMX{50) 4REP{50) yIATAG(50) sKN(50) yRER(50

DIMENSIUN X(50,21)9sP(50,21) UAVRG{50,21) 9 PRAT(50,21)+MACH(50,21)
COMMON/ INTGRL /PREF yRR19EAAA, S

COMMON/ECON/ZECUNST

EXTERNAL PX,PXX,ROT
NAMELIST/RINPT/L 3 SPEEDsCAPV yMOLWT 4P1 yP2 4T 4 R1y R2y RHORO,

L RHORF ¢ MUSLPsGAMMASNGRID ASKIPyRSKIPSTSKIPyNOUI

DATA PIL,RUNIV/3.141992741545.4/

EQUIVALENCE (ZERU({1)}4MOLWT) y (ZERO(6), Pl), {ZERO(1L1),L ),

1 (ZERU(2) ySPEED) » (ZEROLT7), P2}, {ZEROU12),7),

2 {ZERU{3) ,RHORO) 4 (ZERG(B),s R1), (ZERGI(13),MU),

3 {ZERU{4} s RHORF) » (ZERG(9), R2Z2), (ZERO(14),CAPV),
4 {ZERULD ) §GAMMA) ,  ( ZERO{L10),CP)

DO 9V I=i,14
LEROALI) = 0.

REAU INPUT DATA,LALCULATE PROGRAM CONSTANTS, AND WRITE INPUT
CUNJOLITLONS

JATA CARDYS
TITLE ~ DATA IDENTIFICATIGON — 1 CARD (FORMAT 12A6)

NJ — NUMBER OF FILM THICKNESSES (FORMAT [3)
HMEAN ~ MEAN FILM THICKNESSES - 6 PER CARD {FORMAT 6F12.0)
SEAL DIMENSIONS, OPERATINCG CONDITIONS, PHYSICAL

PRUPERTIES OUF GAS, LOGICAL VARIABLES
(READ BY NAMELIST/RINPT/)

R INPT

REAU (5,3} TITLE
REAU (5,1) NJ

REAU (542) (HMEAN(JI} ,Jd=1,NJ)
WRITE (6,510}

REAU (5,RINPT)

PREF = AMINL{PL,P2}

KR1L = R1

MCUT = 1./5QRT{(LAMMA)

NN = NoKRID+1

JMUU = 59/(4+NN)

AREA = PI¥(R2%¥2-RL¥%2}
RDIF=R2-K1

PLIF=A85(P1L-P2)

R= RUNIV/MOLWT

RHOLl= P L/R/(1+460.) ¥4.4 750636

A= SURTIGAMMA*R* (T+400.)%32.1 7%}
WRITE (6554) TITLE

WRITE(6,11) P2yPLT,MU; MOLWT,,GAMMA,R2 yR1 5349 RHORO, RHORF NN
1 SPLEU,CAPV,LPJASKIPy RSKIP,TOHKIP
IF (NGUIL) GU TO L10

VONCMDWN -~



OO0

[N el !

OO0

COoOOO0

110

1ev

1«3

124

121

L22

CONVERT INPUT UATA TO INTERMNTIOUNAL UNITS

Jill) = ALPHA

UIL2) = P2%*6.8947572¢E3
Ul{3) = Pl*¥b.8947572€3
Uit4) = (T+460.)1/1.8

JI(5)= MU%47.860258
Ji{o)= MOLWT

UI(7iI = GAMMA

UI(8) = R2¥2.54E-2
UI(9) = R1*¥2.54E~2

UI{ 10} = L¥£,54E~2
UI{11l} = RHORO*517.2020
Ulllz) = RHURF*517.20206
UI{i3) = SPcED/00.

JI{i4)= LAPV¥*.3048
ul(ls) CP*.4]1 862783E4

DETERMINE ROTATIUN CUNSTANTS

OMEGA = Z2.¥PI*5SPtED

ECUNST = —.3%UMEGA*%2/R/(T+460.)/3600./32.174/144.
EA = EXPKARLI#®%Z2)*PL*%2

AA = EXPKIRZ2¥%2)*P2¥*2—-EA

K =0

S = SIMPS2({K1 90e yRDIF yROUT 4K}

IF (K.idko0) WRITE {6421)

VEbUG OMEGASECUNST,EA,AA,S

TEST INPUT PARAME TERS AND DETERMINE OPERATING CONDITONS

IF {L.EQ.0s) L=P1#{(R1+K2)
{F(RHURUeNE« Vo) KHOL=RHURD

IF (RHURF NE. 0o} GU TU 123
REUREF = PRESSIRUIF/2.)/R/{T+460.)%4.4756636
oG 10 124

REOREF = RHOKF

LF {SPEED .EN. Uds) GO Tu 121
CAPV = PI%SPEELDX{RL+R2)/T20.
GO TU 122

IF {(CAPV.NE.O.) GU Tu 122
TSK1IP = «TRUL.

cP = 0.

SPEEU = CAPVXT20./P1/1RL1+R2)

veTe’”RMINE STARTINw VALUES FOR X AND H
DETERMINE X INCRIMENT, M{DOT)y Qs PUWER, MAX MACH NUMBER,
PRESSURE REYNOLULU®S NUMBER, DELTA T, HEAT(IN), AND HEAT{TOTAL)

08 4060 J=lynJd

LRTAGLd) = O

DELX = RUIF/FLUOAT{NGRID)}

X{Jdyl) = Q.

MDUT(Jd) = —13.405833%PI*HMEAN{J) *¥3 ¥RHOL*AA/MU/PL/S
VESUG HMEAN{J) 2 MOUT(J)

VAV = ABS{MDOT(J))*PL/L/RHOL/HMEAN{J)/PREF/ 13.405833
MAUHMX( J) = VAV/A

IF (MACHMA{J).LT.MCUT) GO TO 223

LhTAGS(J) = 1

23



223
222

230

OO0

240

[N aN ol o

300

31u

320
400

[aN eX o}

600

603

60Y

24

GO TO 400

REPL1J) = 2.%PREFHVAV¥HMEAN(J) /MU/R/ (T+460.)/2.6811667
RER(J) = RHOKEF®{ APV*HMEAN( J}/MU/L12.

J(J) = 13.083%xMO0TLI)

KN(J) = 2.96%¥MACHMX(J) /JREP{ )

IF (TSKIP)

Gd 10 240

POwWER(J )= MURAREA*CAPV*#2/HMEAN(J)} /6600,

DELTu(J =42,
HIUTAL(J) =

42%POWER(J) /JABS(MDOTLUN)/7CP
42.42%POWERTJ)

TURQUE L J) = POWER{J) *3.,3E4/5PEED

DETERMINE FORCE AND CENTER GF PRESSURE

K= g
KK = 0

FlJi= SIMPOL{ 0., RULF,PXaKI*L
XCOd) = SIMPS1(0a yRUIF yPXX KK}/ F LI #L

It (K.NE.O)
[F {(KK.NE.D)

WRITz (0924) HMEAN(J)
WRITE (6425) HMEAN(J)

DETERMINE PRESSURE, FILM THICKNESS, PRESSURE RATIO (P/P1l),
AVERALE VELULITY, ANU MACH NUMBER ‘AT EACH GRID POINT

IF (ASKiP)
Pldy1) = Pl

Gy T0 4GV

VDG 320 I=1,nN

IF (lecQel)

GO TO 310

X{dsl) = FLUATII-1) %D X+ X{J,s1)

P{Jy1) = PKE
PRATL{J,1)
UAVRGI(J,1)
MACH{J, 1)
CUNT INUE
CUNTINUE

#

it

SS{X{dy1))
PlJs11)/PREF
ABS(MUGTLJ) ) ¥PL/L/RHOL/P(J, 1)} /HMEAN{J )}/ 13.405833

UAVRG{J 1) /A

WRITE RUUTINE

Wk1TE (641¢)
WRITE{O6,13)

KRHUREF s RHUL A4 SPEED yRe Ly AREA,CAPV

IF («nNOTLRSKIP)Y  WRITE(L,14)

WRITE (6y55)

IF (RSKIP) GU TU 603

WRITE (6,56)

VU 610 J=I,
WRITE (6,23)
IF { IHTAG (J)
ARITE {6420)
G0 T0 610

ARITE {6415)
IF {RSKIP)

NUKRMALI ZE F

FBAR(J)=F (4}
XCoar {J)=XxXC1
WRile{6,106)
CUNTINUE

NJ
HMEAN( J)
e 0) Gu TO 609

MOOT(Jd) 2 Q(J) ¢ MACHMX(J) sREP{J) »RER(J) 4KNEJ)yFL U}y XCLJ)

vid TO 610
AnNo XC
/PULF /RDIF/L

JY/RDIF
XCoAR(J) yFBARLY)

IF (TSK1P) Gu TU 612

WRITE (0,17}
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[N aXe!

ooa

(el aNel

ols
otl
bll

620

100

701
120

130

140

141
750

i51

800

V0 oll J=lgnd

ARlTE (6,23} HMEAN(J)

LF{IATAG(J) .EQ.0) GO TU 613

WRITE(6,20)

GU TU 611

WRITEL6922) PUWER{J) yHTUTAL(J) yOELTI(J) »TCRQWELJ)
CUNTINUE

IF (ASKIP) GU Tu 70u

WKITE X AND PRESSURE LI STRIBUTIONS

JJd = 0

DO 620 Jd=1, NJ

IF (IHTAG{J)«NCcLO) GO TO 620

Jd = Jdu+l

I[F (MU (JJydMBO ) e bEda L) WRITE (6,457)
WeITE (65,18) HMEAN{(J)

WRITE (0919) (X(J L) gPRAT(J3L) 9PLI41) sUAVRG (U 1)y MACH(J»1 )y

i I=14NN)
CONFINUE

PLJT RUUTINE

KGue = 6

PPL3) = 0.

PP(4) = 0.

U0 701 J=1.NJ

IF (1HTAG(J) o NE. V) AAMEAN{J)=—HMEAN(J)
CUNT INUE

IF (TSKIP) G0 0 730

IFf (SPEED sEdeuUs) Gu TUO 730

CALL ARKNG{HMEAN, PUWER s XPLOT , YPLOT o NJSNP)
PP(1l) = NP

WRITE (6,34}

CALL PLUTXY{XPLUT,YPLOT, ,KODE,PP)

WARITE | 6y a3)

IF (ASK1IP) Gu TO 7150

DU 741 J=1,NJ

IF (LHTAG(J) e NEL D) GO TO 741

WARITE {65,37) HMeEANLJ)

VU 740 I=14NN

XP1{I) = X{J,1)

YPT(I) = PRAT(J,1)

CUNT INUE

CALL ARKNG (XPT,YPTy XPLOTYFLUT yNNyNP)
PP{l} = NP

LALL PLUTXY{XPLUT,YPLUT,KUDE,PP)

WRITE (o0y40)

GO TO 750

CUNT INJE

D0 751 J=14NJ

IF (IHTAG{J)enNEL.O) HMEAN(J)=—HMEAN(J)
CUNTINUE

CONVERT TO INTERNATIUNAL UNITS AND PRINT

iF (NOUI) GO TO 10U
JI(zl)= RHURCF*517.20206
UI{z2)= RHUL®¥517.20206
Ui{23) = A*¥,30458

i81
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

212
213
214
215
216

218
219

221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
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809

81lu

ol3
811
le

820
821

26

woN -

Ullz4) SPEED /60,
vites) k¥5,38095
Ull26)= L*¥2.,54E~¢
Uli27)= AREA*6.451l0k~4
JIlZ2si= CAPV¥.,3043
WRITE 16,10)

WRiTe {6,54) TITLE

"o

WRITE {6950) (UIA]) 41=2412) yNN,{UILI{I),I=13,15),ASKIP,RSKIP,

L TSKIP,(Ulll),01=21,28)

WKITE (é,13) .
LF ( aNOTLRSKIP) WRITE (6414)
ARITE (6451}

IF { s2NOTL.RSKIP) WRITE (6,456)
DO BLO J=1lynNy

Uk = HMEAN{J)®¥2.54E-2

WRITE (6423) uH

IF (IHTAGLU)«EQ.0) GO0 TO 809
WRITE (65,20)

GO0 Tu b&l0

UM = MOUT(J)*.755987E~2

U = WlJd)%*e 47194 744E-3

JF = F{J)*4.4482216

UKL = XClJ)I*¥2.54E-2

ARITE (6515) UM ULy MACHMX(J) sREPLJ) yRERIJI s KN({J)UF,UXC
[F(.NUTKSKIP) WRITE(6y16) XCBAR{J) FBARL{J)
CONTINJE

IF (TSKIP) LU Tu Bl2

WRITE (£452)

DO dil Jd=1,y,nNd

Ut = HMEAN(J)I* 2. 54E-2

nRITE {(0423) UH
IF(IATAG(Jl.NEW-U) S0 T0 813

JP = PunERIJI*T7.456998TE2

URT = ATUTAL(J)I*]L 1.597833

UE = DelTu(Jdi/Ll.8

JIKK = TORQUELJI*Le3558L79
WRITE{oycld UP,ULATHUT yJTRK

60 TU 611

WR1ITE{0L,+20)

CUNT INUE

IF (ASKIP) LU TU luvu

Jd =0

DO 821 d4=LlyNJ

IF (IHTAG{J) o NE- W) U TO B2l
Ju = JJd+1l

IF (MU0 (Jd,dMD) ebet) WRITE {6457}
U = HMEAN(JI*2, 54E-2

wRlle {6553} ud

DO 820 I=1,NN

(Y X{Jsl)*2a54E-2

upP Pldol)*0e.8947572E3

Uv= UAVRG (J,1)*. 3048

ARLITE (69 19) UXPRAT(Jsl) yUPJUVyMACHI{J,1)
CONT INUE

CONTINUE

GG TO LU

o

FURMAT ([3)
FORMAT {(eFll.06)
FURMAT (l2Ab)
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10 FORMAT (1lHl,60ACUMPRESSIBLE SEALING DAM WITH ROTATION AND PARALLEL
I SURFALES)

11 FORMAT (LHU.LZ2HINPUT DATA =4/,

lHUgOXv?HPZ,PSlA)].UK;’HPL ’P.‘)[Ayl\)Xy?HT 'DEU F,].UX,

2UnVISLUBSITY  LB8-5cC/FT2pl0Xy LEHMOLECULAR WEIGHT, 18Xy SHCP/CVy /y

IH 326 L7e59F 13404952505 9631 299628454/ 31H0 34Xy 9HR2 5 INCHES, 8X

SHR L g dNCHES y 9X g BHL y INCHE Sy LUX L5 HRHU s LB=SEC2/FT 4 410X,

CUHRHUIKUT ) yLB=5EL2/FE T4y LUXs LTHNG UF GRID POINTS./sLlH ,3GL7.5,

G2l o596 Te5912¢9/ 3 HU,6X95HNyKPMyLLX 38 HV yFT/ S3EC,9Xy

1SHL P, BIUL/LB~UEG Kel3X,6HSKIP A,6X,6HSKLIP Ry 60X 6HSKIP Ty /s 1lH

2017495501809 19,20L12)

Le FURMAT (LHO, L THoEGIN QUTPUT DATA/ ,1HO,7X,

L ZUHRHU(RUT) yLo=5EC2/F T4 94X sl BHRHO(L) yLB~SEC2/ FT4,6X,
2 ZLAA(SUUND oPEEV ) oF T/SEL 36 X9 FHSPEED s RPMy/ s LH 92622454626 +59G23.5,
3 /910y 3Ky 3UHGAS CUNSTANT FT-LB/LBIM)—DEG Ry LOXy8HLy INCHES 12X,
4 EHAREA oLN2yL2X38HVyFT/SEC s/ sl 162445563145y 262045)
L3 FORMAT (1lHU2Xy 9HMEAN FILMs4Xs0HM{UOT ) »6X 3 LHUY 28Xy 4HMACH,5X,
L SHRE(P ) s 6XySHRELR) 35 Xe THKNUDSENy 7X 3L HF 49X, 2HXC)

14 FOKMAT (LH+,LU0Xs2HXC +8Xs1HF)

15 FORMAT (lH+,11X326112392F9.3,2F10.3,F12.3,G11.3)

L6 FURMAT (LlH+,93Xy4F10.3)

17 FUKMAT (1HOs16AMEAN FILMy INCHES 8 Xy LUHPOWNERyH. Pay 6Xy
L 13HSHEAR HEAT,BTU/MIN,SXsL2HDEL(T) yDEG F 48X,y L2HTORQUE, FT-L B)

L8 FURMAT (LHOL1HMEAN FILM =3GlLle342Xy6HINCHESy/ 5 LHO 95X 5 8HX 3 INCHES,
1 4Xy 8HP /P (MIN) 3 TX y5HP 4P SL 16 Xe L2HULAV) o+T/ SEC, 4X, THMACH NO)

L9 FURMAT (lH 4L 14e39401%.5)

20 FURMAT (LlH+,77Xy LOHANALYSIS NUT VALID)

21 FURAAT (1HO,39HNUMERICAL INTEGRATIUN IN S IS INCORRECT)

22 FURMAT (LH+, 15X,4020.5)

23 FURMAT (lH 4Glle3)

24 FUORMAT (LHU,206HFUKR McAN FILM THICKENESS =,G15.5,3X,

L 1+4HF [S INCORRELT)

25 FURMAT (LHU26HFUR MEAN FILM THICKENESS =,5615.593X,
1 I5HXC IS INCURKECT)

30 FURMAT (2HPT,55APLOT GF M(DCT) AND 4 VS H{MEAN) WHERE Q = 13.083%M
LtusTy)y )

32 FURMAT (2HPT,23HPLUT UF X{L) VS H{MEAN))

33 FURMAT (2HPI,284PLUT UF MOOT(BAK) VS H({MEAN))

34 FURMAT (2HPT,24HPLUT OF PUwWER VS H{MEAN))

37 FORMAT (2HP T 35HPLUT UF P/PIMIN) VS X FUR HIMEAN) =,G15.5)

36 FUKMAT (ZHPT,254PLUT UF F(BAR) V> H{MEAN))

40 FURMAT (2HPL,50HXC UN VERTICAL SCALE — HUMEAN) UN HORIZONTAL SCALE
L o/ +2HPL s/ 42HPLyLUX 50X IN INCHES — TO CuUNERI TO METERS, MULTIP
2LY BY 2454E—2 4/ s2HPLs /1 2HPL»LOX 6 1HH{MEAN) IN INCHES — TO CONVER
31 TU MbETeEk>y MULTIPLY BY 2.5%E-2 )

41 FURMAT (2HPLy24HM{BAR) OnN VERTICAL SCALE — H(MEAN) ON HORIZONTAL S
LLALE ¢ /9 2HPL o/ 924PL s LUX»23HMIBARY IS DIMENS LUNLESS 3/ 9 2HPLy /4 2HPL ,

2 luXsblead(MEAN) LN INCHES — TJ CUNVERT 7O METERS, MULTIPLY BY 2.54
3E-2)

42 FURMAT (2HPL,>4HF (BAR) ON VERTICAL SCALE — H{ MEAN) ON HORIZONTAL S
LCALE 3 /3 2HPL 3/ 92HPL 3 LUX923HF (BAR) IS UIMENSICNLESS ¢/ 9 2HPL, /4 2HPL
2 10K, 60HHIMEAN) IN INULHES — TU CUNVERT TO METERSy, MULTIPLY BY 2.54
3E=-2)

43 FLRMAT (2HPL, 53HPUWER UN VERTICAL SCALE — H(MEAN) ON HORIZONTAL SC
LALEs /9 2HPL o/ 3 ZHPL 91 UK yolHPOWER IN HORSE PUWER — TO CONVERT TO WATT
259 MULTIPLY BY 745.7/s2MPL o/ s2HPLs10X,61LHH(MEAN) IN, INCHES - TO C
SUNVERT TO METERSy MULTLIPLY BY 2.54E—24/ 32HPLy/ 42HPLsSOHFOR SHEAR H
SEAT IN BTU/MINy MULTIPLY POWER BY 42.42)

46 FORMAT (2HPL,50HP/P{MIN) ON VERTICAL SCALE — X ON HORIZONTAL SCALE
Ly /9 2HPL o/ ¢ 2ZHPL s LUX25HP /P (MIN) 15 UIMENSIUONLESS s/ 9 2HPLy /9 2HP_ s LOX,y

C NSO U dH N

301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322

323

324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
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2 495HX IN INCHES —~ TO CUNVERT TO METERS, MULTIPLY BY 2.54E-2)
50 FURMAT (LHO»5X, THP2 ¢ N/M2,
SAy THP Ly N/M2,3 10X 7T 400G KHylUX,10HVISCUSITY,, N-S/M25,10X,
ToHMULEC ULAR WEIGHAT 114X 5HUP/CV/ 9lH 351453617459 F14.0yG24.5,
G20 59627459/ yh1Us4K s FHRZ ¢ METERS 97 X ¢9HRL ¢ MET ERS ) 9X y BHLyMETERS,
13K 3 9HRHUO yKG /M3, 12 Xy LARRHU(RUT) , Ko/ M3,10X%,
I7ANG GF GRID PUINTSe/ 9lH 961459617 e5,G18.5,621.59G22.5,122,/7,
1HU 9 0X s DNy RP Sy L2X9DHV M/ S 99X L3HCP » J/KG-DEG K,
16X 3 6HSKIP Ay6X,6HSKIP Kpb6Xy6HSKIP To/41H 3615.5,617.5,
Gldebyr 209201247 3lHULTHBEGIN OUTPUT DATA,/ 31HO,5X,
14K AUIROT ) 3 Ko /M3 LUXS L2HRHO (L) o KG/ M3510X,
JCHA(SUUNU SPEEL) 1M/D|6K19HSPEED'KPS ,/ |‘.H O 17-51623.5’628-51
Gl9+5, /9 1HG, 3X323HGAS LONSTANT yJ/KG—DEG Ky 10X s8HLyMETERS 4 15Xy
THAREA sM2514AKA35HV M/ S/ 3lH 3020.5+628.53622.5,620.5)
51 FURMAT {LlH 34 X,6HMETERS 95 X9b6HKL/OSEC 5 X94HSCMS ,6Xy SHIMAX ), 25X,
L €HNUMSER 95Xy TANEWTUNS4 X90 HMETERS)
52 FURMAT (1HUs;16HMcAN FILMyMETERS y7 XL IHPUWNERWATTS,8X,
L 16HTUTAL HEAT WA ST S 26X 12HDeL{T) 4DEG K 48X 1OHTORQUE, N—M}
935 FURMAT (1HUp LIAMEAN FILM =,06L4+532K38HMETERS,/ s LHO 35X 4 8HX y MET ERS,
1 44Xy 8HP /P IMUAND) 3 TX 6HP yN/ M2 36Xy LIHULAV) yM/SECs 5X, THMACH NUO)
S4 FORMAT (1HU.1l2A06}
55 FURMAT {LH 23 Xs6HINCHES 6 Xs0rLB/MINSX4HSCFM,6Xe SHIMAX )}, 25X,
L ErANJMO ER 9 8K 92008 30Xy 0 INCHES)
26 FURMAT {LlA+:99Xs3008AR 7 Xy 3HBAR)
57 FORMAT (1rl)

NEXITTNO U N

ENV

$IBFTC PRESK

C
C
C

28

PRESSuRE FUnNCTIUN

FUNL TION PRESOSIX)
LUAMUN/ INTOGRL/ PREF yRRLEAFAA,S
EXTERNAL RUT

Rl = K1
K = Q
wid = U

LF {XJNEWQO.) QU =S1MPS2{RL yu.e s X4RUT 4 K)
o = EXPKA-{X+R1)*%2) ¥ [AA¥(QW/ 3) +EA)
IF (R NE.Q) wkl TE (6,10) X
LU FURMATL IHOs THFOR X =,615.593Xy32HINTEGRATION IN P*%2 IS INCORRECT)
Y = 5SQritul
PRESH = ¥
ReTurkiN
£ND

361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406



»IFTC EXPP

EXPUNENTIAL (ECUNDT#KX)

(e g gl

FUNCTION EXPKEX)
CLMMON/ECUN/ECUNST
Yy = X

Y = cXP{ECUNST#YY)
Exrg =Y

UEB UG YY;ECUN§T,Y
RETURN

END

$IbFTC cX¢ X
C
C EXTERNAL FUNCTIUN FUK INTEGRAL eXP(E(X+R1)**¥2)/({X+R1) DX
C
FLhG TIUN RUT{RL K}
YY = X+K1l
Y = EXPKIYY*E®2)/YY
RUT = Y
RETURN
£ NV

$IBFTL FPUK

C
C EXTERNAL FUNLTIUN FUR INTEGRAL (P-P{REF}} UX
C
FLnC TIoN PA(Y)
LUMMUN/ INTORL/PREF pA 4B 404U
YY=Y
PX = PRESS(YY)-PRreF
ReTURN
ENU
$IoFle FPXAUX
C
C EXTERNAL FUNCTIUN FUR INTEGRAL (P-P{REF))X DX
C

FUNC TIUN PRALY)

CLMMUN/ INTORL/PREF yAypsC D
Yy=y

PXX = (PRE>S(YY)-PKLEF)*YY
RETUKN

ciND

407
408
409
410
411
412
413
414
415
416
417
418

419
420
421
422
423
424
425
426
427
428

429
430
431
432
433
434
435
436
437
438

439
440
441
442
443
444
445
446
447
448
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OO

IBFTL SMPSKI

30

S

NLMER ICAL INTeGRATION BY SIMPSONS RULE

FUNCTIUN SIMPSL{XAI Ny XMAXyFUNCL 4KER)
JIMENSLIUN V(200) 4HE200) yAL200) 4B{200) ,L(200),P(200),E{200),NE(200)

EQUIVALENLE {EsNE ) o (TEST,NTEST)
T=3.0E-5

VILI=XmMIN

H{L)=0. 5% ( XMAX-XHMIN)

AlL)=FUNC L{XMIN)

B {LI=FUNC L{XMIN+H{L1)})

C{L)=FUNC LIXMAX)
PALI=HOLI* (A1) +4.0%p(L)+C(1})

ELL)=pP(1)
ANS=P (1)
w=1

FRAC=2.C%T
rFRAC =U. 5¥FKAC
TEST=Ap S{FRACLXANS)

K =h

DU T 1=14K

IF (NTeST-I1Abol(NE(L))) 5,5,7
N = N+1L

vin}=vilitn{l)

HiN}=0. 5%H{1)

AlN)=B(1)

BN =FUNC LIVINI+HIN))
CINY=C{ ]}
PANI=HIN)*(A(N) +4, 0¥B(NI+CINI)
=r{Il)

H{L)=H({N)

BlLI=FUNC L(V{I)+d (1))
CLl)=AIN)

PULL)I=H{ L)%= {ALl )t 0%3(1)+CL (1))
WP (D )+PINI—W

ANS=ANS+W

E{l)=4

E{N)=Q

if (N=20U0) 7,133,413

CONT INUE

IF IN-K) Gy3,2

o = Uel

DE Ll [ =1y

=+ {l)

IF (A5 (g i-T=ABSUANDS) ) 14 414,41
KER=KER+]

ANS=U.0

JO 16 [=1,N

AND>=ANS+P ()

SIMP S1I={ANS+W/50.0) /3.0
RETURN

ENU

449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501



$
C

C
C

i3

e ~N0

IBFIC SMPSRZ
NLMEKICAL INTEORATIUN BY SIMPSONS RULE

FUNGTIUN SIMPS2(Y XML Ny XMAX sFUNC2 yKER)
L IMENSIUN V{200) +H(200) yA(200) ,8(200) ,L(200),P(20G0),E(200),NE(200)

EquUl vaLENCE (EsNE) 1 TEST,NTEST)
T=3.uE-5

V{l}=XMIN

HLL)=0e SF (XMAX—XMIN)
A(L)=FUNC2(YsXMIN)
B{L)=FUNC2(Y, XMIN+H (1))
CLLISFUNC 2(Ys XMAK)
PLL)=H{L)*(A(L)+4.0%3(1)+C(L}}

cl{li=p(1l)
ANS=P (1)
N=1

FRAC =2, O%T

FRAC =0« 5%FRAC

TEST=A0 SUFRAC*®ANS)

K =N

uo 7 IzlyK

IF (NTEST-1ABSINELL))) 5,547
N = N+1

VINI=VL)+HL)

H{N)}=U. 5%H (1)

A(NI=B(1l)
BIN)=FUNC2{YyvIN)+HIN) I
CiN)=C( 1)
PANI=HINI*(A(N)+4,0%8(N)+C{N)}
=P ()

Al ) =H(N)
B{I)=FUNC2(Y,VIL)}+H (1))
ClLl)=a(N)

PUl)=H{ D) ¥ (A{L)+4. 0% (1 )+C(1)])
WP L I+P(N)~w

ANS=ANS +Q

E(L)=u

E{nND) =y

LF {(N—-2060) Ty13,13

CONT INUE

IF (N-K) 939,42

W€ T VL0

OU L1 I=LN

JEg+E(L)

IF (adS(Q)-T=ABSIAND) ) L& gsl4,1
KER=KER +«

ANS=0G ..U

DU L& I=1,N

ANS=ANSH+P (1)

2IMP S={ANSHU/30.0) /3.0
RETUKIN

END

502

507

535
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$IBFTL RRANG

C
C
C

100

1ol

32

>loruUTINE TG ARKANGE ARKAYS Tu BE PLOTTED

SULBRUUTINE AKRNG (XY XPyYPyN,I)
DIMENDSLON X(£5) 3Y1{25) ,XP(25),YP(25)
I =1

DU LU0 J=1,N

IfF (X{J)elT.0U.) GU T0 luvu

AP{L) = YL(J}
YPli) = X{(J)

[ = I+1

CUNT INUE

I = 1i-1

CALL SURTXY (XP,YP,yl}
Il = 1/2

U0 101 Jd=1,11
14 = [-J+1

T = YP(J}
YPtd) = YP(1J)
YP{1Jd) =T

T = XPLu}
APLJ) = XP(LJ)
XP(LIJd) =1
CONT INUE
RETURN

£ N

555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
517
578
579
580
581



APPENDIX C

SAMPLE PROBLEM

An example of the use of the computer program will now be given with the following
conditions: Air at 45.0 psia is to be sealed from ambient air at 15.0 psia using a seal
operating in the externally pressurized mode. The mean temperature is 100° F. The
sealing dam outside diameter is 6.630 inches, inside diameter is 6. 530 inches, and the
design speed is 2795 rpm.

It is desired to find a design mean film thickness which is large enough so that power
dissipation and viscous heating temperature rise are sufficiently low, yet small enough
so that the mass leakage is tolerable. From our experience, the best method is to try
mean film thickness inputs of 0.1 to 1.0 mil in increments of 0.1 mil. The output de-
sired is the mass and volume flow rates, sealing dam force due to the pressure drop,
center of pressure, power loss, and approximate temperature rise due to shearing. A
check on the validity of the analysis is made by examining the Mach number, Knudsen
number, and rotational and pressure flow Reynolds numbers. Thus the program input
will include

Speed of rotation, N, rpm 2796
Molecular weight of gas, m. 1bm/(Ib-mole) 28.9660
Pressure at inner radius or inlet, Pl’ psia 15.0
Pressure at outer radius or exit, P,, psia 45.0
Absolute or dynamic viscosity, u, Ibf—sec/ft2 3.06% 10_7
Specific heat at constant pressure, Cp, Btu/lbm—OR 0.24
Mean film thickness (increase in increments 0.1to 1.0
of 0.1), hp,, mil
Temperature, T, oF 100
Inner radius, Rl’ in. 3.265
Outer radius, Ry, in. 3.315
Specific heat ratio, y 1.4

The data sheet for this sample problem is shown in table II. The sample output,
with all possible output options are shown in both English and SI units. Note that the
analysis is invalid for film thicknesses greater than 0.5 mil (where the Mach number
has exceeded 1/+/7 = 0. 845). The pressure and velocity distributions, torque, and plots
of pressure and power versus mean film thickness are included for a more detailed ex-
amination of this problem. This problem ran in approximately 0.1 minute on the Lewis
computer.

33



43

TABLE ITT. - INPUT DATA SHEET

TITLE

PROJECT NUMBER

Data for Sample .Problem

ANALYST

SHEET . OF

STATEMENT

WoneEn |5 FORTRAN STATEMENT

IDENTIFICATION

Y T
$ 23 4 516} 8 90w IQIS w5 16 07 I8[|9 20 2122 23 214'[25 26 27 28 29 SCJ 31 32 33 346 35 56‘37 38 3940 41 A?\Lb LG LS L6 4T LB]LQ 50 51 52 53 S
{

-

T
55 56 57 58 59 60' 61 62 6364 65 6667 68 69 70 71 72|73 76 7576 77 78 79 8¢
I

T T

SAMPLE PROBLEM |

f—t—

7

e
b L -

14

A e e e e e e .
[ L S Rt e e e S e e it R R S [ T B ot e R e e e S B D T i et e R —

.0010 _ . .0009 _,  _ .0008 , . .0007 .0008 . .0005

[ B T e S B S S S S I D I e s e T R S T T T o e ——t —

<

_,.00045 , ... _.0004 __ . ,.00035 ., .0003 . . ' .00025 .0002

—t o+ 4 I S S L T

B A—t- ¢

% OO 01 5 boe -t “ OOLQ. T L T T U PR 1
e Foh o b 4 e e e e ek 4 . ot e e 4t B +
$RINPT L=0., SPEED=2796., CAPV=0., MOLWT=28.966, P1=15., P2=45., T=100.,
R1=5.265, R2=3.315, RHFRO., RHORF=0., MU=.396E-6, CP=.24, GAMMA=1.4,
NGRID=10, ASKIP=F, TSKIP=F, RSKIP=F, NOUL=F $ o

frzs 4 s's
X

78 910 1 1213 1415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 3003 32 35 34 35 36 37 38 3940 4l 4243 46 65 46 47 L4849 SO 9 52 53 5455 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 12

n "

7374 7576777879 8

NASA-C-836 (REV 9~-{4-5%9)

D729



Ge

COMPRES>SIBLE SEALING UAM wileh RUTATIUN AND PARALLEL

SAMPLE PrudleM

INPUT DATA -
PlyP>lA PlsPSIA
45,0000 15.000u
R2Z2, INCHES Kly INLHES
3.3100¢C 3.26500
Ny RPM VyFT/>EL
2796.0C [§]

BEGIN UUTPUT VATA

SURFACES
TPUEG F vISC
100.
Ly INCHES RHO,
0

CP,B8TU/LB-DEG R
0.24000

RAJIROT) 4 LB-SEC2/FT4 RHO(L) 4 LB-SEC2/FT4
0.,50321E-02 0.22470&-02
GAS CUNSTANT yFI-L3/LB(MI-DEG R L9 INCHES
5343222 20.0717
MEAN FILM MILUT) Jd MACH RE(P)
INCHES LB/MIN SCFM {MAX)
0. 100E-02
€. 900E~03
(. HOUE-03
Ce70UE-03
Ce600E-U3
C. 500E-03 —0.242 -3.l006 0.670 377.006
C.450E-03 -0.176 -2.3038 C.543 274.838
C+4CUE-U3 =0. 124 = l.021 0.429 193.027
Ca350E-03 -V.d30E-01 -1.0806 0.328 129.313
Ce200E-03 -0.523t-01 -0.684 0.241 8l.433
GCa250E~03 ~0.302E~-CGL ~V.390 Jel6? 47.126
CacCOE-03 =0.195E-C1l -0.203 0.107 24.128
Ce150k-U3 -0.653E-02 - 0.855E~01 0.060 10.179
Ce LUOE-03 -0.194E-G2 -Ua253E-0l 0.027 3.0l6
MEAN FILMy INCHES PUWER H.P. SHEAR HEAT ,B8TU/
G« LOVE-UZ
€. 90VE-03
C. 800E-03
C.700E-03
Ce60UE-03
Ge5C0E-03 O 77908E-03 0.33048E-01
G 450E-03 0. 86564E-03 0.36720E-01
C.400E-03 0. 97385E-03 0.41311iE-01
C.350E-03 0.11130E-02 Ue47212E-01
C.300€-03 0. 12985E-02 0.5508 1E-01
Ce250E-03 0. 15582E-02 0.66097E~-01
C.200E-03 0.19477E-02 0.82621e-01
€. 150E-03 0.25969E~02 0.11016
Go JOOE-U3 0. 38954E-02 0.16524

OSITY L B-SEC/FT2
0.38600E-06

LB~SEC2/FT4
0

SKIP A
F

A{SUOJND SPEED), FT/SEC
1160.08
AREAy EN2
1.03358
RE(R) KNUDSEN
NUMB ER
43.605 0.005
39.244 0.006
34.884 0.007
30.523 0.008
26.163 0. 009
21.802 G.011
17.442 0.013
13.081 0.018
8.721 0.026
MIN DEL(T),DEG F

0456909
0.86739
1.38939
2437023
4.39115
9.10548
22,2302
7042583
355.683

MOLECULAR WEIGHT
28.9660

RHO(ROT),LB-SEC2/FT4
]

SKIP R SKIP T
F F
SPEED,RPM
2796.00
VoFT/SEC
80.2750
F xc xC
L8 INCHES BAR
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
18,125 0.318E-0L 0. 635
18.125 0.318E-01 0.635
18.125 0.318E-01L 0. 635
18.125 0.318E-01 0. 635
184125 0.318E-01 0. 635
18.125 O0.318E-0L  0.635
18.125 0.318E-01 0. 635
18.125 0.318E-01 0.635
18.125 0.318E-01 0.635

TORQUE,FT-LB
ANALYSIS NOT VALID
ANALYSLS NOT VALILD
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID

0.91951E-02
0.10217€-01
0.11494E-01
0.13136E-01
0.15325E~-01
0.18390E-01
0.22988E-01

'0.30650E-01

0.45976E~01

CP/Cv
1.40000

NDO OF GRID POINTS
1l

BAR

0.585
0.585
0.585
0.585
0.585
0.585
0.585
0.585
0.585



9¢

M EAN

MEAN

MEAN

FIiM = wu.50uE-03 INLHES
Xp INCHE S P /P (MIN)
V] LeUU0UU
Ue500t- (2 13430648
UeluuE-Ci lL.alb4e
Oulbyc-(lL 1.84730
Ce20UE-Ct 205294
0.250L-C1 2423949
Ce3LUE~-CL 2.41133
0.3%0E-CiL 2.57151
V.40ue-C1 2. 722U
Ce4o0e-Cl 2.86401
Ue500E~ L1 300000
FILM = U.4b0e~03 INCHES
Xy INCHES P/P{MINI
0 1.00U00
O.buuk-C2 lLes4308
Q.dut-GCL lL.&lb40
Calb50E-Ci L.o4iso
0. 200e-C1L 2.U5294
0.250E- (1 2423945
0e300E—-CL 244113
Ue350t—-(1 2+57151
Ce40uE-Cl 2.72201
O.45ub—Cl 2486451
0.50uE-C1L 3.0G000
FILM = J.40UE-03 INCHES
Xy INCHES P/PIMINI
o] 1.00000
0.500E-C2 le343068
Ve lOUE-CL lLe6l546
OelbuE-Cl L.B4736
0.2006~CL 2.G9294
Ge250E-C1L 2423945
0.300E-Cl 2.41133
0.350E—-C1 2.57151
Ua400E-CL 2412207
0.450E-C1 2e86451
0.500t-¢C1 3.000U0

PePSI
L9.0000
2Ua 1552
2402319
Te 7104
30 1940
3345917
3641700
38.0721
4Us 8310
42.96117
45. 0000

PyePSI
i5.0000
20U 1552
2442319
27,1104
30,7940
33.591L1
3641700
38.5727
4U0.8310
4249677
45,0000

PsP5I1
L5« u00u
2061552
2442319
27.7L04
30. 7940
3345917
3044700
38.5727
40.8310
42.96717
45.0000

UIAV) T/ SEC
V14151
5784380
481.074
420 .685
3764559
347.030
322.294
302.218
2854502
211.305
2594052

U{AV) ,FT/SEC
629 .497
4084488
389.610
34U .755
306.033
281.095
2614058
244.796
231 .257
219,757
209.332

ULAV) ,FT/SEC
497 .381
370.163
307.338
269.239
242,278
222.099
206.268
193 .419
182.722
L73.635
165.794

MACH NO
066992
0.49857
0.41469
U.36264
0.32632
0.29914
U.27782
0.26052
0.24611
0.23387
0.22331

MACH NO
0.54263
0.40384
0.33590
0.29373
0426432
0.24231
0422504
0.21102
U.19935
0.18943
0.18088

MACH NO
0.42875
0.31909
0.26540
0.,23209
0.20885
019145
0.17781
0.16673
0415751
0.14968
0.14292



Lg

MEAN

MEAN

MEAN

FILM =

Ay LNCHE S
0

U.500E- L2
Ue lUVE-LL
Uel50E=C1
Ue2UuE- (1L
Ge25UE- L
C.300E-Cl
Oedbue—- (1L
Ue4uur=(1
Uea4bUE-C1
UeSUUL-C1L

FlLM = wu

Ky INCHE S
¥

Us500E- 02
UslUOE~CL
Cel%0E-Cl
Ge20Ut=-ClL
Ue2buUb=-t1
Ue300E-CL
Ue.350E-Cl
0.40ue-Cl
Ce4d0E-CL
Ge50UE-CL

FiLM = 0

Xy INLHES
0

O.5uuE-C2
UalOUE-CL
CelbOE~-ClL
Cel0UE-CL
Ga250E- (1
0.300e~Cl
Ua3bUE-CL
QeqUuE~L1
Ce450e~(1
Ue5U0E~-CL

o 350E-C3  INULAEDS

P /P {MIN)
1.00000
l.34360
leolb4e
l.g4130
2eU5e94
2.23945
2441133
2427151
2272207
2.86451
3.00000

«3UUE-U3 INCHES

P/PIMIN)
1.0uU0uo
1.343048
L.6l540
lev4lso
2405294
2423945
2e4lls3
2457151
2e12207
2eB6451
3.0000U

«250E~ 03 INCHES

P/P{MIN}
L.0U00u
l.34304
L.61546
L.84736
2.05294
2423945
2441133
2.27151
241722017
2w 86451
3.00000

PyPol
15.0000
2041552
2442319
27.7L04
30 1940
3345917
36,1700
38.5727
4U. 8310
42,9017
4540000

PyPSI
15.0000
2041552
2442319
27.7L04
30. 7940
33.5917
3b.1700
38457217
40.8310
42.9677
45,0000

P4PSI
12,0000
2U. 1552
2442319
27.7L04
30.7940
33.59117
36,1700
38.5727
40.8310
42.9677
45. 0000

J{AV) oFT/SEC
380.807
283.406
235,726
2U6.130
165.494
170.045
157.924
148,087
139.890
132,940
126,936

ULAV) ,FT/SEC
279.1117
208.217
173.187
151.447
136.281
124,931
116.0206
108.798
l02.781
97.6699
93.2588

U(AV) ,FT/SEC
194.289
144 .595
L20.269
105.171
94.6397
86.7576
80.5735
75.5544
71.3756
67.8263
64.70631

MACH NO
0432826
0.24430
U.20320
0417769
015990
0.14658
0.13613
0.12765
0.12059
0.11460
0.10942

MACH NO
0.24117
0.17949
0.14929
0.13055
O.l1748
0.10769
0.10002
0.93785E-01
0.88598E-01
0.84193E-01
0.80390E-01

MACH NO
0.16748
0.124064
0.10367
0.90659€6-01
0.81581E-01
0.74786E-01
0.69455E-01
0.65129E-01
061527601
0.58467E-01
0.55827E-01



’g 'v{

8¢

MEAN

MEAN

MEAN

FLLM = 0.200E-03 INCHES
Xo INCHES P /P (MIN)
0 1.00000
0.500E~C2 lL.34308
GelUue-CL L.615406
0.150&6-Cl L.84730
s 200E-GL 2.05294
Ge2506—-C1 223945
0.30G0E-CL 2.41133
0.350E-(1 2457151
0.400e—-Cl 2722017
0.450E-C1 2.864>51
UedUVE~CL 3.00000
FILM = 0.150E-03 [NCHES
Xg INCHE S P/P{MIN)
0 1.00000
0.500&-C2 L.34368
0.100E-Cl L.61l546
Gelb0E~-C1 L.84730
U.200e-(1 2.05294
0.250E-(L 2423945
0. 300E-Cl 2e41133
Ue 3b0E-CL 2457151
Oe40VE- L1 2.72207
Ce4bUE-CL 2.86451
C.5006-C1 300000
FILM = 0.100E-03 INCHES
Xy INCHE S P/PI{MIN)
0 L. 00000
GebuuE-CL L.343e8
Qe lU0E~CL L.6l546
Celbue-Ct L.B4736
0.200E~ (1 2405294
Qe d50E-CI 222394)
0e3u0L-(1 2.41133
Cedbuk=- (14 2.57151
Ue4QUE-CL 2412207
Ce4dUE—CL 2.36451
0.500E-01 3.00000

Py PSI1
15.0000
2061552
24,2319
27,7104
30,7940
33.5917
36.1700
34.5727
40.8310
42,9677
45. 0000

PaPSI
15,0000
20.1552
2442319
27,7104
30,7340
33,5917
36,1700
38.5727
4008310
42,9677
4940040

PypPSl
15,0000
2U.1552
2%e 2319
27.7104
300 71940
33,5917
36.1700
33.5721
4048310
42.9677
45.0000

U{AV) 4FT/SEC
124.345
9245409
169719
673096
6045694
55+5249
515670
4843548
45,6804
43.4088
4] 4484

U(AV) FT/SEC
69.9441
52.0542
4342967
37.8617
34.0703
31.2327
29,0064
27.199%
2546952
24.4175
23.31417

U{AV) ,FT/SEC
3l.0d63
2341352
1942430
lo.B8274
15.1424
L3.8812
12.891¢8
12,0887
1i.4201
10.8522
1043621

MACH NO

0.10719

G.79771€E-01
0.66351E-01
0.58022€E-01
0.52212E-01
0.47863E-01
0+44451E-01
0.41682E-01
039377601
0.37419E-01
0.35729€E-01

MACH NO

0.,60293E-01
0.44871E-01
0.37322&-01
0.32637E-01
0.29369E-01
0.26923E-01
0.25004€-01
U.23446E-01
0.22150E-01
0.21048E-01
0.20098E-01

MACH NO

0e26797£-01
0.19943E-01
0.16588E-01
04145056-01
0.13053E-01
0.11966E-01
011113601
0.10421E-01
0.98443E-02
0.93547TE-02
0.89322E-02
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PLOT OF PUWER VS H{MEAN)

0.000100 0.000L50 0.000200 0.000250 0.000300 0.000350 0.000400 0.000450 0,000500 0.000550 0.000600

U QU4 001

*

0. G0300

0. 00200

0.00100

P e e e e e b b e e P i P e gt B B P e e B e B b P e e e pee e e e e P e e

Q.
0.,000100 0.000150 0.000200 0.000250 0.000300 0.000350

POWER ON VERTICAL SCALE — H(MEAN) ON HORIZONTAL SCALE
POWER IN HORSE PUWER = TO CONVERT TU WATTS, MULTIPLY BY 745.7
HUMEAN} IN INCHES - TO CONVERT 10 METERS, MULTIPLY BY 2.54E-2

FOR SHEAR HEAT IN BTU/MIN, MULTIPLY POWER BY 42.42

0.000400 0.000450 0.000500 0.000550 0.000600



é; PLUT UF P/P{MIN} VS X FOR 4(MEAN) = 0.50000E-33

U, 0.00u J.0100 0.0150 6.0200
3.001 ———

0.0250

2450

2,00

1.50

1.00

e e e e P b b b b e e e e B e e e e e e e P b e e e B R e e e b e P b o e B e e e e e b

0.50

—_

0.0300

0.0350

0.0400

0.0450

0.0500

O. 0.0050 0.0100 0.0150 0.0200
P/PCMIN) ON VERTICAL SCALE - X ON HOKIZONTAL SCALE
P/PAMIN) 15 DIMENSIUNLESS

X IN INCHES — TO CONVERT TO METERS, MULTIPLY BY 2.54E-2

0.0250

0.0300

0.0350

0.0400

040450

0.0500
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CUMPRESSIBLE SEALING vAM WITH RUTATION ANU pPAKALLEL SURFACES

SAMPLE PRUBLEM

P2yN/M2
0.3L026E Co

RZ2yMETER S
0.84201E-CL

Ny RPS
4646000

BEGIN QUIPUT DATA

RHI(RUT ) pyK5/M 3

PlaN/M2 Tyvks K VISCOSITY,N-5/M2
0. 10342k Vo 311, 0. 18482E-04
R1yMETERS LyMETERS RHOyK 6/ M3
0.82931c~0U1 [¥] J

ViM/S LPyJ/KG-DEG K SKIP A

0 Lou4. 78 F

RAG{L) yKo/M3 A{SCQUND SPEED),M/S

2eblUlbe L.16217 353.591
GAS LUNSTANT 9J/KG=DEG K Ly METERS AREA, M2
287.086 0.525006 0.666483E-03

MEAN FILM ML{ouT) o MALH RE(P) RE(R) KNUOSEN

METERS Kb/ SEC SCMS {MAX) NUMBER
04 254E-04
C.229E-04
Oe 203E-04
Ce LTBE-V4
G 152E-04
Qe127E~04 -0.183E~-02 ~0.149E-02 0.670 377.006 43.605 0.005
OeL14E-04 —U.1336~C2 -0 1U%E-0< Ue543 274.838 39.244 0.006
0.1026-04 -0.937E-03 - 0. TobE=-03 Qe4¢9 193,027 34.884 0.007
Ceb8BYE-UH —UW627TE~03 -0.512E-03 0.328 129.313 30.523 0.008
CeT62E~US —U4395E-(3 ~0.323E-03 Oel&l 8l.433 26.163 0.009
0.635E- 05 ~04229E-U3 -0.187E-03 v.l67 47.1206 21.802 0.011
0.5C8E-05 =0.1L7E-03 —-0.950E-04 0.107 24.128 17.442 0.013
0.38LlE-U5 =0s4949L-C4 — 0.4 05E-04 U.00U 1v.179 13.081 0.018
Ce254E-05 —0. Ll4oE~C4 —0.120E-04 0.027 3.016 8.721 0.026

MEAN FILMyME IEKRS
0e254E-04
0.229E-04
C.2C3E-04
Ge 1TBE-04
0.152E-04
0. 127E-U4
Oe114E-04
0« 102E-04
C.889E~05
Ue T02E-U5
0.635E-U5
0.508E-U5
0.381E-05
0 254E-05

POWER »nATTS TUTAL HEAT,WATTS

0. 58090 0.58158 0.3le6l6
Ue 04551 0.640620 0.48188
0. 72620 0.72698 0.77188
O 82994 0.83083 1.31680
0. 96826 U. 96930 2.43953
lal6191 l.l631lo 5.05860
L.45239 1.45395 12.3501
le930652 1.93860 39.0324
2090479 2.90790 197.602

DEL{T)DEG K

MOLECULAR WEIGHT

28.9660
RHO(ROT) 4KG /M3
0
SKIP R SKIP T
F F
SPEEDJRPS
46.6000
VsM/S
24,4678
F XC
NEWTONS  METERS

ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID

80.623 0.807E-03
80.623 0.807E-03
80.623 0.807E-03
80.623 0.8C7E-03
80.623 0.807E-03
80.623 0.807E-03
80.623 0.8C7E-03
80.623 0.807E-03
80.623 0.807E-03

TORQUE o N-M

ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
0.12467E-01
6.138526-01
0.15584E-01
0.17810E-01
0.20778E-01
0.24934E-01
0.31167E-01
0.41556E-01
0.62334E-01

~
1

BAR

0. 635
0. 635
0. 635
0. 635
0. 635
0. 635
0. 635
0. 635
0. 635

CP/CV
1.40000

NO OF GRID POINTS
11

BAR

0.585
0.585
0.585
0.585
0.585
0.585
0.585
0.585
0.585
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M EAN

MEAN

M EAN

FILM =

RKeMeTER S
0
QelelE-Cs
Q.25%4E- (>
Ue3blL—-L3
Ue50dE-C3
Ue30E—-(3
Q0.762E-C3
Qe89t~(3
Jel02e-C2
Uellac—-Ce
OallTE-L2

FlLM =

XeMETER S
0

0.127E-C3
Uelb4b—(3
Ue381E-C3
0.5UBE~- L3
0e635e~C(C3
Qelbeb—L3
0.889E- (3
0. l02E-C2
QelléE-C2
Oel27E-(2

FiLM =

XeMETER S
[V}

Qel27:-C3
0.254E-(3
0.38LE-(C3
Q.508E~(3
0.635E-(3
0.762E—-C3
OeB89E-C3
OelU2E- (2
Oul14E~-C2
0.127E-C2

Ueld ICCE~U4 METERS

P /e AMIN) Py /M2

L«Guuvl UelU342t
Le343bo U l38ylt
l.olb406 0.16707E
Led4i30 UeL9L ULE
2aub2I4 Uel21232E
2423945 U.23lalk
deallls Ul 493 8L
2497151 Qel0595E
2412291 0.28152E
2+06451 0.29025¢
3.00000 0.31026E

Ue LL43UE-U4 METERS

P /P {MIN) Py v/ M2

L.00000 Ve l0342E
Le34308 Us13897E
L.bloto Oslolult
L.o4730 Ve 191 006E
2405294 Ue21232t
2423945 0.23106lt
2441133 0.24938E
2.57151 0.26595t
2442207 Ue2dl52E
2486451 0e290l5E
3.00000 0.31020E

Jo LUL60E~U4 METERS

P /P (MIN) Py N/M2

1.00000 0. 10342¢c
lL+.34308 0.13897E
l.61540 0. 1l0707E
L.84136 U.19106¢E
2.U529% 0.21232¢E
2223945 O.23161E
2.41133 0.24938L
2.57151 U.26595E
2.72207 Us28L52E
2.vb4a5l 0.29625E
3.00000 Oe 3LU26E

Jo
Vo
Jb
Jo
Jo
Jo
V13
Jo
uo
Qo
V)

Vo
07

[}
06
Vo
Jo
ub
ve

06

ULAVI s M/ 5EC
236.817
1760 .290
l40.031
128 .225
115385
105.775
9842352
9241159
37.0211
82.6934
T8.9592

U(AV) M/ 5¢EC
191.871
1424795
118.771
103 .362
93,4615
dh.6776
719.5705
T4.6139
TU48T71
0649820
5349569

U{AV)yM/SEC
151.002
112.826
93.8441
82.0639
713.8402
67.06959
62.8705
58.9542
55.69 35
52.9241
5045339

MACH NO
0.66992
U.49857
0.41469
0.36204
Ue32032
0.29914
0.27782
0.26052
0.24611
0.23387
0.22331

MACH NU
0454263
0.40384
U+33590
0.29373
0.26432
0.24231
0.22504
0.21102
0.19935
U.18343
0.18088

MACH NO
042875
0«31909
0.26540
0.23209
0.20885
0.19145
0.17781
0.16673
0.15751
O.14908
0.14292



15574

M EAN

M EAN

MEAN

FlL4 =

XyMETER S
o]
Cal27E-(3
Uelb4k~ L3
Ousolt-C3
Ue5CBL-C3
Oe035E-C3
Osfolk-C3
Je889E-(3
Uelulb—-(2
Qallac-L2
Qe127E-L2

FILM =

XeMETER 3
g
Qel27E-C3
Ue254E-(3
Ue3blE-(C3
0.5U8E-L3
Ueb3bE-L>
O.762E-(3
O.dB9E— L3
Ua lUZE-C2
Oolilak-C2
OudeTE-C2

FILM =

XeMETERS
o]
Ued2TE~C3
Oe254t-(3
0.381E-(3
0.5u8E~C3
0.635c=(3
OeT62E-C3
O«889E—(3
0.1028-C2
Usll4E-C2
0.127e-C2

Ve 8d500E—U5

PIP(MINY
1.00000
L.54308
leolo4e
l.d4130
2.U5294
2423945
2441133
2457151
24122017
24806451
3400000

Ue76200E-05

P/P(MINY
1.0U000
l.34300
L.blb46
l.347 30
2.U5294
2423945
2e41133
2457151
2472207
2.86451
3.00U00

U.03500E~05

P/P {MIN)
1 .00V00
L.343068
lL.61540
l.841730
2.05294
2423945
Ze41133
2e57151
2072201
22806451
3.00000

METER S

Py N/M2
Ve lU342E
UeL3B9TE
Vel6TUTE
0.19106E
Ve2l232¢E
Ue23l6LE
Ue 24938
0.20595k
Ue 28l 52E
Ua29025E
Ue 31026E

METERD

Py NIM2
U« 10342t
Ue13897E
Uel6TUTE
0sL9100E
v.21232¢
U.23Ll6lE
0.24938E
Ue260595E
0.28152¢E
Ue29625E
0.3LU026E

METERS

Py N/M2
Ue.10342¢L
0O.13897E
0.16707E
Usl9ivek
Va2123¢2t
0.23lolE
0.24938L
U.26595E
0.28152E
0.29625¢E
0.31026E

v
Jo

vo
uu
Jo
0o
ub
26
06
Jo

Ob
Qo

J6
vb
Vo

06
g6
Qo

ULAV) ¢ M/ SEC
116,070
80,3823
Tl.8494
62.8302
56.5385
51.8297
481352
45,1368
42.6404
4U.5200
386900

ULAVE M/ SEL
85.2759
63.4645
22. 7873
46.1609
41l.5385
38.0789
35.3647
33.1617
31.3276
29.7698
28,4253

ULAVY) 4 M/SEC
29.2194
44.07206
36,6579
32.0562
28 .8462
2644437
24.5588
23.0290
21.7553
20.6735
19.7398

MACH NO
0.32826
0.24430
0.20320
0.17769
0415990
0.14658
0.13613
0.12765
0.12059
0.l1460
0.10942

MAUH NUO
0.24117
0.17949
0.14929
0.13055
0.11748
0.10769
0.10002
0.93785E-01
0.885986-01
0.841936-01
0.80390€E-01

MACH NO
0.16748
0.12464
0.10367
0.90659E-01
0.81581E-01
0.74786E-01
0.69455E-01
0.65129E-01
0.61527TE-01
0.58467E-01
0.55827E-01
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&

44

MEain

M EAN

MEAN

FlLuw =

XsMETER S
u
Oatl27E-Co
Ge204E-(3
Uestlb-(3
UsSLBE~C3
Ue3ob~-(3
UeToce- L3
Le BBYE-L3
O.l0U2E-Le
Oollbr-(«
UeleTE-C2

FILM =

XyMETERS
0

Oel27E~L3
Uealb4E~-(>
Ue381E-(3
0.508c-C3
Oa635E-Cs
Gu762E-C3
0.869E—(3
0.102E~ (2
Vel l4E~C2
Ool2ie-C2

FILM =

XeMETER S
0
O.127E-C3
0.2b4E-(3
0.381E-(3
0.500E-C3
U.635E-(3
O.762E-C3
0.889c~(3
0.102E-C2
O llat-t2
0.127£-C2

cadedie-uh

P/PAMIIN)
1 .uduuu
te3430Y
L.olb40
Leo4to0
240554
23945
Ze#llss
2.571k51L
co 12207
2486451
3.00000

V. da LOCE-0Ob

P /P (MIN)
1 .00000
L.34300
l.olb540
l.841730
Z2eU5294
2423945
2441133
2e57151
2e12207
2486451
3.000u0

U 25400E-05

P /P IMIN)
1.00000
l.34308
l.61540
L.84136
2.05294
2ae23945
2.41133
2457151
2472207
2.86451
3.00000

ME TERDS

Py N/ M2
Uelusa2t
Oal 3897t
Uel6707E
Uel9lubE
Uell2321
Us23l0lE
Ve 2493 8E
Ue 265 I5E
Ou2bBlbH2E
Je29025E
Ue 31026¢E

Me TEKS

PyN/M2
0.10342€
Uel 3897E
J.l6707E
U.19106E
0.21232E
0.23i6lE
0.24938E
Ue 26595E
0.28l52E
Ue290625E
Ve 3l026E

METERS

Py N/M2
U.lU342E
0.13897E
J.16707E
0.19106E
0.21232E
0.2316lE
Ve 24938E
Uac6595E
V.28l 52E
0.29625E
0.3L0206L

ub
Jb
Jo
Juo
Q6
Jo
uo
Jo

Jdo
ub

JIAV) M/ SEC
37.9204
2842005
2344510
2U.5160
18 .401l6
l6.9249
Lo.7175
14,7385
L3.9234
13.2310
12.6335

U{AV) M/ SEC
21.3190
15.8661
13.1968
1l.5402
L0, 3846
9.51974
d.841LL7
8.29043
7.83190
T+.44245
7.10632

U(AV), M/ SEC
9.47510
7.05161
».86526
5.12899
4.61539
4.23099
3.92941
3.684064
3.48085
3.30775
3.15837

MACH NO
0.10719
0.79771&-01
0.66351€-01
U.58042E-01
0.52212E-01
0.47863E-01
0.44451E-01
0.41682E-01
0.39377€-01
0.37419E-01
0.35729E-01

MACH NG
U«60293E~01
0.44871E-01L
0.37322E-01
0.32637E01
042936901
0.26923E-01
0.25004£-01
0.23446E-01
0.22150E-01
0.21048E-01
0.20098E-01

MACH NO
0.26797E-01
0.19943£-01
0.16588E-01
0.145056-01
0.13053E-01
0.11966E-01
0.11113€6~01
0.10421€E-01
0.98443E-02
0.93547E-02
0.89322E~02
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