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INTRODUCTION

The purpose of this report is to present a simplified combuter
program. capable of predicting boiling behavior in aligned 1liquid face
seals. The mathematical model used is the same as that used by Hughes
and Kennedy [1] with the exception that a further simplification is
made that the vapor region is assumed isothermal. The previous
results show this to be a reasonable assumption which greatly simpli-

fies the analysis and calculations.

ANALYSIS

This analysis is based on the seal model shown in Figure 1. The
following assumptions have been made throughout the modeling process:

1) The 1iquid flashes instantaneously to a vapor.
2) The vapor region is isothermal.

3) The flow is axisymmetric.

4) Inertia effects in the fluid are neglected.

5) Heat conduction in the radial direction within the fluid is
neglected. -

6) The seal plates can be treated as semi-infinite sclids.

7) The fluid temperature does not vary across the film and is
equal to tne surface temperature of the seal plates.

General Equations--Steady State

The equations of motion which describe the fluid flow between the

seal plates are
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for the radial and angular components. The mass flow rate is
h
m= 2mr J pudz = constant (3)
0
from the continuity equation. The temperature in the film may be
expressed as:
q(r) 2 2 . g V2
dr = 1R [{R - r cose)” + r“ sine] RdRde . - (4}

which was derived in the previous report. k is the mean thermal
conductivity of both face plate and nose piece.

Solving (1) with the boundary conditions that u

I

0at z =0 and
z = h yields
dp

u=3ﬁ-7z(z-h) (5)

1]

Selving {2) with the boundary conditions that V = 0 at z = 0 and

V=rwat z=nhyields

V=r‘m% . : (6)

Substitution of (5) into {3) yields the expression

3

(7)
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Equation (4) has been integrated for the configuration in

Figure 2 by Hughes and Osterle [2] and discussed in general terms in

the previous reports. The results are given below.
For ri'' < r<r, (1iquid region}:

2.3 e oy @
T(r) = M- ¢ LA - (=247 + P

For r < r]' (inside the 1iquid region):

2.3 i o
T(r) = = 0 T 8,00 - (;.—-;—r)z“'?J - L8l

For v > r2' (outside the iiquid region):

2.3 e ret ©
T(r) = By ¢ B AL - ()47 3 Al

where

_ 1 [(em)
n 2n + 4 (n!)4 . 24n

T
!

1 [(en)17%

B
n 2n-3 (n!)? . 2§n

it

Foy this analysis only the first of these equations

- (rr )2ﬂ‘3] + Tm
2
(8a)

- (-;-;‘-r)Z“'ﬁ £ T,

r21 Zn+d
- (-770 D+ T,

is needed. The

necessayy logical substitutions are presented in Figure 3.

Assuming the specific volume of a vapor to be much Targer than

that 9f 4 Yquid and that the vapor acts like an ideal gas, the

Clapeyron equation can be written

e

¥
i
IR
1
X
!
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( )sat R ( )sat (9)
The ideal gas Taw states
P -
y RT | (10)

Particular Equations--Steady State

The above equations can now be manipulated to define the behavior of

the 1iquid. In order to simplify the logic required for inside and outside

seals two subscripts, i and o, will be used. X- refers to a dimension
or property, X, of the seal or fluid entering the seal space, and X
refers to a dimension or property of the seal or fluid exiting the
seal space. Thus for an inside seal (P] > Pz} Pe = Ppsry = rys P

Py, 1, = rys etc. For an outside seal (P] < P2).P. = P

i 22y T r

23
Po = P], ry © r1,-etc.

L

Equation (7) can be integrated for the pressure in the 1iquid

region {p = constant)

P-P, = -6m§ In r/r; X (11a)
mih .

or in dimensionless form

P - P n r/r
Pb - P “Thr /r (11b)

For the vapor region, assuming isothermal flow at the flash tem-
perature, the ideal gas equation is used to find o and the integration

of (7) yields

— mw..wL—.—v—w-\:r—r-,—.e-.
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= - —2 Dy, (12a)

or in dimensionless form

= 12b
2 _p,2 Inr/r
Po Pb o b

Pb can now be found by equating the ]eakagé of the vapor in (12a) to
the leakage of the liguid in (11a)

A NP (R X

- P
_ b
L in rb/lr‘_I 2ug RTb In ro/rb

Solving

TR 21/2’ |
Pb—[A +2AP1+PD] - A . (13)

where

Big RTb n ro/rb
uin rb/ri

A=

The Clapeyron equation (9), is used to test if the correct value of

s has been chosen. Assuming hfg constant, the integration of (9)

yields
p h
be . _fg 1 _ 1
Psat el R (Tb Tsat):l (14)

where Tsat and PSat describe a reference saturation point sufficiently

close to Tb and Pbc so that hfg may be considered constant.




When Pbc is sufficiently close to Pb, the leakage and lcad
characteristics of the seal may be found. The leakage is found by
using either equations (11a) or (12a).

The absolute load, W, supported by the seal is found by
b .
W= J P e 2mrdr = W, W . (15)
a

The total load is simply the Tiquid load, NQ, added to the Toad of
the vapor region, W, . P is given by {11b) for the liquid region and

(12b) for the vapor region. The integration gives

2 2
2, (Pp - Pydlry™ -1y )j

- 2
o, T, Inv/ry 172
Wv = 2% J [Pb + (PO - Pb ) W] rdr (]7)
r .

b

COMPUTER PROGRAM

Logic

Only the logic of the main program will be presented here. The
logic of the subprograms is either trivial or stated c1ear1y in the
previous sections. The program is listed in Appendix A, and it defines

varijable names used. See Figure 4 for the flow chart.
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Using the Program

The program is written in Fortran and contains four subprograms:

ety g N ek e M Ao G e s e P
" - S S

(1) A factorial subprogram, (2} A temperature distribution subprogram,
(3)‘A Clapeyron pressure subprogram, and (4) A gaseous load sub-

program. Input is entered via a data deck which is described below.

. The first card of the deck contains fluid information as well as

e — 3+ i

C e m———

plate conductivity. From left to right on this card appears:

b
XNAME - the name of the fluid to be sealed (alphabetic) '%
MU, (u) - the Tiquid viscosity (]b-s/ftz)
MUG, (n,) - the gas Viscosity (1b-s/Ft%)"
RHO, (p) - the Tiquid density (ibm/ft’) |
XK, {k) - the mean plate thermal conductivity (Btu/hr-ft-CR) . ¥
RVAP, (R) - the ideal gas constant (ft-1bf/1bm-CR) Rt
NHFG - the number of saturation states to be inputted. *

Figure 5 shows a sample fluid information card. ' #
The Clapeyron equation, (14), requires that'séturation ipformation

be inputted for the particular 1iquid sealed. Because the Clapeyron

equation assumes constant hfg’ the use of only one-or two states may

result in sizeable errors. To correct this, the program reads a satu-

ration state matrix and uses the saturation data for the point closest

to Tb, the temperature at boiling. There must be NHFG of these points

supplied (in this cﬁse 25 séturation cards We}e used). The program

also requires that these cards be placed in order of increasing satu-

ration pressures. ‘- Each card contaiﬁs the following three values:
PSAT(1), (Psat) - any given saturation pressure (psia)

: TSAT(I), (Tsat) - the saturation temperature at the above
\j i pressure (OF)

{_ HFG(I), (hf ) - the heat of vaporization at the above
) g temperature and pressure (Btu/lbm).

ik St i

-
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Figure 6 shows a sample saturation state deck.
The final type of data card regquired is the seal information

card, From left to right on this card appears:

TINF, (T_) - the bulk temperature (°F) ;
P1, (P]) - the fluid pressure at ry (psia) '
P2, (P2) - the fluid pressure at ry (psia)

R1, (r]) - the smaller seal radius (in)

R2, (rz) - the larger seal radius (in)

H, (h) - the thickness of the lubricating film (n in)

oM, (w) - the angular velocity of the seal (rpm)

There is no 1imit to the number of seal information cards whicﬁ can
be entered at one time. The only reﬁuirement is that the final card
must have TINF (Tm) = 10,000, Figure 7 shows a sample seal 1nformatjon
deck. _ | |

fhe program uses the data and outputs pressure and temperature'
distributions, leakage rates, and absolute 1oad.. The program is
capable of handling liquid seals and gas seals in addition to mixed-
phase seals. All outbut is given in both English and SI units. The

computer program and sample output is found in Appendices A and B.

RESULTS AMD COMCLUSIONS

The computer program (Appendix A) was used to analyze two seal v
configurations., The first configuration approximates that used by
Orcutt [3] (r'1 = 2,025 inches (0.0514 m); ro = 2.225 inches (0.0565 m)).

The second configuration approximates a commercial seal manufactured
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by the Crane Packing Company of Morton Grove, 11linois (r] = 1,693
inches (0.0430 m); Py = 1.849 inches {0.0470 m)}. The thermal con-
ductivity, k, %s chasen to be the average of the therma] conductivities
of the two seai plates. For example, in the case of the Orcutt seal
k was takeh to be 7.5 Btu/hrfftz-f (13.0 Wn-k)» (kgappy = 4:0

ZbF (6.9 le'K); kcarbon-graphite

Btu/hr-ft 2 11.0 Btu/hr-Fte-F
(19.0 Wm-K)). To find the effect of k on loading, other values were |

also used. ‘The results of the computatioﬁs are summarized in
Figures 8 - 19. |
The following conclusions have been made: ,

1) When phase change is included the pressure distribution is
radically different from the sirple Tinear pressure distri-
bution commonly assumed in industry. . The forces actually ,
pushing the plates apart is greater due to phase change
(Figures 8 and 9). : . ' o f

2) Leakage decreases when flashing occurs. The leakage from an
inside seal is approximately the same as the leakage from an
outside seal (Figure 10).

3) The ‘model breaks down when boiling occurs close to the
entrance. This apparently happens because the model assumes
instantanecus flashing, but when saturation conditions are
reached very shortly after entrance into the seal, an
extended region of mixed vapor-liguid flow probably exists.
This is in agreement with Orcutt's observations (Figure 11).

4) For a given seal configuration there are two film thicknesses,
h, which support the same load, W. When the spacing under-
goes a small excursion about the larger equilibrium value (due
to a vibration or some other external disturbance), the seal
will return to its original position. However, an excursion
about the Tlower space is not stable. An increase in spacing
grows until the larger equilibrium spacing is reached, but a




5)

6)

)

8)

decrease in spacing causes a catastrophic collapse bf the
seal faces., Metal-to-metal contact or rapid explosive
boiling might occur as the spacing decreases. The con-
sequent explosion then forces the plates apart. These
phenomena have been observed under certain conditions

"(Figures 12, 13 and 14).

For a given seal configuratijon (and given spacing) there are
two angular velocities, w, which produce the same load, W.
The seal is stable at the-upper w but unstable at the lower w
(Figures 15 and 16).

For a given seal configuration there are two bulk temperatures,
T_» Which produce the same load, W. The seal is stable at the
upper T_, but unstable at the Tower T_ (Figures 17 and 18).

Varying k changes the boiling radius and shifts the load
curves either left or right. Plates with a high k will con-
duct more heat from the fluid and vaporfzation will oceur
closer to the exit. A Tow k has the opposite effect.

Equation (8) shows the seal load to be a function of the
parameter h/mz. There are two ratios of h/m2 which support
a given seal load. One is stable and the other is unstable,
(Figure 19).
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NOMENCLATURE

h - distance separating the seal plates

hfg - heat of vaporization

k - thermal conductivity of the seal plates
m - mass flow rate

8 - c{rcumfereptial coordinate

p - density

P - pressure

Py - Pressure found by the Clapeyron equation, (14)

r - radial coordinate

R - jdeal gas constant of the vapor

T - temperatu:e

u - radial flow velocity component

! - abso]ute‘viscosity of the Tiquid

Mg - absolute viscosity of the vapor

v - circumferential flow velocity component
& - angular velocity

W - the absolute load supported by the seal

z - axial coordinate

Subscripts

1 ~ a dimension or property of the seal or fluid at the inner

radius .

2 - a dimension or property of the seal or fluid at the outer
radius

b - a dimension or property of the seal or fiuid at the boiling

radius (liquid-vapor ir.- rface)

11
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a dimension or property of the seal or fluid at the point
where fluid enters the seal space

) 2 - pertaining to the 1iquid region

?? 0 - a dimension or property of the seal or fluid at the point
g where fluid leaves the seal space

%“ sat - defining a saturation state

é: . v ~'pertaining to the vapor region

o - pertaining to the bulk properties

iy B e e SRS
i v : ) )
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P, = 15.0 psia (103.4 kPa), P, = 90.0 psia (620.4 kPa),

ry; = 1.693 inches (0.04300 m), r, = 1.849 inches (0.04696 m),
h =50.0 x 10°¢ inches (1.27 x 107 m), w = 7200 rpm

(754 rad/s), k = 26 Btu/hr-ft-OF (45 W/m-K).
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Figure 10. Effect of Rulk Temperature on Leakage. P, = 45.0 psia
(310.2 kPa), P, = 15.0 psia (103.4 kPa), ry, = 2.025 inches
(0.05144 m), r, = 2.225 inches (0.05652 m), h = 50.0 x
1076 inches (1.27 x 107 m), w = 3600 rpm (377 rad/s),
k = 26 Btu/hr-ft-F (45 W/m-K).
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Figure 11. Fluid Temperature and Pressure at Various Seal Spacings.

Py = 15.0 psia (103.4 kPa), P, = 90.0 psia (620.4 kPa),

r; = 1.693 inches (0.04300 m), r, = 1.849 inches
(0.04696 m), T, = 270°F (405 K), w = 7200 rpm (754 rad/s),

k = 26 Btu/hr-ft-OF (45 W/m-K).
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Seal Load at Various Film Thicknesses for an Inside Seal.

P, = 45.0 psia (310.2 kPa), P, = 15.0 psia (103.4 kPa),

r; = 2.025 inches (0.05144 m), r, = 2.225 inches (0.05652 m),
T = 2309 (383 K), w = 5000 rpm (524 rad/s), k = 60.2
BEu/hr-ft-OF (104 W/m-K).
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Figure 15.
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T, = 2300F (383 K), h = 50 x 10°% inches (1.27 x 1
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SEAL LOAD, W,
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(632) : ' '
L b is plotted as a =
1.714 parameter, inches (m)
(0.04354)
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(596)
- : L.774 i
(0.04506)
126 [ -
(560) )
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(525) '
' 1.695
(0.04305)
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(489) 0 4000 8000 12000
(419) (838) (1257)
SPEED, W, rpm (rad/s).
Figure 16. Seal Load at Various Speeds for an Outside Seal. P, =

15.0 psia (103.4 kPa), P, = 90.0 psia (620.4 kPa), ry =
1.693 inches (0.04300 m), r, = 1.849 inches (0.04696 m),

T_ = 2700F (405 K), h = 20.0 x 107 inches (0.508 x 10~ m),
k = 26 Btu/hr-ft-°F (45 W/m-K).
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Poundas TN}

~ SEAL T LOAD, W,

g ' : ; 2.0417(0.05184)
108 |
(480! "
(Agi" r, is plotted os a : ' N
parameter, Inches (m)
100 | o
(445)
96 |
427) . .
2.027 2.189
(0.05149) (0.05560)
92
(409)[ =]
88 | a
(391)
2.025
84 (0.05144)
(374)[ o
80 | . ) .
(356) Liquid Seal Mixed - Phase Secl
76 1 1 1 1
(338) 150 200 250
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BULK TEMPERATURE, T.. °F (K)
Figure 17. Effect of Bulk Temperature on Seal Load for an OQutside

Seal. P; = 15.0 psia (103.4 kPa), P, = 45.0 psia

(310.2 kPa), r; = 2.025 inches (0.05144 m), r, = 2.225
fnches (0 05652 m), h = 50.0 x 10°® inches (1.27 x 10°¢ m),
w = 3600 rpm (377 rad/s), k = 26 Btu/hr-ft-OF (45 W/m-K).
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Pounds (N)

SEAL LOAD, W,

T T T T T T
2.209
(0.05611)
108 L il
(480)
104 r. is plotted as a
— b -
(463) parameter, inches (m)
100 (O %ﬁg§¥§5)
(445) ) -
96 . L N,
(427)
2.223
92 o 2l
oo (0.05646)
- S
88
(39N 1 g
84 | -
(374) 2,025
(0.05652)
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76 1 1 1 ! 1 1
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(339) (366) (394)
BULK TEMPERATURE, Te, °F (K)
Figure 18. Effect of Bulk Temperature on Seal Load for an Inside Seal.

P, = 45.0 psia (310.2 kPa), P, = 15.0 psia (103.4 kPa), r, =
2.025 inches (0.05144 m), r, = 2.225 inches (0.05652 m),

h = 50.0 x 10°® inches (1.27 x 10°®* m), w = 3600 rpm

(377 rad/s), k = 26 Btu/hr-ft-OF (45 W/m-K).
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SEAL LOAD, W, N

BN = |
5.599
480 L rp, is plotted as a -
parameter, m x 102
450 -
420 5
390 -
"o gas seal
360 | . d
———_l0ad_supported by a__ |
liquid seal
330 1 ] ] ] i ] i
0 4 8 12 16 20 24 28

h/wz, m-s2 /rad? x IO'2

Figure 19. Effect of h/m2 on the Seal Load. P, = 45,0 psia (310.2 kPa), P, = 15.0 psia
(103.4 kPa), ry = 2.025 inches (0.05144 m), v, = 2.225 inches (0.05652 mg
k = 7.5 Btu/hr-ft-°F (13 W/m-K), T_ = 2059F (369 K).



Nipenaix & REPRUDUCIBILITY OF THE
COMPUTER PROGRAM ORIGINAL PAGE [S POOR

THE MAIN PROGRAM STARTS HERE

THIS PROGRAM SOLVES THE ALIGNED RADIAL FACE SEAL PRoBLEH ASSU=
MING THE VAPOR _REGION(IF ANY)IS ISOTHERMAL.. .
THROUGHQUT THIS PROGRAM VARIABLES STARTING WITH THE LETTER R,P, OR
T REFER TO _RApII, PRESSURES, _OR_JEHPERAIURES_AT_VAR]OUS_PDINTS

. C
L C
[} N~
. C
" C
. C
e C
e C
. C
C
C
C

b
|

ALONG THE SEAL PLATES,
THE POINTS ARE DEFINED BY THE FOLLOWING FIVE SUBSCRIPTS:
1 = A VALUE AT THE INNER RADIUS
2 = A VALUE AT THE OUTER RADIVS .
B - A VALUE AT THE BOJLING RADIUS .
1 = A VALUE AT _THE POINT WHERE FLUIpD ENTERS THE SEAL PLATES

O - A VALUE AT THE POINT WHERE FLUID LEAVES THE SEAL PLATES.
" DIMENSIoN PU21),Tpl21),,RM(2]),TpMI(2]1),PM(2]1)_

e COMMON/AREAL/RI RO RB-RZoRI-NHAX.AN(IOU)fBN(lDDioxHU on xx HsTINF/
te LAREA2/PSAT(50) s TSATIS50) sHFG(50) yRVAPNHFG/AREAI/R(2]1),DRG,clsC2
4 C FAHRENHKEIT TO KELVIN

FTOC(A)=(A=32e)/1,8+273s ;* e
‘ il - ' PS1 TO KPASCALS

i* PTOPA(A)=Ae4.893 '
pe c INCHES TO METERS
¢ XITOCM(A)FA®2.54/100,

. C LIQulD PRESSURE DISTRIBUTION
. __ PLIA)=P1+(PB=PI)®(ALOG(A/RI)/Z/ALOG(RB/RI))__ o el p——
. C BOILING PRESSURE AT INTERFACE

ye PIF(A)=SQRT(IEZeTReaALOGIRO/A)/A',0G(A/RI) V002,42, 0FE7ZTBepP]e,LO0G(RO/
* IA)IALOG(AIRIl*PO'POI-lEZGTB'lLOG(RolAl/ALDG!A/RI')

. C GASEOUS PRESSURE DISTRIBUTION

De PGlA)= SQRT(PB’PB’(P00P0'PB'PB?‘lALUGlA/RB)/ALDG(ROIRB)l)

e ¢ MASS FLOW IN THE LIQUID REGJON . ]
4 XMLIA,B)=l (=PlE*RHO*H**34)/(6.*XMUepL OGIB/RI)))e(p~ Pllfzouoono.--a
. C . MASS FLOW IN THE VAPOR REGION_. _ _ -

' xHVleBI'-('PO’PO-A°AI'PIE'H'°3ol/(12-'xHUG'RVAP'TBOALOGlROIBIJ/lD
. = ﬁ‘OOUUOO‘.J : _— . _ -
. C LOAD OF THE L1GUID REGION

e WLIA'R)=ABS(PIEs(pepeB-P[eRI®RI®((a=-P])e(R]®R]~B*B))/ (2,24 06(B/R]
le 1)1))

s _INPOYS L e e T -
' C XNAME = THE NAME OF THE FLUID TO BE SEALED
¢ €. . __XMU = THE _V1ScOSITY OF THE LIQUIDILBF=SEC/FT®e2)

2e c XMUG = THE VISCOSITY ofF THE VAPOR(LBF=SEC/FT®e2)

Qe C RHO = THE FLUJDL DENSITY(LBM/FTeel) Bl

i C CXK = THE THERMAL CONDUCTIVITY OF THE SEAL FLATES(BTU/WR=FT=F)

k'___,CW__-__“__EVAR___THE,IDEAL GAS _CONSTANT OF THE FLUIDI(FT=LBF/LgM=R) _
. C NHFG = THE NUMBER OF SATURATION STATES TO BE ENTERED

Pe  READIS,f00)XNAME,XMU,XMUG,RHO,CXK,RVAPsNHFG e NC N DA -

e C INPUT - NHFG SATURATION STATES

e DO 10 1=1,NHFG o N —

e 10 READ(S5+BI0)IPSATII),TSAT(I42HFG(T)

g  _E_ .. MAKE INPUT DATA DIMENSIONALLY CORRECT AND SUPPLY CONSTANTS

Re XK=CXre778,7/3600.

LU PIE=3,141%9 . _ e N . W = B I

Ae NHMAX=100.

3e EPMAX=,25 - . o

|

R e R




o—
,.
1o _ C WHERE:
ae C PIE 1S THE MATHEMATICAL CONSTANT
e c_ NMAx _Is THE NyUMBgER OF TERMS TO Bg TAKEN _IN THE TEMPERATURE SER(E
Je £ EPMAX |5 THE MAXIMUM ERROR BETWEEN THE CLAPEYRON ANp ITERATED
| € - --w-wo—. PRESSURES(LBF/FTee2) T P
44 XMUM=XMU®47+882
e _ ___XMUGMaxMUGe47.883 = _ _ ; Ln =
40 RHOM=RHp®*14018
50 RYAPM=RyAPe5,.,38 e s _— - S e
be CXKM=CXk*l1.7303
Te WRITE(&+900) XNAME s XMU , XMUM» XMUG , XMUGMyRHO 4 RHOM
5e WRITE(L+F05)IRVAPRVAPMCXK s CXKM
e C SOLVE FOR TEMPe CONSTANTS(AN(I) AND BNI])) : Sl
ge DO 20 J=1,NMAX _
e __ XJ= =1 _ — - iy il s
20 IFly +GE. 12160 TO 12
Je  FE(FACT(2e®XJ)*e2+/FACT(XJ)®®4o) /2,0 (4e0XJ) i I . )
Jee GO0 TO 18
50 12 FRrl(B./(PIE®(2c0XJUsle)))otlXJIelo)oEXP(l1e) /(20X s1e))oe2 o((2.0X
40 futle)/lpeoxy+2e))oolganix sled)olios]o/t12e%(2e0X % e)))00e)/(]as
0. o o oa Rte 1Rl T g A N e e
e 16 ANCGJ)=sF/Z(20XJ+4,)
he 20 BN(J)=F/(2*XJ=3,) -
Qe C INPUT VARIABLE INPUT pATALV]D):
le C CTINF = THE BULK TEMPERATUREI(F)
20 C CPl = THE FLUID PRESSURE AT THE INNER RADIUS(PS]RA)
e €. . CP2_= THE_FLVU1D PRESSURE. AT _THe OUTER_RADIVUSI(PSIA). . .
ie C CR1 = THE INNER RADIUS(IN)
3 C . _.CR2 = THE OUTER RADIUSI(IN)
o ® C CH = THE FLUIp THICKRNESS(MICRO|NCHES)
e € _ COM = THE SEAL ANGUUAR VELOCITY(RPM)
g' o READ(5,820)CTINFsCP1,CP2,CR1CR2,CH,COM
L. AF(ABSICTINF=10000e) _eLTe_.0011STOP e e T
¢ EZ=RHO®*xMUG®*RVAP/XMU
l* ¢ _ _  __ __CONVERT VID To PROPER_UNITS_ ey
. TINF=CTINF+460¢
[ e—— e 14 SRR K O Iodatltell. el soeetion N = epeep— e E——— =
. P2=CP2e% 144,
: RI=CR1/y2. — e G
. R2=CR2/12s
. @ __H=CH/)2, S— e s S et e
i OM=COM®*2¢plE/ &0
. SROT, .. S——— SET UP _SEAL_AS _INFLON OR OUTFLOW - ———— e
o IF(P2 «gTe P1)GO TO 35
o R1=R1 . . .
o PI=P]
. _ __ _ _RO=RZ - W o E—— e ——
. PO=P2
¢ . __ GO _To_uO B s _ e R
. 3s R1=R2
il Fl1=pr2 S e
. RU=R]
. TR . . . . W i A SR
o c TEST FOR A COMPLETE L1QUID SEAL(ITYPE=1)
¢ 40 _ RB=RO_ ___ ) _ I o el Nl e R
o TO=T(RO)
o 1FAPBC(10)-P0)601560245 . —————
. " - Y




be C " TEST FOR A COHPLETE GAS SEAL(ITYPE=2)

Se 45 RB=R] R Ty

be ITYPE=)

7e TI=T(R]) - B e ——— N
ge IF(PBCITII=P1150+65,65

9o € . THIS SEAL IS_a MIXEDP=-PHASE SEAL(ITYPE=3)e ITERATE FOR RBe

oe S0 RBMAX=Rp

1® RBMIN=R| e -

ze PBLCLT=n.

Je 55 RB=(REMAX+RBMINI /2. - — e

e TB=T(RB)

5e PB=PIF(RB) — . i .

be PBCC=pPBCc(TR) -

10 IF(ABS(PBCCLT=PBCC) +LTe ,0001)GO0 TO 100 _ e

ae PBCCLT=pPBCC

e |F(ABSIPBCC-PBl oLTe EPMAX)IGO TQ 100 _ . S
se T IF(PBCC-PB)56456157 <

1e 56 RBMIN=Rg _ L —— )

2e GO TO S5

3e 57 RBMAX=Rp R _ )

qe G0 TO 55

5e 60 PB*PO_ e S IR i i i — SN Bt N
be TB=T(RO)

e ITYPE=)

ie GO TO Ip0

je 65 TB=TINF

Qe PB=PI

1e o XM=XMV(pB4RB) e _ I
2¢ c WHERE XM IS THE SEAL LEAKAGE RATE .

e LAY PE®R2 o e e ——

ie G0 TO 110

e ¢ _ . _THE _ITERATION HAS BEEN COMPLETED, CALCULATE THE MASS FLOW aND
be c OTHER VALUES, "
7 e O N R B A R ) e ——
3e C CALCULATE THE PRESSURE DIST [N THE LIQUID REGION

e 110 R(1)=R] T e T ——— R

0 ® DRL=(RB=R1)/10¢

. b0 123 1=1,10 Iy

2e Pll)=pLIR(TI))

Je 120 RO1+1)=R(1)+DRL o I

e C CALCULATE THE PRESSURE DIST [N THE VAPOR REGION

Se CPUIYV=PR -

se R(11)=Rp

Te B _DRG=(R0O=-Rp)/10+ U N J T S . i
e 00 130 1=12+21

P e XI=]=31 S———
Lo R(I)=R(11)+DRG*x1

A 130 PlI)=pG(RCID) S e e

R e C CALcULATE THE TEMP DIST ACRQSS THE SEAL

pe DO 140 _1=1,10 — s S

A TDU])=T(R(I)) =440,

b ® 140 TOM(])=FTOCITD(])) e
be TO(11)=1B=460-

e o TDM(I1)=FTOCLTO(L1)) el o o A
be C CALCULATE CONSTANTS 1IN GASEOUS LOAD EQUATION

fe I < 7 [ [ . S —— T e e el ety

De C2=(PpepO~- PB‘PBl/ALOGIRD/RBI

| e c CALCULATE THE ABSULUTF LOAD _SUpppoRTED BY THIS SgaAL

35




T =il (PB,RB)*+WLIPB ,RB)
je c CONVERT TO PROPER OUTPUT UNI]TS
1A CTINFM=TOCICTINF)
50 CPIM=pToPA(CPL) P s e Al s S e =
@ CP2M=pTQPA(CP2) .
= CRIM=XITOCMICRI) : . i
L5 CR2M=x1T10CMICR2)
7 CHM=X[ToCM(CH) .
oe COMM=coM®*2,*PlE/6D
. RB=RBe*l12.« =1 — et
20 TB=TB=440.
)e - PBERB/ 140 - — - — mm = em s e e e e e - - —--
e 0O 150 1=1,21
. [ - .- RUI)sRlI)&1 20 . e e e e e e e e s
[ Pll)=p(1) /144,
e _RMUI)=X1TOCHIR{])) - — ) S )
3e 150 PMU1)=PTQPRA(P(]1))
§eo XMH=XMe 454
oe WM=Wey,448
e c WRITE THE PERTINENT INFQRMATON
20 WRITE(6+910)CTINFsCTYINFMaCPL,,CPIMsCP2,CP2MsCRIcRIM,CR2,CR2M
e WRITE(4+915)CHICHMCOM,cOMM. -
qe IFULITYPE «gQe 1IWRITE(6,4920)
5e IFUITYPEF «EQe 2)WRITE(6:925)
be IFUITYPF +EQe 3)WRITE(649307
7e IFULITYPF +£Qe 2)Go To_ 170 —
ge WRITE(612935)
e . WRITE(61:941) i s R R S
e DO 160 1=1,10
1 160 CWRITE(699496)R(1)RM¥EL),TD(I)»TDMII),PLI)sPM(])
20 IFCITYPE «gEQe DIWRITE(SGITYSIRILIL ) ZRECEL)»TDOLL) ,TOM (1) ,P(11)PHLL
o _ - e e e e e e = N
qe IFCITYPE «gQe 3IWRITE(6,FS0IRIIIDyRME1L)»TDOLIL) 3 TpMILL) ,PC11)PMIL
5 11) R .
be IF(CITYPE «gQs 1)GO TO 190
B M e I R I L i A R A S ey B St B
3e WNRITEL46,940)
e .. DO 180 =122
De 180 WRITE(S6sF45)IR(1),RMLL),PLUITyPMI(])
le 190 WRITE(L»FE0) XMy XHM WM i .
2e GO0 TO0 3p
L LI e S —
idad C FORMAT STATEMENTS
S5e O D TR S .
be 800 FORMAT(AIS,2E1D0.3,3F103,15)
le 810 __FORMAT(3F1ped)
ge 820 FORMAT(7Flpe3)
Yo _900__ _FORMAT(/* THE FLUID TO BE SEALED IS: *»AlD///,4' MU, THE LIgUID VIS
0e 1COSITY = *,E1D0e3,* LB=S/FTe®2 =P ,E1D.3s" PALS *//' MUG, THE GAS
le 2 VISCOSITY = "sFl1peld,” LB=S/FT*e2 =¢,F1De3y"' PA=S _ '//% gHO» THE
2e 3 LIQUID DENSITY = *,Fl0e3,' LBM/FTeeld = ", FI10.3," KG/Moeld*,)
3e 905 __FORMAT(+ RvAP, THE JDEAL_GAS CONSTANT = _*,F7.2,* FT=-LBF/LBM=R_=_"*,
Ye 1F7424* )/KG=K'//" THE THERMAL CONDUCTIVITY OF THE SEAL PLATE = ',F
Se 27 e24' BTU/HR=FT=F = _03FTe2,"W/ M=Ky
be ?1 FORMAT (1] TINF = *,Fébel,* DEG F = * ,Féel,* DEG K"/ P] = ",ibel,
Te e - VY PSIA = *F7el,* KPA_ . __P2 = 9,Ft.1,% PSIA = * ,F7,.1,' xkPaA'/* R]
a. z. ‘.F‘DIJI. IN » '|F705!' M RZ s .|Ff"3|. IN = "F7.5'. M
90 3 —— S
r 2 ... F— -
i ”~ —



le
2e
e
4e

C FACTORJAL SUBPROGRAM
FUNCT1ON FACT(A) ; 5 S wasE . R R T—
N=A
FACT=1.0 - — e e e ————— e e S St i

5e
be
7e

Qe
oe

{TIN «LTe 2)GO TO 1010
20 1000 KRS1oN_ i i e
FN=K
e 1D00. - FACTSRACTORN e e 2 .
1010 RETURN
END R
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[ C LiQulp TEMPERATURE DISTRIBUTION SUBPROGRAM . R
20 FUNCTION TrA)

e ~ COMMON/AREA1/RI,RO4RB+R2Z,R1INMAX,AN(100)+BN(100) s XHU,0M,XK HsTINF
e IF(RI «LTe ROJGO TO 1100

5 ____QRl=mR8_ — A ol S
be QR2=R2

e GO To 1110 o
3e 1100 QRI=RI

Se QR2=RB e e e
e 111J SUMA=D.

ie SUHB=0. R I L
e IF(ABS(A-QR!) +LT. .00001)GO TO 1130

le DO 1120 L=y NMAX S
1 XL=L=

> ___AA=AN(L)elle=(QRI/ZA)*®(2.0XL*H4,.)) [ _
2@ 1120 SUMA=gUMA+AA

‘e  IFtABS(a=-Qr2) LT. «p0001)G0_TO 1150 e —— _
. 1130 DO 1150 L=11NMAX

. XL=L=-) =

» BB=BN(L)e(le=(A/QR2)**(2.%XL"3.))

¢ 1150 SUMB=SUMB*BB. ) L e — o S

. 1140 T"|lOOEDOn"xHU'on‘oH‘A"3I/lzt'XKOHlJO(SUHA+SUHBi+T[NF

B R R e e e i S5 P——

. END

jCIRI4TY OF TH

E‘EPRUD' DAGE 3 POOK

ORIGINAL
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T CLAPEYRON PRESSURE SUBPROGRAM ' S
. __FuncTiON PBC(A) e o
COMMON/AREA2/PSAT(50),TSATI(S0) yHFG(50) sRVAPsNHFG

IF(A oLTe (TSAT(1)+4460+))PBC*PSAT(])*EXP((~HFG(1)8778./RVAP)®(]le/A _
I=1e/(TSAT(])+460e)) 10144,

_IFlA +GTe (TSAT(NHFG)*+460,))PBCapPSAT(NHFG)*EXP((=HFG(NHFG)e7784/RV
1AP)®(1e/A=) e/ (TSATINHFGI+460e)))o]l 4y,

JFUUA oy Te (TSAT(])+460e)) «ORe (A oGTS (TSATI(NHFG)+460.)))RETURN

L=2 —
1200 [F((A egEe (TSAT(  )1+460e)) eANDe (p o Te (TSAT(L*1)+460.)))G0 TO 1 _
1210
LeL+l e i A S s
G0 70 1200 -
1210 LI=L

1F(CA=460e=TSATIL)) 4GTe (TSATIL*1)=(A=460e)))L1=L+]
PBE=PSAT(LI)SEXPI(=HFGIL1)#778+/RVAP) el 1e/A=1e/(TSATILL)*4¢ )
144, o=
RETURN

e - . o e e i i : :

—— — i —

S =+ i ————— - - - —

-’

-

/'

hr?nquUUﬂpHﬁ'UEozﬁﬂ
URKHNAL PAGE 8 POUK
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RB=8B

bo 1300 L=12,20,2
130U _2=Z+4 *FuGIRAL DD

.
L4
P —
]
L]

®* € GASEOUS LOAD SUBPROGRAM _ — e e w B i . T
4 FUNCTION WGEA,LB)

. COMMON/AREA3/R(21),DRG,L1,C2 - o

¢ C DIFFERENTIAL LOAp OF THE GASEOUS REGION

*  _ FUWGlA)=sQRTI(CI*C2eALOGIA/RB))*A . Al Bl

rapReliR Iy I eEN G b LR e i

END

40

¢ Do 1310 L=13,20,2

® 1310 Z=Z+2,°*FuG(RIL])) . . e el e ol e
. WGE=ABS(2+73e14159eDRGe2/3.)

§ TR e e
[ ]



Appendix B
SAMPLE OUTPUT

'E FLUID TO BE SEALED IS:

WATER

s THE LIQUID VISCOSITY =
6s THE GAS VvISCOSITY =

7y THE LIQuID DENSI[Y =

T .590-05 LB-S/F7e®2 =
e262=06 LB=S/FTee2 =

40000 LBM/F1-'3 =

\Ps THE IDEAL GAS CONSTANT =

. THERMAL CON"UCTIVITY OF THE SEAL PLATE =

750 BTU/HR=FT=-F =

¢«283-03 PaA=S

+121-04 PA=S

961.080 KG/Mee3

——— e e e e — s — —— - -— —_— -

.
P— —_— — ———— e —— - ——— — — e . ——— - ——
» —— - - — —_ ———
P e——— ———— — . — — — ———— . ———— —— ——— - - — _—— _— —

41
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TINF =
Pl =

205.0 DEG F = 369.; DEG K

45.0 PSIA = 3102 KPA P2 = 150 PSIA = 103+4 KPA
Rl = 2025 IN = +05143 M R2 = 24225 [N = 05651 M
M = 5040 MICROINCHES = 127 MICRONS T
OM = 10000 RPM = 1U4472 RAD/SEC
THIS SEAL ACTS AS A LIQUID SEaL
. THE LIQUID DISTRIBUTION js: - -
- ) TRLIN(MY T OTL,F(K) ) " P,PSIA(KPA)
- 2.025( +05143) 20935(371.53) 45.00( 310+18)
20450 _«05194) 20955037 1.64) _ _41.871 _ 2BBsb])
2.065( «05245) 20968(371.71) 38,77( 267.24)
2.085( «05296) 209760 371,76) _35.70( 246.08)
2.105( +05347) 209.80(371.78) 32,661 225.12)
2.125( «p5397) 209.82(371,79) 29.65( __204+36)
2.145( .05448) 209+8p0(371.78) 26,661 183.79)
2.165( «05499) 20975(371725) 23,710  163e4]1)
2.185( .0555Q0) 20965(371.69) 20.781( 14322)
2.205( _«05601) 20950 (371461) _ 17.88( _12322) _ _
22251 +0565]) 268926(371.48) 15.00¢ 10339)
THE LEAKAGE RATE = e177=04 LBM/SEC = «802-05 KG/SEC
THE_ABSOLUTE | 0Ap SUPPORTED gy THIS SEAL = 79« LBF. = _ 351e. N
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TINF = 205.0 DEG F = 349,; DEG K
Pl = 45.0 PSIA = 3102 KPA P2 = 150 PSIA = 103.4 KPA
Rl = 2025 IN * 05143 M R2 = 24225 IN = +0565] M
T H = 50+0 MICROINCHES = " 1e27 MI¢RONS =77 T 7
OM = 5000+0 RPM = 523,60 RAD/SEC
THIS SEAL ACTS AS A MIXED=PHASE SEAL
_ _THE LIQUID DISTRIBUTION j§: ) pr—

TRLINIHY CUTL,Fk)  PLPSIA(KPA)
2.025( «05143) 27342(407.12) 45.00( 310.18)
240370 _,05174) __ = 2%6e16(408,64) . . 44,.88(__309.32)
2.049( .05205) 27799(409.66) 44 ,75( 308+47)
20610 +p5236) __ 279.18(410.,32) 44,6311 _ 30762 .
2.073( «05266) 27983(4]10.68) 44,51 ( 306+77)
2.085( +05297) 28001(410.78) 44,38(  305.93)
2.098( +p5328) 27972(4]10.62) 44 ,26( 305s10)
2.110(_«05359) 2789304104180 44,.14( 304+27)
2.122( .p5389) 277+58(409443) 44,02( 303.44)
2.134( «05420) 27551 (408,28) 43,90( _302+62)

RB = 2¢146 1IN = «0545) M IB = _272.44 F_= 40458 K

FB = 43.78 PSIA = 30181 KPA

THE VAPOR DISTRIBUTIUN |

S:

RyIN(M) PsPSIA(KPA)
2+.154( «0547)) 41771 28795)
— S 7+ AP 1L D . | Y Y, &), 5 7 | S
2.170( «05511) 3746 25819)
241780 _-05531)_  35.11( _242.03)
2.185( «05557]) 3261 224478)
201930 _.05571) ____ 2991 (__206016)_
22011 .05591) 26.95¢ 185476)
L 2.2090 _+05611)  23e463( _162.91) _
2¢217( .0563)) 1979( 134.38)
2,225(0 .05651) 15.00( 103.39)

__THE LEAKAGE RATE =

_ _ellé=05 LBM/SEC =
~ THE ABSOLUTE LOAp SUPPORTED BY THIS SEAL =

__+528-06 KG/SEC
LBF =

43

REPRODUCIBILIFY OF
ORIGINAL PATE IS POOR

105,

465, N

LIk

—— - — e




T

Y

)

(Al

.1

foRuian)

" TINgE = 2500 DEG F =~ 41n,5 pgG kK T T TTToTmomTo o
Pl = 45.0 PSTA = 3102 KPa P2 = 150 PS]A = 103.4 KPA
Kl = 2025 [N = .GSI143 M R2 = 2.225 IN = «0565] M
H = 50e0 MICROINCHES = 1¢27 MICRONS ‘
—.OM = 5000.0_ RPM_= 523,460 _RAD/SEC . _ } - .
THIS SEAL ACTS AS A GAS SEAL
____ THE VaPOg DISTRIBUIIUN |s: e |
RyIN(M) PsPSIA(KPA) )
e m— s _ . 1
2:045( .05194) 42.861( 29545
i am c—— 0008 QS2%5) .. 40,631 __z&gelOYL. "
2.085( .05296) 38,301 264+01)
21050 _205347) 3S.84( 247.05)
2.125( .05497) 33.22( 229.01)
SERSTEERE R 2% M. 1. | DSB8 ). 308N _209ab2)
21650 «05499) 27341 188+45)
———— -2 1851 _ L 05550) 23,911 —164e8B) Y — . = -
2.2051( «+05601]) l?o?“( 137 44)
2+2251 spSe5)). . 15+00( 103391 —_———

THE LEAKAGE RATE «470=-C4 LBM/SEC
THE ApSOLUTE LOAD SUFPORTED gy THIS SEAL

«213-06 KG/SEC
8B46e LBF =

=

aannlCIBILITY UF
REPRODULIEL "o b
PRGN AL S
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