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plotted in Figure 4. The solid lines represent predicted values from the computer program 

and the points represent actual measured data. While there are substantial deviation 

between analytical and experimental results, the trends are the same. Note that the 

clearances increase or decrease with the opening force as expected. This behavior indicates 

that the system possesses positive stiffness. 

2. Rotor Tilt 

The lower than expected clearances and the greater leakage than expected from these 

low clearances are consistent with a tilted floating face. The displacements are measured 

near the axis of the assembly and, therefore, represent an average of the clearance around 

an annular region. The geometrical parameters Gi contain hi to the third power, so that 

over a distribution of hi, the larger values count more heavily. A titled clearance 

distribution will operate much like a parallel clearance of greater average magnitude. This 

results in reduced average operating clearance with larger leakage than expected from the 

small average clearance. 

To test this hypothesis, two proximeters on opposite sides of the seal axis were 

targeted on the floating face. Stator /floating face clearance was removed by retracting the 

piston as was done above. When the piston was released the seal components returned to 

their operating positions. The average of the two displacement measurements of the two 

proximeters was 11.7 J,Lm. The difference between the proximeter readings yielded a rotor 

(floating face) tilt of 0.39 mrad which is equivalent to a difference in clearance of 12.9 J,Lm 

from the edge of the floating face/stator at contact to a line through the axis. Apparently, 

the floating face maintains contact at one edge and tilts about that edge in operation. 
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V. CONCLUSIONS 

1. A basic analytical model was developed for performance prediction of a 

hydraulically controlled mechanical face seal. 

2. Because of a large number of design parameters two computer codes were 

written to allow simulation of the seal behavior in time, and to produce a workable 

prototype for testing. The computer programs were written independently but predict 

exactly the same dynamic response. This increases the confidence in the validity of the 

codes and the analysis that supports them. 

4. Since the computer simulation started at zero clearances, upon applying 

pressure, lift-off was always observed and the system reached steady state after some time. 

The codes were found to be very useful in verifying that lift-off occurs, steady-state is 

reached, and that the system possesses positive stiffness. 

5. A rig was designed and build and tests were performed to check whether lift-

off occurs, steady-state is reached, and whether the system possesses positive stiffness. 

While there are substantial deviations between theoretical and experimental results, the 

answers to these issues was positive in every aspect. It is suspected that the deviations are 

due to rotor tilt and 0-ring drag. It is believed that these deficiencies are primarily an 

artifact of static tests. It is postulated that in dynamic tests the misalignments will be 

reduced because of the gyroscopic effect of the flexibly mounted (floating) rotor, and the 

hydrodynamic effect (that presently does not exist). 

6. The concept of a hydraulically controlled mechanical face seal has been 

·demonstrated analytically and experimentally and the concept is feasible. 
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Fig. 1 Schematic of a hydraulically controlled mechanical seal 
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Fig. 2 A generalized model of a hydraulically controlled mechanical seal 
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Fig. 3 Schematic of a hydraulically controlled mechanical seal test rig 
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Fig. 4 Steady state response to a disturbing opening force 



APPENDIX A 

10 ' 
20 ' 
30 ' 
40 ' 
50 ' 
60 ' 

SEAL - curvature and pressure 
BASIC PROGRAM Written by Scott Bair 

70 ' 
80 ' 

I 
lab 

90 ' ! 
100 ' FF<! 
110' --, 
120 ' 
130 ' 
140 ' 
150 ' 
160 ' 
170 ' 
180 ' 
190 DEFINT I,J,N 

PO 

! !a3 
P2.! 

I T -,-, 
!a2 

! 
P1.! ! 

__ II a-1~: __ 

200 DH=.003*.0254:PRINT "dh";DH 
300 P0=70*6900 
1000 RI=.015:PRINT 11RI";RI 

>FP 

1010 W1=.003:W2=.003:W3=.012:R1=RI+W1:R2=R1+W2:RO=R2+W3 
1020 A1=3.14159*(R1*R1-RI*RI):A2=3.14159*CR2*R2-R1*R1):A3=3.14159*(RO*RO-R2*R2) 
1030 PRINT "A1= 11 ;A1, 11A1+A2+A3= 11 ;A1+A2+A3 
1040 HR=.845'1NPUT "h1/h2";HR 
1050 H2=.00089*.0254'1NPUT 11 H2";H2:H2=H2*.0254 
1100 H3=H2+DH:H1=HR*H2 
1110 G1=LOG(R1/RI)/H1A3:G2=l0G(R2/R1)/H2A3:G3=LOG(R0/R2)/H3A3:SG=G1+G2+G3 
1120 AB=3.14159*((2.598/2*.0254)A2-(1.4/2*.0254)A2) 
1130 B0=-3.14159*((1.538/2*.0254)A2-(1.389/2*.0254)A2) 
1135 B1=3.14159*((1.538/2*.0254)A2-(1.415/2*.0254)A2) 
1140 'b2= 
'f160 PRINT "ab,bO,b1";AB*1000000!;B0*1000000!;B1*1000000! 
2000 ' Flowrate 
2002 P1=G1/SG*PO 
2004 P2=(G1+G2)/SG*PO 
2010 MU=.001 'Pas 
2020 Q1=3.14159/6/MU/G1*P1 
2030 Q2=3.14159/6/MU/G2*(P2-P1) 
2040 Q3=3.14159/6/MU/G3*(P0-P2) 
2050 PRINT "flowrate/l/min";Q1*1000*60 
3000 ' dynamic 
3010 F1=.5:F2=.5 
3012 CF=.0000001 
3014 CP=.0000001 
3020 X1=F1*H1 
3030 X2=F2*H2 
3040 X3=X2+DH 
3050 PRINT X1,X2,X3 
3100 G1=LOG(R1/RI)/X1A3:G2=LOG(R2/R1)/X2A3:G3=LOG(R0/R2)/X3A3:SG=G1+G2+G3 
3110 P1=G1/SG*PO 
3120 P2=CG1+G2)/SG*PO 
3122 PB1=P1+P1*(RI*RI/(R1*R1-RI*RI)-1/2/LOG(R1/RI)) 
3124 PB2=P2+(P2-P1)*(R1*R1/(R2*R2-R1*R1)-1/2/LOG(R2/R1)) 
3126 PB3=PO+(P0-P2)*(R2*R2/(RO*RO-R2*R2)-1/2/LOG(R0/R2)) 
3128 'PRINT PB1;P1;PB2;P2;PB3;PO 
3130 FP=PB1*A1+P1*B1+P2*B2+PO*BO 
3140 FF=A3*PB3+A2*PB2+A1*PB1-AB*PO 
3200 X2=X2+CF*FF 
3210 X1=X1+CF*FF+CP*FP 
3230 X3=X2+DH 
3240 IF N>O THEN 3260 
3250 PRINT X1*1000000!,X2*1000000!,X3*1000000! 
3255 IF NN=10 THEN 3400 
3260 N=N+1 
3270 IF N=10 THEN N=O:NN=NN+1 
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3300 GOTO 3100 
3400 NN=O 
3410 STOP 
3420 GOTO 3260 
6000 ' Flowrate 
6002 P1=G1/SG*PO 
6004 P2=(G1+G2)/SG*PO 
6010 MU=.001 'Pas 
6020 Q1=3.14159/6/MU/G1*P1 
6030 Q2=3.14159/6/HU/G2*(P2-P1) 
6040 Q3=3.14159/6/MU/G3*(PO-P2) 
6050 PRINT 11 flowrate/l/m;n";Q1*1000*60 
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APPENDIX B 

TITLE HYDRAULICALLY CONTROLLED SEAL: PLUS SRING FORCE AND CONTACT FLAG 
TITLE *** DSL/VS PROGRAM WRITTEN BY ITZHAK GREEN *** 
PAGE 20 
CONST RI=15.0D-3 
CONST R1=18.0D-3 
CONST R2=21.0D-3 
CONST R0=33.0D·3 

CONST DH=76.2D-6 
CONST H10=20.3D-6 
CONST H20=25.4D-6 

CONST AMU=1.0D·3 
CONST P0=4.83D5 
CONST SPRNGF=O.OODO 

CONST HMIN=1.0D-9 
CONST CF=5.0D6, CP=1.0D6 
FIXED IFLAG1 
ABSERR H2=1.0D-12, Z=1.0D-12 
RELERR H2=1.00-12, Z=1.0D-12 
D COMMON /COM1/PIE 

INITIAL 

* 

* 

PIE=PI 
IFLAG1=0 

BO=(PI/4.0D0)*(1.53800**2 · 1.389D0**2)*(25.4D0**2*1.00-6) 
B1=(PI/4.0D0)*(1.53800**2- 1.4165D0**2)*(25.4D0**2*1.0D-6) 
AB=(PI/4.0D0)*(2.59800**2- 1.400D0**2)*(25.4D0**2*1.0D·6) 
WRITE(6,9000) 'AREA BO=' 1 BO 
WRITE(6,9000) 'AREA B1=', B1 , 
WRITE(6,9000) 'BLANCE AREA, AB=', AB 
BF=AB*PO 
WRITE(6,9000) 'BALANCE FORCE=', BF 

9000 FORMAT(A,G13.5) 

A1=PI*(R1**2-RI**2) 
A2=PI*CR2**2-R1**2) 
A3=PI*(R0**2-R2**2) 

H1=H10 
H2=H20 
H3=H2+DH 
Z=H2-H1 
ZO=Z 

G1=DLOG(R1/RI)/H1**3 
G2=DLOG(R2/R1)/H2**3 
G3=DLOG(RO/R2)/H3**3 
SG=G1+G2+G3 

P1=PO*G1/SG 
P2=PO*(G1+G2)/SG 

CALL CLOAD(PI, PO, Rl, RO, ALOAD) CALL STATEMENT 
CALL CLOAD(O.ODO, P1, Rl, R1, AL1) 
CALL CLOAD(P1, P2, R1, R2, AL2) 
CALL CLOAD(P2, PO, R2, RO, AL3) 

FOPEN=AL1+AL2+AL3 
WRITE(6,9000) 'INITIAL OPENING FORCE IN THE DAM=', FOPEN 

*** SPRNGF= 23.142DO + 3.841800 + 0.49343DO 
.*** SPRNGF= O.ODO 

WRJTEC6,9000)'CONSTANT SPRING FORCE ON THE FLOATING FACE=',SPRNGF 
FF=FOPEN · BF · SPRNGF 
WRITE(6,9000) 'INITIAL NET FORCE ON THE FLOATING FACE=', FF 
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FP= -AL1 - P1*B1 + PO*BO 
WRITE(6,9000) 'INITIAL FORCE ON THE PISTON=', FP 

BR=AB/(A1+A2+A3) 
WRITE(6,9000) 'BALANCE RATIO=', BR 

* DISTURBANCE 
* H2=H20 
* Z=ZO 
* 
DYNAMIC 

* 

* 

IF(DABS(FF).LE.1.0D-3 .AND. DABS(FP).LE.1.0D-3) THEN 
WRITE(6,9000) 'TERMINATED AT STEADY STATE' 
CALL ENDRUN 
END IF 

IFLAG1=0 
IF(H2.LT.HMIN) THEN 

WRITE(6,9000)'CONTACT ON H2=',H2 
H2=HMIN 
H1=HMIN 
Z=O.ODO 
IFLAG1=1 

END IF 

IF(H1.LT.HMIN) THEN 
WRITE(6,9000)'CONTACT ON H1=' ,H1 
H1=HMIN 
Z=H2-H1 
IFLAG1=1 

ENDIF 

DP3=(PO-P2) 
DP2=(P2-P1) 
DP1=P1 
WRITE(6,1000) DP1,DP1,DP3 

Q3=2.0DO*PI*H3**3*DP3/(12.0DO*AMU*DLOG(RO/R2)) 
C2=2.0DO*PI*H2**3*DP2/(12.0DO*AMU*DLOG(R2/R1)) 
Q1=2.0DO*PI*H1**3*DP1/(12.0DO*AMU*DLOG(R1/RI)) 
WRITE(9,1000) C1,C2,Q3 
Q3=Q3*60000.0DO 
Q2=Q2*60000.0DO 
Q1=C1*60000.0DO 
QQ=(Q1+Q2+Q3)/3.0DO 
WRITE(9,1000) Q1/QQ,Q2/QQ,C3/QQ,QQ 

1000 FORMAT(1P,5G13.5) 

DERIVATIVE 
NO SORT 

H1=H2-Z 
H3=H2+DH 

G1=DLOG(R1/RI)/H1**3 
G2=DLOG(R2/R1)/H2**3 
G3=DLOG(RO/R2)/H3**3 
SG=G1+G2+G3 

P1=PO*G1/SG 
P2=PO*(G1+G2)/SG 

CALL CLOAD(O.DO, P1, RI, R1, AL1) 
CALL CLOAD(P1, P2, R1, R2, AL2) 
CALL CLOAD(P2, PO, R2, RO, AL3) 

IF(IFLAG1.EQ.O) THEN 
FF=AL1+AL2+AL3 - BF - SPRNGF 
FP=-AL1 - P1*B1 + PO*BO 

ELSE 
* HANDLE CONTACT CONDITIONS 
* WRITE(6,9000) 'IFLAG1=',IFLAG1 
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* 
* 

* 
* 
SORT 

ENDIF 

TMPFP= - P1*81 + PO*BO 
FF=AL2+AL3+TMPFP - BF - SPRNGF 
FP=O.ODO 
WRITE(6,9000) 'FF=',FF 
WRITE(6,9000) 'FP=',FP 

WRITE(6,9000) 'FF OUTSIDE IF=',FF 
WRITE(6,9000) 'FP OUTSIDE IF=' ,FP 

* DECREASE THE EFFECTIVE DAMPING AS TIME PROGRESSES: (1+TIME)**N 
H2D=FF/CF *(1.0DO + TIME)**2 
ZD=FP/CP *(1.0DO + TIME)**2 
H2 = INTGRL(H20,H20) 
Z = INTGRL(ZO,ZD) 

METHOD RK5 
* CONTRL FINTIM=30, DELT=0.001 
CONTRL FINTIM=30 
PRINT 0.10, H1,H2,Z,FF,FP,P1,P2,QQ 
TERMINAL 

IF(TIME.GE.FINTIM) WRITE(6,9000) '!! TERMINATED AT FINTIM !!' 
END 
STOP 
FORTRAN 

SUBROUTINE CLOAD(PI, PO, Rl, RO, ALOAD) 
IMPLICIT REAL*8(A-H,O-Z) 
COMMON /COM1/PIE 

* PIE=2.0DO*DASIN(1.0D0) 
A1=PO*PIE*(R0**2 - RI**2) 
A2=2.0DO*PIE*(PI - PO)/DLOG(RO/Rl) 
A3=0.5DO*RI**2*DLOG(Rl/RO) 
A4=0.25DO*(R0**2 - RI**2) 
ALOAD=A1 + A2*(A3 + A4) 
RETURN 
END 

22 

Following is a sample of the DSL program run with a spring force that equals zero. 

The same program was used with increasing values of the spring force, and similar results 

have been generated. These results are shown in Figs. 5 and 6 for the steady state values 

of the clearances and leakage. It is noted that the clearances and flow decrease with an 

increase of the closing force as expected. It can be seen that a very small force (about 8.75 

N) will cause the seal to completely block leakage by reducing the clearances to very small 

values. That small spring force indicates that the seal was properly designed to be balanced 

by the pressures rather than by a spring force. 



DSL/VS ••••• RELEASE 1 ••••• MODIFICATION LEVEL 1 ••••• 1985 

0 
0 >>>> DSL SIMULATION INPUT DATA <<<< 

TITLE NONCONTACTING PISTON SEAL: FIXED SRING FORCE (PLUS CONTACT FLAG) 
TITLE *** NEW SEAL DIMENSIONS *** 
COHST Rl=15.00-3 
CONST R1=18.00-3 
CONST R2=21.00-3 
CONST R0=33.00-3 
CONST DH=76.20-6 
CONST H10=20.30-6 
CONST H20=25.4D-6 
CONST AMU=1.00-3 
CONST P0:=4.83D5 
CONST SPRNGF=O.OODO 
CONST HMIN=1.00-8 
CONST CF=5.006, CP=1.006 
FIXED IFLAG1 
ABSERR H2=1.0D-12, 2=1.00-12 
RELERR H2=1.00-12, 2=1.00-12 
METHOO RKS 
CONTRL FINTIM=30, DELT=0.001 
PRINT 0.10, H1,H2,2,FF,FP,P1,P2,QQ 
END 

0*** KLENGH = 2113, KPOINT = 167, AVAILABLE SPACE LEFT IN COMMON/CURVAL/ = 1946 DOUBLE-WORDS *** 
0*** RKS INTEGRATION METHOO USED *** 
AREA BO= 0.22099E-03 
AREA B1= 0.18189E-03 
BLANCE AREA, AB= 0.24269E-02 
BALANCE FORCE= 1172.2 
INITIAL OPENING FORCE IN THE DAM= 1182.5 
CONSTANT SPRING FORCE ON THE FLOATING FACE= O.OOOOOE+OO 
INITIAL NET FORCE ON THE FLOATING FACE= 10.321 
INITIAL FORCE ON THE PISTON= ·8.6841 
BALANCE RATIO= 0.89411 
0 *** DSL OUTPUT LISTING, GROUP 1 
+ I STARTING RUN 1 *** 

NONCONTACTING PISTON SEAL: FIXED SRING FORCE (PLUS CONTACT FLAG) 
*** NEW SEAL DIMENSIONS *** 

TIME H1 H2 2 FF FP 
O.OOOOOE+OO 2.03000E-05 2.54000E-05 5.10000E-06 10.321 -8.6841 
1.00000E-01 2.11882E-05 2.55725E-05 4.38436E-06 5.7798 -4.6995 
0.20000 2.17408E·05 2.56841E-05 3.94327E-06 2.9912 -2.2634 
0.30000 2. 20449E- OS 2.57508E-05 3.70600E-06 1.4884 -0.95697 
0.40000 2.21940E-05 2.57901E-05 3.59613E-06 0.78091 -0.34753 
0.50000 2.22622E-05 2.58158E·05 3.55356E-06 0.48994 -0.10293 
0.60000 2.22953E-05 2.58363E-05 3.54097E-06 0.38249 ·1.95199E-02 
0.70000 2.23161E-05 2.58558E-05 3.53966E-06 0.34231 4.21367E-03 
0.80000 2.23341E-05 2.58761E-05 3.54201E-06 0.32214 9.56851E-03 
0.90000 2.23522E-05 2.58976E·05 3.54546E-06 0.30635 1.02353E-02 
1.0000 2.23710E-05 2.59203E-05 3.54930E-06 0.29082 9.90590E-03 
1.1000 2.23907E-05 2.59441E-05 3.55335E-06 0.27475 9.38732E-03 
1.2000 2.24111E-05 2.59687E-05 3.55756E-06 0.25811 8.82621E-03 
1.3000 2.24321E-05 2.59940E-05 3.56188E-06 0.24103 8.24809E-03 
1.4000 2.24534E-05 2.60196E-05 3.56627E-06 0.22367 7.65866E·03 
1.5000 2.24747E-05 2.60454E-05 3.57069E-06 0.20621 7.06585E-03 
1.6000 2.24960E-05 2.60711E-05 3.57509E-06 0.18882 6.47218E-03 
1. 7000 2.25170E-05 2.60964E-05 3.57943E-06 0.17167 5.88776E-03 
1.8000 2.25374E-05 2.61211E-05 3.58366E-06 0.15492 5.31648E-03 
1.9000 2.25572E-05 2.61449E·05 3.58775E-06 0.13875 4.76384E-03 
2.0000 2.25760E-05 2.61677E-05 3.59166E-06 0.12327 4.23473E-03 
2.1000 2.25939E-05 2.61892E-05 3.59536E-06 0.10863 3.73339E·03 
2.2000 2.26106E-05 2.62094E-05 3.59883E-06 9.49144E-02 3.26328E·03 
2.3000 2.26260E-05 2.62281E-05 3.60204E-06 8.22067E-02 2.82688E-03 
2.4000 2.26402E-05 2.62452E-05 3.60498E-06 7.05604E-02 2.42517E-03 
2.5000 2.26530E-05 2.62607E-05 3.60765E-06 6.00012E-02 2.06152E-03 
2.6000 2.26645E·05 2.62746E-05 3.61004E-06 5.05317E-02 1.73814E-03 
2.7000 2. 2674 7E -05 2.62869E-05 3.61216E-06 4. 21383E ·02 1.45122E-03 
2.8000 2.26837E-05 2.62977E-05 3.61402E-06 3.47858E-02 1.19814E-03 
2.9000 2.26914E·OS 2.63070E-05 3.61563E·06 2.84181E-02 9.79392E-04 

P1 P2 
3.32785E+OS 4.76420E+05 
3.21297E+OS 4.75812E+05 
3. 14273E+OS 4.75430E+05 
3.10506E+OS 4.75218E+OS 
3.08749E+OS 4. 75113E+OS 
3.08044E+OS 4. 75064E+OS 
3.07803E+05 4. 75040E+05 
3.om5E+05 4. 75024E+OS 
3.07719E+05 4.75010E+OS 
3.07717E+05 4.74995E+05 
3.07718E+05 4.74980E+OS 
3.0mOE+05 4.74965E+OS 
3.0m1E+05 4.74948E+OS 
3.0m3E+05 4. 74932E+05 
3.0mSE+05 4.74915E+05 
3.0m7E+OS 4. 74898E+05 
3.0m8E+05 4.74881E+05 
3.0mOE+05 4. 74864E+05 
3.0m2E+05 4.74848E+05 
3.0m3E+05 4.74832E+05 
3.0m5E+OS 4. 74817E+05 
3.om6E+os 4.74803E+OS 
3.om7E+Os 4.74789E+05 
3.0m9E+05 4.74777E+05 
3.07740E+05 4.74766E+05 
3.07741E+05 4. 74 755E+05 
3.07742E+05 4. 74746E+05 
3.07743E+05 4.74738E+05 
3.07743E+05 4.74731E+05 
3.07744E+05 4.74724E+05 

QQ 
0.47969 
0.52662 
0.55648 
0.57320 
0.58160 
0.58564 
0.58779 
0.58931 
0.59071 
0.59214 
0.59364 
0.59521 
0.59685 
0.59852 
0.60023 
0.60195 
0.60366 
0.60536 
0.60701 
0.60861 
0.61014 
0.61159 
0.61295 
0.61421 
0.61537 
0.61642 
0.61736 
0.61820 
0.61893 
0.61956 



3.0000 2.26980E-05 2.63150E-05 3.61701E-06 2. 29686E- 02 7.92582E-04 3.on45E+05 4.74719E+05 0.62011 
3.1000 2.27036E-05 2.63218E-05 3.61817£-06 1. 8364 7E- 02 6.31955E-04 3.0n45E+05 4.74715E+05 0.62056 
3.2000 2.27083E-05 2.63274E-05 3.61914E-06 1.45164E-02 5.01053E-04 3.on45E+05 4.74711E+05 0.62095 
3.3000 2.27121E-05 2.63320E-05 3.61994E-06 1.13456E -02 3. 90728E-04 3.on46E+05 4.74708E+05 0.62126 
3.4000 2.27152E-05 2.63358E-05 3.62060E-06 8.76227£-03 3.02377£-04 3.on46E+05 4.74705E+05 0.62152 
3.5000 2.27178E-05 2.63389E-05 3.62112E-06 6.68709E-03 2.30407£-04 3.on46E+05 4.74703E+05 0.62173 
3.6000 2.27197£-05 2.63413E-05 3.62154E-06 5 .04071E-03 1.73631E-04 3.on46E+05 4.74702E+05 0.62189 
3.7000 2.27213E-05 2.63432E-05 3.62186E-06 3. 75341E-03 1.28145E-04 3.on47E+05 4.74700E+05 0.62202 
3.8000 2.27225E-05 2.63446E-05 3.62211£-06 2. 75769E- 03 9.46569E-05 3.0n47E+05 4.74699E+05 0.62212 
3.9000 2.27234E-05 2.63457£-05 3.62230£-06 2.00016E-03 6.86171£-05 3.0n47E+05 4.74699E+05 0.62220 
4.0000 2.27241E-05 2. 63466E- 05 3.62245E-06 1.43120E-03 4.92809E-05 3.on47E+05 4.74698E+05 0.62225 
4.1000 2.27246E-05 2.63472E-05 3.62255E-06 1.01064E-03 3.45163E-05 3.0n47E+05 4.74698£+05 0.62229 

TERMINATED AT STEADY STATE 
TERMINATED AT TERMINAL 
0 *** RUN TERMINATED BY 'ENDRUN' *** 
0 
0 >>>> DSL SIMULATION INPUT DATA <<<< 

STOP 
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Fig. 5 Steady state seal clearances as a function of a spring closing force 
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Fig. 6 Steady state seal leakage as a function of a spring closing force 




