
»
C'
CO
o

mechanical

^'•CHNOLOGY

,.\:ORPORATED

is

r ¥/> -/S'.

U. ». NAVY

MARINE ENGINEERINO LABORATORY 
ANNAPOUt MARYLAND tlEOS

Contract Research Conducted for 

U. S. Navy
Marine Engineering Laboratory

r



Kachcnlcal T«chnoloty Incorporated 
968 Albany-Shakcr toad 

Latham, Maw York

Mil 64TR22

PRELIMINARY ANALYTICAL INVESTIGATION 

OF RADIAL FACE SEALS 

by

F. K. Orcutt 
H. S. Chang

April 24, 1964



TECHNICAL EEPOai No. Kn 64m22 
D«Ct April 24. 1964

PULIMINAAY ANALYTICAL INVESTIGATION
or tAOIAL FACE SEALS

P. E. Orcutt 
H. S. Cheng

Approved by

Prepared for

U. S. Nevy Marine tnglneerlng Laboratory 
Annapolis, Maryland

Prepared under 

Contract N 161-25688

T'.w'ii'tOLUGY INCC/RPCRA7ED

KTI-24 (1-63)



TABLE OF CONTENTS 

Pag« 
INTRODUCTION 

Rhy/IEW OF FACE SEAL FUNDAMENTALS LITERATURE 2 

Seal Lubrication 2 

Pressure Induced Deformation of the Primary Elementa 3 

Etfects of Interfacial Film Geometry on Pressure Distribution 4 

Experimental Studies v 

PRELIMINARY ANALYSIS OF FACE SEAL PERFORMANCE 6 

Analysis of Pressure for an Arbitrary Film Shape 8 

Estimate of Elastic Deformations H 

Estimate of Temperature Rise and Thermal Distortion 12 

Dynamic Response of the Seal to Rotor Oscillation 13 

Estimate of the Significance of Elastohydrodynamic Effects in 
the Circumferential Direction 15 

Estimate of the Significance of Thermal-Hydrodynamic Effects in 
the Circumferential Direction 1^ 

PRELIMINARY CALCULATIONS FOR REPRESENTATIVE SUBMARINE PROPELLOR SHAFT 
SEALS l7 

CORRELATION OF THE ANALYSIS WITH EXPERIMENTAL RESULTS OF DENNY (REF. 9) 26 

CONCLUSIONS _ 29 

REFERENCES 31 

APPENDIX A - Analysla of Prcasure for an Arbitrary Film Shape 32 

APPENDIX B - Analysla of Elastic Deformations 35 

APPENDIX C - Analysis of the Significance of Elastohydrodynamic Effects 
in the Circumferential Direction 40 

APPENDIX D - Analysis of the Significance of Thermal-Hydrodynamic Effects 
in the Circumferential Direction 42 

NOMENCUTURE 

FIGURES 



INTRODUCTION 

A key probltm area in the development of very deep submergence submarines is to 

devise effective, reliable means of sealing propeller shafts. Seals for this ser¬ 

vice will require capabilities well beyond those of the propeller shaft seals in 

current service. The needed improvements in performance may be obtainable through 

refinement of the present sealing concept, the pressure balanced face seal, or it 

ay be necessary to resort to some new sealing concept. Before embarking on a 

arge scale search for new sealing concepts which hopefully have some fundamental 

advantage over the face seal, it is reasonable first to perform some theoretical 

and experimental analysis of face seals. The aim of these studies should be to 

point the way for worthwhile Improvements in face seal capabilities or, alternative¬ 

ly, to show that there are fundamental limitations inherent in this concept which 

will probably negate efforts to effect really substantial further Improvements. 

¿.kls report is the product of a preliminary study of the problem which had as its 

major purpose to define a comprehensive program of analysis which should accomplish 

the objectives described above. The major phases of this preliminary study which 

are covered in this report are: 

a) A critical review of the literature on fundamental principles of face 

seal performance. 

b) Development of approximate methods for analyzing face seal performance to 

Indicate which physical processes are most important and, in a qualitative 

way at least, to show how these processes can be controlled. 

c) Application of the analyses which have been devised to st als which are 

representative of deep submergence submarine propellor shait seals. 



REVIEW OF FACE SEAL FUNDAMEKTALS LITERATURE 

Th« «t^re of th« technology of »heft seeling 1» cieerly revceled by e revirv of 

the published lltereture. There ere nuaerous pepers describing eeipirlcelly derived, 

quelitetive recoiiinendetlon» for coping with problems which mey eri»e In verlous 

applicetione. These ere of little interest to this investigetion. There ere soae 

papers describing more fundamental studies of seel behavior, but it is very clear 

that there is no developed, complete theory of seel operation comparable to say, 

fluid film bearing theory. The problem is that there is no clear identification 

of the physical processes which control face seal lubrication, leakage and wear. 

Consequently, the work which has been done on face seal fundamentals has generally 

considered a limited aspect of the problem and frequently assumes that certain 

conditions exist and then goes on to show what the consequences of these assumed 

conditions are. With few exceptions, there has been no serious effort to show that 

the assumed conditions must exist and be perpetuated because of the very nature of 

the seal and the conditions Imposed on it. The Idealised face seal has perfectly 

flat, smooth faces which have only circumferential relative motion, and the features 

of the seal which govern its performance are evidently unplanned deviations from 

these idealized conditions. It is difficult to devise a broadly applicable, quart* 

titative theory of seal operation based on seal features which are not planned or 

controlled by the designer or user. However, some worthwhile contributions have 

been made toward development of a qualitative theory of face seal operation. 

These may be divided into papers describing analyses of seal lubrication, pressure 

induced deformation, effects of interfacial film geoamtry and fundamental experl* 

mental studies. 

Seal Lubrication 

There have been a number of seal or parallel surface thrust bearing lubrication 

analyses in which the hydrodynamic effects arising from one of a number of types 

of unplanned motions or deviations from surface flatness are determined. These 

analyses show that substantial load carrying capacity may be developed from vir¬ 

tually any of the suggested siotlons or deformations, providing it is assumed that 

subamblent pressures will not be permitted to occur because of film rupture. Con¬ 

tributions of this type for different types of motions and deformations Include 

those of Iny and Cameron^, Whiteman^, Nahavandl and Ostarle^, ïannar^and 
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Salbei and Lyman . The principal criticism of all of these papera la that 

, they begin with some assumed geometry or amplitude of motion which may be reason* 

able enough but which is not planned. They make no real effort to show that such 

a condition will exist In reality, or especially, that it must exist because of 

some self‘perpetuating mechanism such as the elastohydrodynamlc of thermal‘hydro¬ 

dynamic effect. The boundary condition for film rupture used In these analyses was 

to set the cut-off pressure at the ambient, low pressure condition. This is the 

usual procedure in bearing theory and It Is appropriate for flat surface thrust 

bearings 01 unpressurIxed seals also. However, some other treatment appears to 

be needed for the case of highly pressurized seals when the liquid can be expected 

to be saturated with gas at the high pressure. Film rupture due to gas evolution 
e 

could be expected at higher than ambient pressures for both hydrodynamic and hydro¬ 

static pressure flows under these circumstances. The effects on Interfacial pres¬ 

sure distribution would be In the direction of higher load capacity and they could 

I well be significant. 

Pressure Induced Deformation of the Primary Elements 

(6) 
The paper by Nau and Turnbull Is a valuable contribution u this area. 

( The only form of deformation considered is the uneven axial compression of the 

low modulus element due to the radial variation In film pressure ¿cross the seal 

. face. The analysis Is unique among face seal theories to date in that the elas¬ 

ticity and fluid flow equations are solved In coupled form. The results show how 

the net hydrostatic force balance will vary with pressure because o' the deforma¬ 

tion. A seal with a net positive hydraulic pressure balance (faces held together 

under load) at low-sealed fluid pressures when the radial pressure distribution Is 

nearly linear may have complete separation of the faces even without rotation at 

high pressures because of the shift In film pressure distribution caused by elastic 

deformation. The effect of varying the minimum film thickness is also examined, 

resulting In a calculated film spring rate for hydrostatic effects only. A simpli¬ 

fied expression for elastic deformation was used In which the deformation Is direct¬ 

ly proportional to the pressure. This expression should be reasonably valid for 

element geometries of the seal ring type where the radial film boundaries coincide 

with the edges of the faces. It is not valid for cases where significant shear 

stresses will exist such as the typical, runner ring where ¿he face surfpee extends 

beyond the film boundaries, or for high values of the deformation parameter (nigh 

. values of pressure and low values of modulus). Also, its use In cases where the 

f 
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low modulus seal ring Is firmly held In s retaining ring of high modulus material 

is r.¿t correct. 

While analysis of this type is an essential part ofunderstanding high-pressure 

seal behavior, it la clearly not sufficient alone, for It neglects the effects of 

rotation completely and it is quite certain that face seal behavior is very much 

dependent on rotation. For example, leakage is normally much lower when the seal 

is stationary than it is with rotation. Starting torque is considerably higher 

than running torque and running torque is Inversely related to speed of rotation. 

The paper by Fisher^ considers the effects of radial twisting of the seal ring 

type of primary element caused by the pressure difference from inside to outside 

of the seal ring. This effect may be important in some seals, but it appears that 

it can be controlled by proper design. Certainly it should be considered in high- 

pressure seal design, and the analysis set forth by Fisher can be profitably em¬ 

ployed in design calculations. 

Effect!, of Interfacial Film Geometry on Fressure Distribution 

(8) 
The most useful and comprehensive work in this area is that of Snapp From 

calculations of radial film pressure distribution for various types of interfacial 

film geometries, he shows that the net hydrostatic load on the seal will vary sig¬ 

nificantly, depending on the film geometry which will be Influenced by pressure 

and thermally Induced deformations, uneven wear and initial conditions. The effectq 

of even small changes ln radial film shape on the net force tending to hold the 

faces together can be very large in high-pressure seals with highly variable and 

severe demands on the seal lubrication processes if high wear or excessive leakage 

are to be avoided. The results presented in the paper are very instructive, buc 

they would have been more broadly useful if they had been presented in dimensionless 

form through normalisation of the variables. 

Experimental Studies 

(9) 
Denny's report is an excellent and highly instructive description of a series of 

fundamental experiments aimed at pointing out the Important characteristic features 

of face seel behavlcr. Greater uae of it should have been m«de by the theoretical 

investigators in establishing the geometries pr motions assumed in their calculations 

and then, through a comparison of calculated and measured load capacities, an effort 
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could be Md« Co obt«ln bom verification of Ch«lr theoretical resulta, dagger 

and Iny and Ceaeron^ also present caper Isentei data of sore Halted scope but 

perhaps greater sophistication, which Is generally consistent with Denny's results. 

In all of tiiesc papara tha sealed fluid pressure« are quite low and there Is a need 

for fundamental experiments aimed at revealing the epeclal features of high pressure 

seals. 

* 



L._ PRELIMINARY ANALYSIS OF FALl-SRAL PDtrOtIUWCK 

Thtr« i• no straightforward approach to tha analyals of faca*aaal lubrication and 

laakaga which can proalaa claar cut, quantitativa prediction of parformanca as 

there la for example for fluid film bearings operating within tha normal range of 

conditions. Successful operation of face aaala in difficult applications seems 

to depend largely on unplanned, uncontrolled features of seal behavior. To date, % 

there Is no clear Identification of which of these features dominate seal performance. 

In these circumstances, the most profitable approach to face-aeal analysis Is 

to perform qualitative studies of limited scope for the purpose of evaluating 

the significance of the various affects which may be Important. Following this 

procedure, It will be appropriate to perform amre comprehensive and rigorous 

analysis conalderlng the combined effects of tha moat Important aapecta of seal 

behavior and aimed at providing mors praclse quantitative results. 

During this program, approximate analytical mathods have been developed for 

Investigation of the following aapecta of face seal performance: 

1. Analysis of film pressure for an arbitrary film shape Including both 

radial and clrcumfarantlal effects. 

2. Approximate analysis of tha elastic deformation of the primary seal 

elements caused by hydrostatic prassure effects and considering the 

effects of the seal ring support structure. 

0 

3. Approximate analyals for the temperature rise of the Interfacial film 

and the seal elements dnd for thermal distortion. 

A. Approximate analysis of the response of the seal to dyiumlc loading or 

vibration. 

3. Estimate of the¿ significance of elastohydrodynamlc lubrication effects 

In seal performance. « 
e 

6. Estimate of the i significance of thermal-hydrodynamic lubrication 

effects in seal performance. 



These methods of snslysls are generally applicable to diagnostic studies of all 

types of face seals. However, since we are concerned here with deep submergence 

submarine propeller shaft seala the general seal configuration which Is chosen as 

a basis for the analysis will be representative of that type of seal (Figura 1 ). 

The seal ring is the non-rotating, flexibly mounted member and is made of a 

relatively low modulus material. Its retaining ring is of a high modulus material 

and relatively heavy cross section. The rotor is also of high modulus material 

and extremely heavy cross section. The high pressure sealed fluid is on the 

outside with ambient pressure on the inside. 



Analysis oí Pressure for an Arbitrary Fila Shape 

« 

Elastic or thermal distortion or uneven trear may deform the seal ring and runner 

surfaces to form a converging or diverging section radially and a wavy shape cir¬ 

cumferentially. The radial profile of the Interfacial film will determine the dls- 

will Influence hydrodynamic pressure generation In the film Therefore, a computer 

program has been prepared to calculate the film pressure, load capacity, leakage and 

torque of the seal for an arbitrary film shape so that the effects of vsrlous types 

and combinations of seal face deformations can be Investigated. 
e 

For this calculation the well-known short bearing equation Is used with appropriate 

boundary conditions. The development of the solution and the analytical expressions 

used to describe various types of film shape are discussed in more detail in Appendix 

A. The results are presented In dlswnslonless form with the load capacity repre¬ 

sented as the ratio of the average pressure in the film to the icaled fluid pres¬ 

sure (V/Pq). The hydrodynamic pressure parameter (comparable to the Soanerfleld 

number In bearing analysis) Is: 

where 

60 ■ rotational speed, rad/sec. 

 sealed fluid pressure, pslg. 

j " average circumferential film thickness at Inner radius, In. 

The system of coordinates used In the analysis Is shown In Figure 2. 
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Result« wer« obtained for the following three fila ahapee: 

1. Linear T-„fil« with a euparLapoeed saddle shaped clrctaferentlal wevlneee. 

\ 

The graphical representation of this fila le shown below 

and it can be represented aatheaatlcally by 

H - (/•<• XJ ) , ¢, os?« 

where \ oeeruree the rediel elope of the lincer profile end tj the 

circumferential wevinese. It is noted that 

is equal to , where and 

ere the average circumferential maximum and minimum film thicknesses 

In figure 3, the ratio of the average face presaure to applied 

pressure is plotted against the variation of A with and A «s 

parameters. The reason that A'aí is chosen as parameter is because 

it does not involve the film thickness. 

For cases of lowland alight circumferential waviness, the hydrodynamic 

action creates a circumferential pressure fluctuation but does not 

contribute to any increase in total load. When either or £». increases 

the subambient pressure appears in the film and since these subambient 

pressures ere disallowed, there is an increase in load capacity as 

shown in the curvea for high tj and high . 



2. A convergent profile based on the Nau-Turnbuli solution ( o) coupled 

with a aaddlcd-ehaped circumferential wavlneas. 

The mathematical repreaentation of this profile la: 

The load capacity curves for the Nau*Turnbull profile are shown In 

Fig. 4. Similar trends exist between these curves and those for the 

linear profile. It Is interesting to note that for high values of A. , 

the linear profile shows a higher load capacity than that calculated 

from the Nau-Turnbull profile. 

However, the validity of Nau-Turnbill'a solution for high values of 

is certainly questionable since high shear stresses sre likely to be 

associated with the sharp pressure gradient at the end of the minimum 

film. 

3. Snapp (8) reported an Interesting case for a symmetrical parabolic radial 

profile and he showed that load capacity for this profile Is the same 

as that for a parallel profile. 

If a symmetrical wear pattern occurs both at Inlet and outlet side, then 
t 

( a profile similar to a symmetrical parabolic type certainly would 

prevail. However, If the elactlc deformation Is superimposed on the 

wear profile, It Is likely the radial profile during operation will be 

one similar to a non-symmetrleal parabolic profile. Figure 5 shows 

the load capacity curve for such a profile without the circumferential 

wavlness. Figure 6 shows a radial pressure distribution for this profile. 

Such a profile can be mathematically represented by - 

The constant c, can be adjusted to obtain varloua values for 
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As A. approach«! infinity, th« load capacity for this profile decreases gradually 

and approaches an asymtollc and la equal to ( Is the value of § at the 

minimum film). This Implies that If wear creates a convergent and divergent 

profile such as the non-synsnetrlc parabolic profile, It would require a much lower 

minimum film thickness to support the same load compared to all converging profiles. 

Estimate of Elastic Deformations 

The accurate determination of elastic deformations In the rotor and the seal due 

to hydrostatic and hydrodynamic pressures Is a very complex elasticity problem. 

Since the primary objective of this report is to seek an order of magnitude of 

these deformations, major simplifications have been made wherever possible In ordef 

to use the existing simple theories to estimate the deformation. 

A typical seal subjected to an arbitrarily distributed pressure la shown below 

Since the rotor and the backing ring of the seal are made of short cylinders of 

heavy wall thickness and high modulus material, the deformation due to bending 

Is assumed to be small and Is not Included in the estimate with the exception of 

a small section A adjacent to the seal ring as shown in the above figure. The 

normal deformation In the rotor due to the normal pressure acting on the face is 

calculated by using the classical elastic half-space aolutiom. This la done In 

Appendix B. The results Indicate that elastic deformation of the roto* can be con¬ 

sidered negligible In comparison with deformation of the seal ring. 

Calculation of the elastic deformation of the seal ring Is considerably more Involv¬ 

ed because the effects of the backing ring must be considered. Normal deforma¬ 

tion of the seal ring due to Interfacial pressure will depend to a large extent 

on the ability of the boundary between seal ring and backing ring to sustain 

shear. Also, radial deformation of the seal ring will depend to a large extent 

on the support given by the seal ring. The radial stiffness of the backing ring 

will be lower near the seal Interface because Its effective cross-section Is reduced 

by the seal ring. Consequently a twisting or Inward belhaouthlng distortion of 

the seal ring face will be cauaed by high hydrostatic preaaures. An accurate 
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dctermlnatlon of the distribution of normsi dlsplsceisent of ths seal 

ring fsee in the rsdlsl direction requires either sn exl-synaetrlcal or s tvo 

dimensional plain strain elasticity solution with realistic boundsry conditions 

at the seal ring-retainer ring interfaces. However, sn order of magnitude 

estimate of the surface deformation can be had by using the approach outlined in 

Appendix B. 

EsL mate of the Temperature Rise and Thermal Distortion 

In order to estimate the temperature distribution and thermal distortion of the 

primary seal elements it is necessary to establish a heat flux distribution. This 

is done by assuming an initial film shape, average thickness and operating condi¬ 

tion to determine a distribution of shear rate within the film. Then, the film 

.emperature and the surface temperature of the seal elements are determined by 

conservative approximate analysis from the known shear rate distribution. The 

estimate of thermal deformation can be had from the seal temperature distribution 

and comparison with the assumed surface wavlness will indicate the qualitative 

significance of the thermal effects. 

In order to stay on the conservative side, the film temperature is evaluated by 

assuming that all heat generated from viscous action is carried away by convection. 

From this assumption, the film temperature can be written as 

( 1) 

where 

ATji - temperature rise in the fluid 

- viscosity of the fluid 

(J • average tangential velocity 

-/. • film thickness 

in/sec . 

fluid 

■ leakage rate 8P« 

The temperature distribution for a seal-rotor section as shown in Fig. 1 is 

calculated by assuming all heat to be conducted away through the seal. An 

available in-house computer problem for the two-dimensional heat conduction 

equation is used for this calculation. 
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Once the temperature distribution Is known in the sea’, or rotor, the thermal dis¬ 

placement on the surface can be determined by assuming that the thermal strain 

in the axial direction Is expressed as 

(2 ) 

It follows that the 

(3) 

Dynamic Response of the Seal To Rotor Oscillation 

Vibration of the seal faces,described as wobble or bounce,has been advanced as 

a possible mechanism for hydrodynamic load carrying capacity. A number of 

solutions for load carrying capacity for some assumed form of relative motion 

have been made. However, there was no effort made to show that relative mo¬ 

tions of the order of magnitude of those which were assumed will exist in operating 

seals. Therefore, a simplified analysis was performed here to provide a means 

for estimating the dynamic response of the sesl and therefore to evaluate the 

significance of vibration Induced load support mechanisms 

A simplified one-dimenslona1 vibration model for the seal and rotor svstem Is 

shown below. 

//////// / 

Sf*l A- A, 



In thi« model, the meet of the aeal Is lumped at ita center and the equivalent 

atlffm '* 1 and k2 are defined by 

I m 1 + At 
X, -At Ht (4 ) 

1 m ± + A£ 
1$i Af Ht ( 3 ) 

where and k£ are the atiffncaa for the aeal back-up apringa and fluid film 

respectively. The term AE/H^ accounta for the elaaticity of the aeal itaelf. 

The equation of motion becomea 
V 

yriA + CÁ 4 ( 4,*Âx) /6 - (sl-S).) ( 6 ) 

where m and c are the mesa of the aeal and a combined vlacoua damping conatant. 

The oacillation, (r-r^), can be broken down into Fourier Componente which can 

be expressed by 

(7) 

Let A be the amplitude of the response to the oacillation f , then 
n r n» 

/, 
(8) 

For normal operating conditiona, 

(9) 

Therefore, the aeal should follow the rotor oscillations almost exactly and this 

implies that the axial vibration of the rotor should have ver^ little effect 

upon the film shape between the seal elements. * 



Estimate of th« Slrolflcanc« of Elaitohydrodyn—le Kfftctg In the C ircuaferentlal 
Direction 

Circumferential vavineaa of the seal face* may result in significant hydrodynamic 

load capacity under certain circumstances. A major difficulty in performing a 

rational analysis of this hydrodynamic effect or in attempting to control it has 

been the fact that wear should progressively alter and attenuate the waviness 

characteristic which initially exists. There are several effects which may tend to 

perpetuate or even reinforce an existing circumferentif1 wavlness in spite of wtsr. 

One of these is the elastohydrodynamic effect in which the hydrodynamic circum- 
• 

ferentiai variation in film pressure caused by an initial surface wavlness in turn 

causes elastic deformation of the surfaces normal to the film. A criterion has been 

developed to Indicate when elastohydrodynamic effects should be significant. This 

is done by comparing the amplitude of an initial circumferential waviness with the 

amplitude of the resulting elastohydrodynamic deformation. When the deformation 

is equal to or greater than the original wavlness, the elastohydrodynamic effect 

is significant. The criterion which is developed in Appendix C is: 

(10) 

EHD effects are significant 

EHD effects are Insignificant 

Large value of axial thickness of the low modulus seal element (H#) and small values 

of modulus of elasticity of this element (Eb) as well as high speed and sealed 

fluid viscosity tend to increase the Importance of the elastohydrodynamic effect. 
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Direction 

The thcrmal'hydrodynaalc effect la another poeelble Mena whereby en Initial oar face 

vavlneaa may be perpetuated or reinforced. There will be a circumferential varia¬ 

tion In ahear rate and therefore in heat flux corrcapondlng to the aurface wavlneaa. 

The heat flux and therefore the acal face temperature will be higher where the 

filma are thinner and the reoultlng dlfferencea In local, normal expenalon of the 

seal elementa will reinforce the existing wavlness. A criterion has been developed 

for eatlmatlng the Importance of the thermal-hydrodynamlc effect using the same 
e 

approach of comparison of amplitudes of initial and deforMd wavlness as was used 

for elastohydrodynamlc effects. This criterion which Is developed In Appendix D 

Is: 

THD effect Is significant. 

TKD effect Is Insignificant. 

As with the EHD effect, the THD effect beccMS more Important as apeed, viscosity 

and axial thlcknesaes of the seel eleMnts Increase and as the average film thickness 

decreases Also, as expected, the effect Is more Important as the coefficient of 

thermal expansion («¿) of the parts Increase and as their conductivities (ii) 

decrease. 
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PRELIMINAR? CAIXl'unaw fM KtfW^UTATIVt SUBMARINE mOPElXOR SHATT SEAM 

Th« imput dat* for two typical high prcsaur«, low «peed ««al« ar« Hated below. 

3M 
3 I Dla. Seal 17 I” Dia. Seal 

» 
N 

3.623 

3.230 

1.2 X 10 

30 - 200 

14.7 

1000 (Aa 

-7 

d) 

10.00 

9.625 

1.2 X 10 

50 - 200 

14.7 

-7 

in. 

In. 

lb/In* aac. 

rpa 

pal 

1000(Aaaumed)pal 

E (seal) 2-4 x 10 

V .33 
8 ..6 

E^irotor) 30 x 10 

V .33 
r 

pf .0362 

C. 1.0 

2-4 x 10 

.33 

30 x 10 

.33 

.0362 

1.0 

b 
pal 

pal 

lb/in’ 

r 
H 
a 

7/p, 

8.7 

26.6 

4.4 x 10 

5.6 x 10' 

.5625 

.65 

-6 

8.7 

26.6 

4.4 x 10 

5.6 x 10' 

1.0 

.65 

-6 

B/°F hr ft. 

B/°F hr ft, 

ln/ln.1 F 

In/ln.°F 

With thla Input data, tha approximate method« of analyela which have been developed 

are used to Investigate the operation of the«« seals end Indicate which effects 

arc dominating their performance. 
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Thes« teals have been used extensively in testing end experlaentel work et MIL. 

Some representative velues of torque end leakage heve been obtelned for coaperlton 

with calculations. 

Leakage (running) 

Torque 

200 rpm 

17-3/8" 

Leakage (running) 

Torque 

50 rpm 

200 rpm 

If it is assumed that all of the frictional torque Is caused by shear of the Inter- 

facial film, an average film thickness can be derived from measured torque. For 

the 17-3/8 inch diameter seal the film thicknesses calculated in this way are 2.52 

and 19.5 mlcrolnches for the 50 rpm and 200 rpm speed conditions respectively. These 

values are so low that It Is not realistic to consider that complete separation of 

such large surfaces could exist with so small an average film thickness. There must 

be localised solid to solid contacts and some of the load must be carried in this 

way. Typical values of coefficient of friction for solid to solid contacts and for 

hydrodynamic films are 0.3 and 0.005 respectively. If five percent of the load Is 

carried by solid to solid contacts, then approxlsMtely 76 percent of the frictional 

torque would come from these contects. The everage film thicknesses to make up the 

remainder of the total torque would be 9.4 and 81.3 mlcrolnches et 50 rpm end 20C 

rpm respectively . 

0.03 

10 In-lb. 
^ i i 

0.2 gpm 

725 in-ib. 

375 In-lb. 

If It Is assumed that the film thickness Is uniform, e film thickness cen be calcu¬ 

lated from the leekage measuresMnts. Values of 101 and 134 mlcrolnches are ob¬ 

tained for the 5-3/8 and 17-3/8 Inch diameter seals respectively. 
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•) Min Imam Film Thlcknea» b«»ed on • Linear Convergent ProfUj 

5 g Diameter Seal 

Assam ing that ( “ Ã ) * «nd ^ * I000 ^ th#n 

TV (*/***>/c \* 
A' ( 

, 20.1 /*37¿«gV /. 
/000 V /000» 0. sits ' 

For £/}, •O.tS » 6t*0.? «nd 'S K ^ ** obtaln ^ frott rtÄ, 3 

A. 2 *, 

yv. zo.es** o>oU6* 0019+ 

4: • • 3ÒO*/Omi 
Cl ^ 

Th« computar program also gives a leakage rate 

r • 

¿5 . 8.64.J • 

» ,-/* 

* Hr?irr%T. ö.vV° - * ^ *r" 
3" 

Similarly, for the 17 -j diameter seal 

( A 
A" 

(,* /.IrtO'1 / ,37S *1‘ fOk \ *, eö « 
+ 1.0 J 7 /ooo /ooo 

- o ooëiâ 

for PS?» s O.éS 

?L * o. 3? 

m 0.00 (mil 

J. : £°<l % 
0 3C 

o.¿ 

cep i * (o' • n 

. /o*(ooo * r.IyK/o '1 , ^ 
Q a(‘ 7 zrrzT^fjjr, • <-*■* C<*%c- 

) -/l W£_ 
37x; 

^ /6.0 

V 
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Th« linear convergent profile which was assumed in this calculation is very 

similar to the elastically deformed film profile predicted by the analysis of 

Nau and Turnbull. It is Important to recognise that with the linear conver¬ 

gent profile or the Neu and Turnbull profile there will be no net hydraulic 

balance force holding the faces of these seals together. Instead, the hydrau¬ 

lic forces will be balanced when the faces are separated by the film thicknesses 

calculated above and this separation should exist Independently of rotation. 

The film thicknesses deduced from torque and leakage measurements for these seals 

are much smaller than those calculated assuming a linear convergent profile. 

Moreover, the calculation applies when the ahaft is stationary and there is an 

even greater disparity when the experimental behavior under this condition is 

considered. Leakage is sharply lower when the seal is stationary than it is 

when running and the starting torque is substantially larger than the running 

torque. Evidently, the radial film profile of the actual seal differs sig¬ 

nificantly from the deformed profile obtained using the analysis of Nau and 

Turnbull also. 

b) Elastic Deformation 

Equation B24 is used to calculate the radial deformation of the seal ring for 

a given radial pressure distribution. Figure 7 shows two radial film profiles 

for the 17-3/8' inch seal assuming a linear pressure distribution and a fully 

effective bonding surface. The radial seal surface is deformed into a concave 

profile because of the restriction to axial displacement at the bonding surface. 

The maximum deformation is found to be approxisiately 120 mlcrolnches. 

Obviously, this concave profile will lead to a drastic change in hydraulic 

balance force in the direction of higher force holding the faces together, and 

this has been shown in Ref. (8) by Snapp. Of course, the true film shape 
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In reality must ba on« which satlafica the elastic and hydrodynamic require¬ 

ment simultaneously; but it does point out that by including shear effect in 

the elasticity solution it is possible to explain the small film thicknesses 

which are indicated by experimental torque and leakage measurements. 

Uncertainty over the effects of uneven wear remains. However, the concave 

deformation profile obtained with Inclusion of boundary shear effects In the 

analysis fits naturally with the rounded edge profile characteristic of these 

seals after disassembly. This was not true of the deformed profile obtained 

from the analysis of Nau and Turnbull since In that case the greatest wear 

would occur la the area of mexlmum film thickness. That la, given an Initially 

flat surface, the meximum film thickness under pressure would be at the edge 

adjacent to the high pressure and thle la the same area where greateat wear 

is usually observed. 

c) AveraRe Film Temperature 

Diameter Seal 

• • ö} * (kl •IO*) 

F 
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For the measured values of leakage and asaumlng a 30 alcrolnch film thickness, 

the average film température rise becomes 2.34 F and 8.93 F for the 3-3/8 and 

17-3/8 inch dlamatar saals respectively. 

The temperature distribution within the prlaury seal elements has been calculated 

using an available two-dimensional heat transfer program and assuming a uniform 

heat flux at the faces. The heat flux Is determined by assuming a uniform film 
% 

thickness of 30 mlcrolnches and using the Input data for the 17-3/8 Inch diameter 

seal. The results are shown In Figure 8 as a testperature map of the prlsMry seal * 

elements . 
a 

These results concur with the experimental obsarvatlon of low temperature rise 

of th' e seals during operation. 

d) Es;.mate of Elastohydrodynamlc Effects 

3 " 
3 õ Diameter Seal 
1 

Assuming 

which indicates that for , the EHD effect Is insignificant. To 

find the threshold value of the average film thickness at which the KHD effect 

begins to be significant, we let Cg » / end 
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17 4 Diameter Seal 
8 _ 
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c) Estimate of Thermal-Hydrodvnamlc Effect 

3” 
5 g Diameter Seal 

Assuming -^¿ * fOO *•» 

rr . ¿ ' 
t 2 (A*-Jki) ' -jlf 

A/# Ãí% 

4 7 V 
t . — (A4 t »sbif A . sC *lo)* /0 Ai»/0 ./¿0/0.4374-^3600 

•w ’ '*’(¿'*4)'”* 

- Ô.222 

Therefore the thermal-hydrodynamic effect Is most likely not significant unless 

the average film thickness falls below the assumed value. 

3” 
17 I Dl ter Seal 

Assuming a loo • •1 

^44 > l o A C. ^ 0) VO > / w/o‘7. ¿¿.O.f. f.^/AlO *±^ 

^ * A .374^. to* (n/hù.“ Vr.) ' ”* 
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3” 
The thermal-hydrodynamic effect Ay be significant for the 17 ^ diameter seals. 

This conclusion appears to be contradictory to that obtained from the estimate 

of film temperature rise (part c). This is because the estimate for THD ef¬ 

fect considers only conduction of heat Into the surfaces and assumes no con¬ 

vection (sero leakage). This assumption is conservative, especially for low 

speed, high pressure seals. 

f) D.namic Seal Response 

According to Equstlon (8), the response due to the nth harmonic forcing 

components is 

where 

J. * J. + A£ 
if* 

_L a J- * AJL 
“if Hi 

In order to use Figure 3 to calculate the stiffness of the film, we find 

~ dit 
Now . (fiê’Jti ) 1® approximately equal to ; therefore, It remains 

constant with respect to the change of and 

dk ‘ ' * 

It follows that 

zrr) ■ 
nows tnat jr 

, i>.A d (f’k) . A^av ^/4.) 

3" 
For the 5 t diameter navy seals, Figure 3 gives the slope 

<L i K ) 
ci K 

o./sr . 

for X » and (5^ s 0.4 o < < r.o 

) 
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Utlng this figure, It 1« found 

^ - •ooQ'*'*' 3.+37^* «. 
^ Z 2! < tO'4 

» * 7* */0¿ 

». /3T 

"/o 

AB a ?7T , Ò * i* 'Q 
Hi ,s¿2r 

¿2^ *tOl */ /V 

it 

(*,*%) ( *f> * *T} ) 

to 
2 */0 % 

The stiffness of the beck-up springs is estiaeted to be 200 lb/ln.; therefore 

4,-- 200 % 

Estimating the viscous damping due to the "o" ring to be C * / and ^7*— tLv*- 

rntO 
. ÍFÍTf.r ' • t »-“'" 

ui C 
which Is much greater than -j- , therefore 

4.- {-,(/* 
for Am , It Is found 

7- * /• / 
J~ 

mU. ) 

in ï ¿Ç.Ç 

which means that for a 10X seal response in amplitude, the frequency of the 

excitation must be something of the order 50 times greater than the rotor fre- 

quency. 

3" 
The similar calculation was made for the 17 ^ diameter seal; It was found 

■Rf - *.sz -/o4 ti/m 

4ix - 4.us *ioL 'V,v 

Again assuming C*/ and '?>7 • 

for Am/jm /./ , »• h*«« Tt » ^ j 



CORRELATION OF THE ANALYSIS WITH THE EXPERIMENTAL RESULTS OF DENNY (REF. 

Th« «pproximat« m«thod> for »««l p«rform«nc« anslysla which h«v« b««n developed 

are broadly applicable to aeale operating over a wide range of «peed», sealed fluid 

pressures and fluid viscosity. The representative seals which were analysed In the pre¬ 

ceding section operated at the very low speeds, extremely high pressure and low 

sealed fluid viscosity characteristic of a deep submergence submarine propeller 

shaft seal. The results for these seals are In substantial agreement with experi¬ 

mental observations. The applicability of the analysis should be Investigated fur¬ 

ther by comparison of results with experimental data for higher speed, moderate 

pressure seals using hlghei viscosity fluids. For such a seal the dominant factors 

In performance are likely to be hydrodynamic and thermal effects Instead of radial 

film shape and pressure Induced elastic deformation. Denny presents the sxjst 

comprehensive body of experimental data for a medium to high speed, moderate pres¬ 

sure seal and therefore his results will be compared with the analysis. 

Denny measured the load capacity (relationship between total applied load and face 

separation) for his seal for several speeds and fluid viscosities. A series of his 

data points are given In Figure 9 on a plot of p/p0 against A. The theoretical 

program for calculation of film pressure for an arbitrary film shape can be used to 

determine the amplitude of circumferential surface wavlness which would be required 

to generate the measured load capacity. This calculated wavlness amplitude can then 

be compared with the amplitude of the cyclic fluctuation which Denny reports for 

his film thickness measuremente to get an Indication of whether hydrodynamic action 

induced by surface wavlness Is responsible for the load capacity of his seal. 

Since the sealing pressure is relatively low In Denny’s cases, it Is reasonable to 

assume that the film Is flat radially and has a saddle shape circumferentially. 

Using this assumption, the theoretical value of p/po U calculated and plotted 

against A in Figure 9 with the amplitude of the wavlness as the parameters. 

The table below shows the observed film thicknesses for a range of loads, the cor¬ 

responding value of A and the amplitude of circumferential wavlness required to 

create the experimentally observed load. 



-27 

; 

hi X 104 

.60 

.70 

.85 

1.00 

A P/P0 cf 
Exp.Observed Extrapolated 

from Theoret. 

_Curve*- 

628.0 5.1 0.136 

461.0 2.15 0.078 

312.8 1.15 0.053 

226.0 .84 0.045 

In u In. 

8.15 

5.45 

4.50 

4.50 

Denny reports that the amplitude of oscillation in film thickness measurements 

varied from test to test but that the majority of readings were between 8 and 10 

mlcrolnches. This agrees closely enough with the calculated amplitudes to support 

the notion that hydrodynamic effect Induced by circumferential waviness could be 

a primary Influence in load capacity of moderate to high speed, moderate pressure 

seals. 

Denny also observed that as the mean film thickness was reduced in steps, a point 

was reached where the applied load which was supported began to rise sharply above 

the sealed fluid pressure. That is, there was a film thickness at which hydrodynamic 

effects rather suddenly became increasingly significant in load support. This is 

shorn by the sharp change in slope of the curves when the shaft was rotating in 

Figures 5c and 5d of Denny's report which are reproduced as Figure 10 in this re¬ 

port. One possible explanation for the sudden Increase in the effectiveness of 

hydrodynamic load support mechanism at some crlticsl value of film thickness is 

that the elastohydrodynamic may have become important at that point, thus rein¬ 

forcing and increasing a small initial circumferential surface waviness. To in¬ 

vestigate this possibility our criterion for estimating the importance of the 

elastohydrodynamic effect was applied. The conditions for the four series of 

measurements in Figures 5c and 5d of Denny's report are: 

Series Speed Fluid Applied u 

No ._rgm_Fressure-P«! revns 
^T 
V1 _in¬ 

ti 

A. 
E 

jJi. 
1 

2 

3 

4 

3000 

500 

3000 

Te 1 lus 27 

Oil 
Te 1lus 27 

Oil 
Kerosene 

_g£I£ilBa. 

15 

15 

15 

15 

3.0 X 10 

4.0 X 10' 

1.2 X 10' 

.1-3 x.iQ 
-7 

0.3 

0.3 

0?3 

JLJL 

0.125 2 X 10 

0.125 2 X 10 

0.125* 2 X 10 

9.-123 ..2,^,10, 
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Thc EHD effect should become significant when CJg ■ f 

which « I can be expressed as: 

(‘/f 
(J ( /Í0-yL¿) //, J £ 

The film thickness at 

The following table compares the calculated transitional film thicknesses with 

those at which Denny observed a sharp Increase in load capacity: 

Series No Calculated h^* 
mlcroln._ 

Observed h^ 

■■ Mtcroln.- 

1 

2 

3 

4 

72.5 

44.0 

54.2 

.ilJL 

80 

50 

60 

_2L 

The close agreement between the experimentally observed and calculated transitional 

values indicates strongly that the high load capacity observed in practice Is as¬ 

sociated with the elastohydrodynamlc Interaction between the fluid and the solid. 
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CONCLUSIONS 

Approximate method, of an.ly.i. have been developed to Investigate the importance of 

variou, aspect, of radial faca »aal performance. The.e method, have been applied 

using the operating condition, and design feature, which are regarded a. typical of 

submarine propeller .haft seal.. They have al.o been applied to explain some of the 

experimental result, of Denny using a higher speed, lower pressure seal. The re¬ 

sults lead to several conclusions regarding the most important aspects of the per¬ 

formance of deep submergence propeller shaft seals. v 

V 

1. The profile of the Interfacial film In the radial direction and the most in¬ 

fluential factors In Its determination are of primary importance in high pres¬ 

sure seals. Simplified elasticity analysis considering only axial compressive 

deformation of the low modulus primary seal element indicates that there will 

be no net hydraulic load tending to hold the faces together for a typical pro¬ 

peller shaft seal operating at very high pressure. Instead, the hydraulic forces 

will be balanced when there is a continuous film separating the faces, even when 

there is no rotation. Operational experience with this and similar seals clear¬ 

ly rejects this conclusion, thus indicating the inadequacy of that analysis. 

When the effects of the support structure, including shear at the seal ring- 

retainer ring boundary, are considered, but still using a simplified type of 

avalyaU, a film shape is obtained which Is more consistent with experimental ob¬ 

servations . 

2. At the present time the exact manner In which wear will alter the radial film 

shape with time is unknown. Scene means of considering wear in the analysis of 

radial film shape and pressure distribution Is needed. Conceivably this could 

be In the form of a relationship between local wear rate and some one or group 

of parameters in seal operation such as local film thickness, speed or load. 

Or It may be that further Investigation will show that there is an exact pat¬ 

tern of wear which la aufficlently characterlatlc that It can be used as an 

initial, undeformed shepe In calculations of clastic deformation and film pres¬ 

sure distribution. « 
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3. There 1* unequivocal evidence that the performance of conventional aubmarlne 

propeller shaft seals la strongly dependent on whether the shaft ia rotating 

and at what speed. The approximate analysis of the more ptomlnent, and plausible, 

postulated mechanisms for hydrodynmnlc pressure generation in face aeals In¬ 

dicated that significant pressures can be generated If (a) the mean film thick¬ 

ness Is small, below 100 mlcrolnchea, (b) the circumferential variations In film 

thickness la of the same order of magnitude as the mean film thickness, and 

(c) subambient pressures are prevented by occurrence of film rupture. Torque 

measurements tend to Indicate that mean film thicknesses of under 100 mlcrolnches 

are characteristic of submarine propeller shaft seals. 
% 

4. Circumferential variations in film thickness may be perpetuated In spite of wear 

or other attenuating effects by elastohydrodynamic or thermal-hydrodynamic ef¬ 

fects. Estimates of the Importance of elastohydrodynamic action In large, 

high pressure, low speed seals indicate that the effect will become significant 

at mean film thicknesses below 40 or 30 mlcrolnches. Estimates of the impor¬ 

tance of thermal-hydrodynamic effects Indicates that they may be Important for 

film »-hicknesses of the order of 100 mlcrolnches but this assumes that there will 

be no heat carried away by convection. If leakage rates in the lower range of 

the measured values reported for the sample seals (.5 gpm for the 17-3/8 Inch 

diameter seal) and mean film thicknesses of 50 mlcrolnches or so are assumed, 

the thermal-hydrodynamic effect will be significant. 

5. To investigate the applicability of the analysis developed here to other face 

seals operating at higher speeds, lower pressures and sealing more viscous fluid« 

an effort was made to explain some of the features of the behavior of such a seal 
(9) 

as observed and reported by Denny . The results Indicate that the analysis Is 

applicable to Investigation of face seals operating, under these conditions also. 



REFERENCES 

1. Iny, F. H. And Caaaron. A. MTh« Load Carrying Capacity of Rotary Shaft 
Seals", B.H.R.A. Firat International Conference on Fluid Sealing, Paper A-2,1961. 

2. Whiteman, R. J. "Pressure Generation in Radial Face Seals", B.H.R.A. TN 378, 

February 1958. 
V 

3. Nahavandi, A. and Oster le, M. "The Effect of Vibration on the Load-Carrying 
Capacity of Parallel Surface Thrust Bearings", ASM! Paper 60-LUBS-3, March I960. 

% 

4. Tanner, R. I. "The Reiner Centripetal Effect in Face Seals", B.H.R.A. 
First International Conference on Fluid Sealing, Paper El, 1961. 

5. Salbei, E. and Lyman, F. A. "A Theoretical Investigation of Leakage Through 
Rotary Shaft Seals". Report on Contract N 161S-1590-61 to U.S. Naval Engi¬ 

neering Experimental Station, November 1961. 

6. Nau, B. S. and Turnbull, D. E. "Some Effects of Elastic Deformation on the 
Characteristics of Balanced Radial Face Seale", B.H.R.A. First International 

Conference on Fluid Sealing, Paper D3, 1961. 

7. Fisher, M. J. "An Analysis of the Deformation of the Balanced Ring in High- 
Pressure Radial-Face Seals", B.H.R.A. First International Conference on Fluid 

Sealing, Paper D4, 1961. 

8. Snapp, R. B. "An Analytical Study of Thin Fluid Films in Face-Type Shaft Seals", 
U.S. Naval Experiment Station, NP/9430(851), July 1962. 

9. Denny, D. F. "Some Measurements of Fluid Pressures Between Plane Parallel 
Thrust Surfaces with Special Reference to the Balancing of Radial Race Seals", 

B.H.R.A., Report No. RR-163, January 1959. 

10. Jagger, E. T. "Study of Lubrication of Synthetic Rubber Rotary Shaft Seals". 
Inst. Mach. Engr. Conferenca on Lubrication and Wear, October 1957. 

1?. Timoshjnko, S. and Goodiar, J. N. Theory of Elasticity, McGraw-Hill Book 

Company, Second Edition, 1951, p. 370. 



-32- 

APPENDIX A - Analysis of Prffart for »n Arbitrary Fila Shape 

As a result of clastic or thermal distortiona or because of uneven wear, the 

seal ring and rotor surfaces may deform into a convergent or divergent section 

radially and a wavy shape circumferentially. The equation governing the pressure 

for a given filia shape Is the Reynolds equation for the Incompressible fluid 

in cylindrical coordinates. Referring to the coordinates shown In Figure 2 , 

the Reynolds equation la 

(Al) 

Introducing 

^ - circumferential mean film thickness at Inner radius 

T - U>t 

Equation (2) becomes 

(A2) 

For most of the seals considered In this report, 

A. » A • -A J 

therefore, equatIon (A2) can be further simplified by Ignoring the first two 

terms on the right hand side and It becomes the well-known short bearing equation 

(A3) 

where 



Thrte form« of the film thickness function «ill he considered; they sre 
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1. // • Hfsi.tn 
2. H • H (<+, ) 

3. H* 

(A4) 

(A5) 

(A6) 

Varistion of the shape of the film between the ststor end rotor cen be caused by 

rigid body motions of the rotor and stator such as axial oscillation, rocking, 

elastic or thermal elastic deformations, and initial deviation from Uatnese. 

In the case where the film variations sre primarily caused by the Initial imper¬ 

fection or stationary deformation of the stator, equation (4) is applicable; on 

the other hand, if most of the warping or deformation occurs in the rotor, then 

equation (5) should be used. Equation (3) is also applicable for the case where 

the deformation in the stator is not stationary but exists as a fixed shape wave 

travelling around at the same speed and direction •• that of the rotor. Equation 

(6) represents s possible case where a wave exists in the stator travelling at 

the rotor frequency but in the opposite direction - a backward synchronous wave. 

The substitution of (4) through (6) to the right hand sida of aquation (3) gives 

the following forms respectively: 

ä èJi(+A) 

dO-LJt ) 

and 

~ 3-A. ¿ ) 

It is seen that the same method for integration of the pressure can be used for 

all three cases. 

Proceeding on with the integration of equation (3), we have % 

pis)- A l,(s) - c. /»<0 * f*. 
(A7) 
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where 

1,(0-- 

/( V • 

1,(() * 

(A8) 

(49) 

(A10) 

Using Che boundary condiciona, 

P' fa ** 5*° 

P • tut i • / 

the pressure distribution becosMS 

P- P: * A KO* I 
P.-P; -A 1(1) 

Uo ) ]'■ (V 

(All) 

(A12) 

The film thickness is represented by a set of continuous functions of 9 et a 

set of discrete values of as followa: 

Hj(6) * CÁ + L <3^ <*s «»0 ♦ (A13) 
'A i 

for , - -- -- • £ 

Using Simpson's rule for the numerical integration and allowing no aubambient 

pressures to appear in the fil», a co-putar progra» was written to calculate the 

pressure distributions in ths flia. 
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APPESDIX B - An a 1 y 1■ of Elastic Dtformat ions 

c Analjfi^ <ji Ri.ltU9 D»(or^t^n 

A schematic representation of a typical seal subjected to an arbitrarily distributed 

pressure Is shown on page 11 of the main text. If It la assumed that deformation 

due to bending Is negligible and that the pressure Is distributed over the annular 

sealing surface and la Independent of the radius, the normal deformation of the rotor 

due to normal pressure acting on the face can be calculated by using the classical 

half-space solution. 

Using the foregoing simplifications, the circumferential normal displacement can 

be estimated by 

fco 

h' y, i«*» ui) 

where 

H(o) 
Z'trE J 

tl,i) ‘ ¿„.M-'A) f*. 
a reference pressure 

The singularity occurring at 0 - In the Integrand can be overcome by putting 

Eq. (Bl) Into the ftÄlovlng form: 

r fri- ä, * 
j, 

6'aJ r, V / 

r j.J '(* ) 

where f (0) represents the deformation contributed by the pressure between -Aft 

and Aft and It Is spproxlmated by 

ft»)* i1-^) f(«) (B3) 

The value m can be taken from p. 370 of Ref. (11). 
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-Aproxímate Analjr;l»_ of. Stjitgr, Ela.tlç, Defpr^tlpn Çon>ld<rlna Eff«ct» of Retainer Rln£ 

If it ia assumed that the clrcuaferentla! hoop stress in the carbon ring is auch 

smaller than the radial compressive stress, the axial strain can be expressed as 

^ ^ 05 
e, --V» — 

The normal displacement therefore becomes 

( 0, - J . 

(B4) 

(B5) 

The distribution of the radial stresses, in the seal ring is Influenced great* 

ly by the elastic deformation fo the adjacent steel retainer ring. An approxi¬ 

mate analysis of this retainer ring using the theory of cylindrical ahells is ob- 

The dotted shape represents the deformed shape of the seal andratalner ring under 

the external pressure. The forcas acting on the ring section A ara shown below. 
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Assuinlng that tha innar radlua of tha .action "A" 1. ra.tlng on an ala.tlc founda¬ 

tion having an affactlva spring atiffna.. tha aquation govarnlng tha radial 

daformatlon of ring aactlon MA" la 

+ 4 a'tj' • E* - * *xUJ* 
¿y ? D J> («») 

where 

(B7) 

Uto/« iA;-tvtythan Aquation (B6) baco«aa 

jf- * . JÍ1 - 

D 

t a u)é 

*■?<+>.- -FT 
(B8) 

where 

n*. *'4 ¿i 
ß P * Ip 

(B9) 

and following tha notation uaed by Snapp, tha general aolutlon of Equation (B8) 

# 
become a 

- 

u> * a s-» ßi - 3 *''y¿ ^ 

* <; j ■» ^l0) 

Using the following boundary conditions 

^ * ¢/ # cO * ° 

^ - a , Mj • • J . o (ill) 

' 

ct*J 

. Ii'° 

* * •ry'0 

F*mt ° 
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we have the particular solution 

vj L * CtS(Ki ^ 

n 
where 

Vi" Í -^r - 
(812) 

pj + COS~p> 

I ft - f.iJ. . /A' )*WJ 
6- I. j CO^VW « CM V 

^ r0 
I i »• C» 

(813) 

(BU) 

(B13) 

The term ¿W. ia the uniform compreaalve stress required to deform the seal ring 

through a constant radial displacement u£ and 

£s (>*«vO 
C^ã^y Ol») 

where E la the modulus of the elasticity of the seal ring. The constant radial 
s 

displacement can be approximated by 

A f & * f‘i 
UJ. * 

E (€*-**) 
(817) 

The stiffne s K1 can be approximated by 

± * -L + -L 
¢, ATJ 

where is the radial stiffness of the seal 

(818) 

fC\ * 
(a.-a*} 

tiffness c 

using Equation (89) and expressed as 

(819) 

and K is the stiffness of the ring section "B" which can be approximated by 
U 

/ ( \ ____— 

♦ ‘ ' E* 1 i . 2 J 
Í ' “ 0*4 */9,V ^ 03^ J 

where 
V acz-vV 

r ' * V 

(820) 

(821) 
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Using the following dimensionless coordinates 

the radial stress thus can be approximated by the following expression: 

¢1 ft', j ) • - f * f V, tj-. ) <BJ 

If the bonding surface is assumed to carry no surface shear traction, then the 

axial stress can be approximated by 

-Hi) (B23) 

which is the relation used by Nau Turnbull and Snapp. However, this Is not a 

realistic assumption since the bonding agent is known to be impt-rvious to high 

hydrostatic fluid pressure and therefore must be able to withstand considerable 

shear traction. In order to allow this shear effect, e weighting function is 

used to enforce the axial strain to be sero at f = O and f * / • Using this weight 

ing function, the axial strain becomes 

I 
La-ii-zli-ji] 

► (B24) 

The exponent a measures the effectiveness of the sheer carrying capacity of the 

bond. The cases for I >4. >o 0. *> ¡ , imply the bond Is fully effec¬ 

tive, partially effective and ineffective. 

• * 
The exponent b measures the penetration of 

value of b implies deep penetration of the 

means shallow penetration, which means the 

at the boundary. 

the shear effect into the core; a small 
«s # 

shear effect and a large value of b 

shear effect la mostly concentrated 
* 

Once the axial strain distribution is known, tha normal displacement can be celcu- 

leted from Equation (B5). 
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APPENDIX Ç ; A'_jIjLLLL.uf .the §i&ninc«nce o[ E.laitohjdrodYna.lc EU*<=UlS-tJl£ 
Circumferential Direction 

Assuming the film profile is constant in the radial direction and la raprasantad 

by 

H * /+ €t ccs2Q 

then the steady state Reynolds equation becomes 

d> , Ò 4“ . (CI) 

H‘ i» 

Intégrât Ing(Cl) and using the following boundary conditlona 

§ , P* O 

{* ! , P* O 

we have 

and 

or 

P I ! »naw / i 
0**3 

a 

) ? mV 
a O 

(C2) 

(C3) 

Assuming that the local elastic deformation Is directly proportional to the 

local pressure, then the amplitude of the deformed wavlness la 

% 

(C4) 
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U -/«. ^ f, l: 
U <' «"l -£• 

then the elastohydrodynamlc effect is significant and 

then the elastohydrodynamic effect is insignificant. 

Defining 

we have 

0¡ « / 

EHD effects significant 

% 

EHD effects insignificant 

(C5) 

✓ 

% 
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APPENDIX D ' . a 1 y s i s oi the SiuniMcance of Ther—l-Hydrodynaalc Effect» ln the 

Circumferential Direction 

Assuming the temperature is parabolic in the radial direction and linear in the 

axial direction, the temperature in the seal ring can be represented by 

Ti •» îCTi^-T.'ïZü-XK'-Ï ) (Dl) 

where s is an axial coordinate with the positive direction downward. 

Similarlly, the temperature in the rotor can be expressed as 

T/w ~ 4- ( T~T0 ) t C 1 ~ l ) ) (D2) 

where z now is an axial coordinate with the positive direction upward. 

Let and(l-¿t)j be the heat conducted away per unit circumferential length by 

the seal ring and rotor respectively. 

(D3) 

Integrating (D3) we have 

M 
. f ( 7¡^.-T. ) 

^f(ZL~-r.) 
(D4) 
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Assuming Ts**** • we have 

or 

-7- -T * 
/ , " /0 ** “7“ \r <hs * \ 

Now 

rriii^ 

where 

// • / + € t c<ni g 

The maximum thermal growth of the seal ring and rotor la 

/ 

¿4 • fo/.V, .OÍ./0 Tí) j( rz-iJ V/ 

z ( ^ f^s 4 **+ 7m+* “ "T» )/4. 

= ¿ ( vtirij + oU^a.) ß £ )( ifr* ) J 

• ^ (o^í Vi *o¿4,Ma, j Tfs* 

The amplitude of the wavinesa due to the thermal growth la 

The following criteria will be ueed to determine the aignlficance of 

hydrodynamic effect: 

j - ‘Alt*» ) - €>A- 

The THD effect la algnificant and % 

j - <*Jt/#.<) ^ 

(D5) 

(Dfe) 

(D7) 

CD8) 

(D9) 

the thermal- 

(D10) 



It 1* Insignificant when is saall, 

(V * ¿..r.iii,;"' ^ ¿«I?# 

It follows 

The final criteria for the THD effect can be written as 

ÇT J ' > i 

;'T ■¡■(M-k) ' ”• effect is significant 

/ 

(DLl) 

Ö7 
THD effect is inalgnlfleant. 
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F 
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C 

Fourier coefficient for the filei thickneee function 

Amplitude Reeponee 

Fourier coefficient for the fil* thickneee function 

Conetent used with the non-eysneetrlcel perebollc profile 

Specific hcet of the fluid s 

Coefficients for the redlel fila verletlon 

Depth of the seel 

EH¿3/12 (1-v2) 

Modulus of elestlclty of the rotor aeterlel 

Modulus of elasticity of the seel aeterlel 

Amplitude of the exciting motion 

See (B8) 

See (B14) 

Fila thickness 

Average fila thickness at outer redlua 

Amplitude of deforaed vevlness 

Averege fila thickness at inner radlua 

Transitional fila thickneee 

Mexlaum redial fila thickness 

Mlnlaua redial fila thickness 

h/hi 

See Figure on p. 36 

See Figure on p. 36 * 

Depth of the rotor 



H 

k 

k. 

K 

K, 

m 

Depth of the seal 

See Def. (A8) 

See Def. (A10) 

Index, eea Del. (A13) 

Equivalent apring stiffness 

Equivalent spring stiffness 

Equivalent spring stiffness 

Thermal conductivity of the rotor v 

Equivalent spring stiffness, also thermal conductivity of the 

Thermal conductivity 

See (B18) 

See (B16) 
* 

See (B19) 

See (B20) 

See Equation (B13 ) 

See (B3) , also used as mass of the seal 

max 

min 

Sec \311) 

Frequency of the exciting motion 

totatlonal speed of the seal 

Pressure In tha seal interface 

Pressure at outer radius 

"»r 

Maximum pressure 

Minimum pressure 

A refaranca pressure,(in this vork, pf p,,) 
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max 

min 

A 

Q 

r 

r 
m 

“a 

rb 

a 

c 

T 

T 
o 

AT. 

U 

a 

t 

r0,rT 

Pj/Pr 

"«in^r 

Leakage factor 

Radlua of the seal ring 

Outer radius of the seal ring 

Inner radius of the seal ring 

Mean radius of the seal ring 

See Figure on p. 36 

See Figure on p. 36 

Seal response aotlon 

Tine corrdlnate 

Temperature of the solid < 

Initial temperature 

Temperature rise 

Temperature of the rotor 

Temperature of the seal 

Mean velocity of the seal 

See Figure on p. 36 

Radial dlsplaceawnt 

Thermal displacement 

Axial coordinate 

s/d 

fluid 



See Equation (B2), alao used as coefficient of tharaal expansion 

Coefficient of expansion of the rotor 

Coefficient of expansion of the seal 

2 2 2 
3(1 - V )/Ra¿ Hk¿ 

Axial Strain 

Amplitude of the circumferential waviness 

Amplitude of the second harsK>nlc waviness,. 

Dummy variable of ( 

Angular coordinate 

(ho - hl)/hl 

r -r 
. ( -2-1) 

Viscosity of the fluid 

Poisson's ratio 

Poisson's ratio of tha rotor 

Poisson's ratio of tha seal 

( r - • rl ) 

See Figure on p. 36 

Density of the fluid 

Factor determining the Inportanca of EHD effect 

Radial stress 

Factor determining tha Importance of THD effect 

Axial stress 

o>t 

Angular speed of tha seal 
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