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seal nominal clearance [m]

damping force cocfficients; e f= XY [N-s/m]

rotor diameter [m]

friction factors for bulk-flow model; see equation (A.1)

Moody’s turbulent flow Iriction factors at rotor and stator surfaces; see eqn (11)
dimensionless film thickness; 7 = H/e-= | + gxcos 8+ gsin 6

cos @, sinf

Y2 (k, + k;), dimensionless shear parameters in axial and circumferential

directions

[feRy, [R:, shear parameters at rotor and stator surfaces

stiffness force coefficients; ¢, f= XY [N/m]

inertia force coefficients; o, =X,V [kg]

fluid pressure [Pal

external supply and discharge pressures [Pa]

(P,-P,); pressure drop across seal [Pa]

(P-P, /AP, dimensionless pressure

(P.-P /AP, dimensionless pressure at seal entrance

dimensionless dynamic pressures for perturbations in the X, ¥ directions
rotor radius [m]

peLdc«R/us, nominal circumferential flow Reynolds number

pre+’ AP/u<R, nominal pressure flow Reynolds number

Re,(c+/R), modified pressure flow Reynolds number

p*&xu:f;,.r.., sgueeze [ilm Reynolds number

(p/u)H[(U - QRY + V1%, Reynolds number relative to rotor surface
(pAHTU + V17, Reynolds number relative to stator surface

mean surface roughness at stator and rotor [m]

APcs /=R, characteristic fluid velocity [m/s]

i1




u U/U~, dimensionless circumlferential bulk-flow velocity

v ViU, dimensionless axial bulk-flow velocity

(X1 inertial coordinate system

{xy) coordinate system on seal plane; {X.5} = {%.%}

o (1 + &), & empirical entrance loss factor

B wF%;; , entrance swirl factor

Y first order perturbed shear coefficients given in eqns. (10) and (13).
Ex. Ey ex/c’, ey/c’, dimensionless rotor eccentricities in X, ¥ directions
AEy, AEy dimensionless perturbed eccentricities

A CR/U, characteristic dimensionless rotor velocity

TRy TENT] fluid absolute viscosity [Pa-s], characteristic viscosity, (/-
pop=p fluid density [kg/m’], characteristic density, p/p-

a ws @R /e AP, whirl frequency parameter

T o, dimensionless time coordinate

0 angular velocity of rotor (1/5)

w excitation or whirl frequency (1/s)

Subscripts

¢ entrance

0 zeroth-order solution

r rotor

Ly stator

o, first order perturbations in X, ¥ directions

¥ characteristic value




EXECUTIVE SUMMARY

An analysis and computational program for the prediction of the seal force
response in the transition flow regime for annular seals are presented. The laminar
friction factor line and Moody's turbulent friction factor lines are connected with a cubic
polynomial in the transition regime from laminar to fully developed turbulent flow. This
curve fit provides a continuous shift in the friction factor through the transition flow
regime to turbulence. The modifications are incorporated into a seal program described
in San Andres (1991). The force coefficients for this analysis compared with those for
the traditional analysis are given for varying seal clearances. Predicted results indicate an
elimination of the discontinuities in the force coefficients calculated in conventional

analyses for annular seals.

INTRODUCTION

Annular seals are used to block secondary flows in turbomachinery. In pump
applications, seals operating as neck ring or interstage seals lessen leakage of the process
[luid from higher pressures to lower pressures. Black (1969) first described the effect of
annular seals on rotordynamic behavior. His conclusion that seals are a primary influence
on the behavior of high-performance turbomachinery has been the inspiration for many
innovations and advances in the study of annular seals. Unlike fluid film bearings, high
pressure gradients, large clearance to radius ratios, and low viscosity process fluids

typical in annular seals characterize the flow as turbulent in most cases. Black, et al.




Childs (1983) introduced an analysis which predicts the dynamic force response in
annular seals, For fully developed turbulent flows in both the axial and circumferential
directions, linear zeroth- and first-order perturbation solutions determine the static and
dynamic force characteristics of an annular seal. Childs’ model employs Hirs' turbulent
bulk flow theory (Hirs, 1973), where wall shear stresses are represented as a combination
of shear and pressure flow contributions. The friction factor developed in the flow is said
to be dependent on two constants which depend solely on the Reynolds number relative
to the rotor and stator surfaces.

Von Pragenau (1982) first analyzed the use of rough stators and smooth rotors in
annular seals, His findings indicate that intentionally roughened stators and smooth
rotors reduce undesired cross-coupled stiffness effects and improve seal stability. By
using a surface roughness model, Childs (1985) found that tapered seals decrease leakage
while providing an overall increase in damping. The need for an analysis adeguate to
model macroscopically rough surfaces led to the realization that Hirs® equation lacks the
physical insight necessary to represent these situations. Moody's friction factor, adapted
from the Moody diagram for pipe flow, accounts for both flow Reynolds number and
surface roughness, as introduced by Nelson and Nguyen (1987). These authors present
comparisons with Hirs’ friction factor model. For smooth seals Hirs' equation and
Moody's equation vielded nearly identical results; however, calculations based on
Moody's model deviated significantly for roughened seals, predicting higher direct and
cross-coupled stiffnesses and smaller cross-coupled damping coefficients. Historically,

Hirs' based models underpredict direct stiffness compared to measured values, and this




departure increases with increasing surface roughness. Thus, the results from Moody’s
equation indicate an improvement in the prediction of rotordynamic coefficients.

Until now, annular scals have been studied in the turbulent regime due to high
axial pressure gradients and large clearance to radius ratios typical of liquid/gas
applications. ~ However, annular seals used in the petrochemical industry typically
operate with high viscosity fluids and relatively low shaft speeds (1,800 to 3,600 RPM).
Increased clearances due to normal or unexpected wear cause seals that would normally
function in the laminar regime to operate in the transition regime to turbulence. Shapiro,
ct al (1991) have introduced an analytical formula to predict analyzes the performance of
annular seals in the laminar, transition, and turbulent flow regimes. However, their
model neglects fluid inertia effects.

San Andres (1991) presents a more detailed analysis for seals which includes the
elfects of Muid inertia and variable fluid properties on dynamic force response of annular
seals. The computational program desecribed m his analysis includes computations of the
rotordynamic force coefficients in both the laminar and turbulent flow regimes.
Predictions from the model compare well with other analyses and with available
experimental results. However, the lack of a sound analysis in the transition flow regime
leads to discontinuities in the predictions of the dynamic force coefficients, since the flow
i5 either laminar or fully developed turbulent flow with a sharp discontinuity in the

friction factor.




The objective of this report is to provide a more accurate tool for the state-of-the-
art design of annular seals. More specifically, the equations which govern the flow within
the annulus of the seal are modified to obtain more acceptable results by introducing a
universal friction factor equation valid for all regimes. These modifications for the
transition regime to turbulence are incorporated in the computer program developed by
San Andres (1991). The results obtained from the modified code are then compared to

the traditional analysis across the transition flow regime.

ANALYSIS

Figure | shows an annular seal operating at an eccentric position. (ey, ey) describe
the translational displacement of the shaft from its centered position. The shaft rotates at

angular speed €2, and the fluid is confined to the space in the annulus between rotor and

stator where H is the seal clearance. A pressure drop at the entrance of the seal due to
fluid inertia effects greatly influences the performance of the seal.
In the annulus of the seal, the continuity and momentum equations for isothermal

flow conditions are given for a variable property fluid as (San Andres, 1991):
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Figure 1. Geometrical Description of Annular Pressure Seal
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Refer to the nomenclature for a proper definition of all variables. Consider the rotor to
describe small motions of amplitude (Aey, Aey) at frequency @ about an equilibrium
position (exp. eyp). Then the film thickness is given in dimensionless form as
h=hy+(Ae Hy +Ag Hy '™ (2)
where
by = ’% =1+, cos8+€,,sin8 ; hy =cos#; h, =sinf
For small amplitude motions, the flow variables are also given in dimensionless form by
P=pyt “"H(‘:‘Eﬁ:f’ﬁ' +Agypy)
=1y +e'" (A€ gty + AE Uy )

V=1, +£*ir|[:iE_,rvx +AE vy )

_ (3)
P=py +E”{'ﬁ£.\*ﬁx Ea "j-E}'ﬁ_jr') = p(p)
;1=p,:,+{e”(.ﬁ5x;1x+ﬂ£}.#r)=,ur;p]; i=a/-1
k= kg + e (Ae gk + AE k) j=XYrny

Substituting these into the governing equations gives the zeroth-order dimensionless

equations (San Andres, 1991):

A s L
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The entrance pressure and circumferential velocity are prescribed as
O 3
Peu|;=ﬂ =1 _?Fr:"'n |?=[J : "ill_‘-.‘-:u = PA (3.a)

while the discharge pressure is set to
po(F="4%)=0 (5.b)

The first-order dimensionless equarions are given by (San Andres, 1991):
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where or = X, Y corresponds Lo rotor perturbations in the X and ¥ directions, respectively.

The boundary conditions for the perturbed fields are:

—amtes 2 = . ol .
F“E.T'ﬂ] =Z (pavﬂ +2_{)[,v”va) : “rr|5-=n =), and

(7)

The zeroth- and first-order dimensionless equations describe the equilibrium rotor

position and perturbed dynamic motions, respectively. The perturbed shear coefficients




found in the first-order equations (¥, Vi, Y etc.)

coefficients k,, k,, etc. The general form of the P

the following relationships:

i

arise from the perturbation of the shear

erturbed shear coefficients is given by
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where (ki,.fcl]={ : ]
L 2
In general, the shear coefficients at the rotor and stator surfaces are described by the
relations:

k ;= i (9)

For Reynolds numbers R, . < 1000 (laminar flow), the shear coefficients are

ky =k, =12, In this regime, the friction factor is just defined as

12

g o 10
k., R (10)

For turbulent flow (R., = 3000), the friction factor presently used corresponds to the

Moody equation presented by Nelson and Nguyen (1987). That is

£ =a| e ()] | (1)

where ay = 0.001375, by = 5%10°, e5 = 10%, and ey = Ko

Previous analyses have used the friction factor lor turbulent flow starting at
Reynolds number of 1.000. Figure 2 shows Moody’s friction factor versus Reynolds
number for increasing values of surface roughness. As shown in the diagram, transition
from laminar to turbulent occurs at Reynolds numbers between 1,000 to 3,000. For
simplicity, previous analyses extended the turbulent friction factor line through the
transition regime until intersection with the laminar friction factor line. To obtain a more
physically acceptable prediction, Shapiro et al. (1991) proposed a curve fit to the Moody

diagram connecting laminar and turbulent friction factor lines in the fransition regime.

)
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Using a cubic curve fit which most resembles available experimental data, the relation

proposed is
12 2 3 v fapa 53
T =g (=380, +280, )+ £, (387, - 283, (12)
Rr T AI -
where §, . =—"——, 4, =1000, A, =2000, (13)

and £, is Moody’s friction factor given by eqn. (11). The shear factors versus Reynolds
number is shown in Figure 3. A previously abrupt change at a Reynolds number of 1000
is now replaced with a gradual curve in the transition regime. Defining the following

equations:

0 R, . <1000

6¢,,(1- £, (K2, ~12)

L =4 - 1000 < R, <3000

(14)
0 R, . <1000

B, =80, (3-2¢,,) 1000 < R, , < 3000

g .

i R,, = 3000

and substituting the appropriate expressions into the general form of the perturbed shear

coefficients gives the following lengthy algebraic expressions:




Perturbed Shear Coefficients (15)
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These coefficients adjust the first-order equation for a more accurate prediction for the
dynamic force coefficients in the transition regime. The formulation provided applies to

the laminar, transition, and fully developed turbulent regimes.

PROCEDURE

The equations for the perturbed shear coefficients in the transition regime were
incorporated into the seal program described in detail by San Andres (1991). Test cases
were run using fluid properties representative of a process fluid (light oil) in the
petrochemical industry.  The following seal geometric parameters and operating
conditions were used.

P.— P, = 35 bars
L =0.0508 m D=01524 m

@ = 3000 RPM (314.16 /)
p =900 ky;

u=13x10" N
=01
E.x[:l =Er“ =U

(centered condition, smooth rotor & smooth stator)
In these calculations, the seal clearance was varied from 190 pum to 900 pm with a
nominal clearance of 381 pm. At the nominal clearance, the circumferential Reynolds
number (Re, = p-LRe+/it-) is 631.3 and the axial flow Reynolds number (p-Ve. /Ju. =

"enu ) 18 11932, The use of these particular range of clearances represents one of two




cases due to wear: 1) a seal initially designed to perform in the laminar flow regime
actually operates in the transition flow regime; or 2) a seal that is designed to work in the

transition flow regime actually operates in the turbulent flow regime.

RESULTS

Generally, discontinuities that exist at the beginning of the transition regime for
the conventional analysis are eliminated with the improved analysis. Figure 4 shows the
seal flow rate to increase with the seal clearance. Because the friction factor in the
transition regime for the modified case is lower than the traditionally used friction factor,
the leakage in the transition regime is predicted to be higher. Figure 5 shows the flow
Reynolds number (R;) and circumferential Reynolds number against the seal clearance.
The circumferential Reynolds number increases linearly with clearance: however, the
total Reynolds number increases slightly for the improved model over the conventional
madel. The fact that flow Reynolds number and circumferential Reynolds numbers are
nearly the same at small clearances indicates that shear flow governs the flow in the seal.
At large seal clearances, the flow within the seal is more dominated by pressure driven
flow shown by the large difference between the two Reynolds numbers.

Figure 6 shows that the drag torque 1s expected to continue decreasing from the
laminar flow regime to the onset of the transition flow regime. Minimum torque is
obtained at the onset of the transition regime and then rapidly increases into the turbulent

flow regime,
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Figures 7 through 12 depict the dynamic force coefficients as they vary with seal
clearance. The graph for the direct stiffness coefficients (Kyy. Kyy), shown in Figure 7,
shows that the direct stiffness continues to increase into the transition flow regime. After
reaching a maximum in this zone, the direct stiffncss coefficient generally decreases into
the wurbulent flow regime. Thus, an optimum (maximum) value for direct stiffness is
obtained just after the start of the transition flow regime. The cross-coupled stiffness
coefficients (Kyy = -Kyy) decrease from the laminar flow regime into the transition flow
regime, as shown in Figure 8. After increasing in the transition regime, the cross-coupled
stiffness coefficient decreases into the onset of turbulence. Figure 9 shows that the direet
damping coefficients (Cyy, Cyy) reaches a minimum in the transition flow regime after
decreasing from the laminar flow regime. The direct damping coefficients rise in the
transition zone but decrease into the turbulent flow regime. The cross-coupled damping
coefficients (Cyy = -Cyy), illustrated in Figure 10, generally decreases with increasing seal
clearance. The improved analysis shows a less dramatic drop in the cross-coupled
damping coefficient than predicted in the traditional analysis for the onset of the
transition flow regime.

The direct inertia coefficients (M., M,,) depicted in Figure 11 also decrease with
increasing seal clearance. From the laminar flow regime. the direct inertia is expected to
decrease into the transition flow regime. After increasing slightly, the direct inertia
continues decreasing into the turbulent flow regime. Figure 12 indicates that the cross-
coupled inertia coefficients dramatically decrease just after the onset of the transition flow
regime and remains mostly constant into the turbulent flow regime. The results suggest

erratic behavior of the cross-coupled inertia; however, this force coefficient is
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relatively small compared with the effects from the other force coefficients. For each
computation, the seal whirl frequency ratio remained constant at approximately 0.5 and
did not vary between the two models. A seal whirl frequency ratio of 0.5 is a natural
consequence of the inlet circumferential preswirl specified for the test cases.

A seal designed for use in the laminar flow regime may experience a large
increase in direct stiffness and a decrease in cross-coupled stiffness, direct damping, and
direct inertia upon entering the transition flow regime after wearing. A seal which
operates in the turbulent regime after wearing may undergo a general decrease in all of

the rotordynamic force coefficients.

CONCLUSIONS

Annular seals typically operate in the turbulent flow regime, because of high axial
pressure gradients and large clearance to radius ratios. However, high viscosity fluids and
relatively slow rotor speeds along with worn clearances typical in the petrochemical
industry induce flows in the transition regime to turbulence. Traditional models for
predicting force coefficients account for both laminar and turbulent flows simplifying the
flow in the transition regime as fully developed turbulent flow. To provide a better
physical model for the determination of rotordynamic coefficients, the equations which
govern flow in annular seals are modified to include a prediction for behavior in the
transition flow regime. A proposed cubic equation connecting the laminar friction factor
line to turbulent friction factor lines on the Moody diagram provides a more accurate

model for the friction factor within the transition flow regime. Computed predictions
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show elimination of the discontinuities that exist in traditional calculations for the
dynamic force coefficients. The improved analysis also indicates an optimum value for

direct stiffness just after the onset on the transition flow regime.

APPENDIX

Summary of friction factors used in the seal program HSEALM:

= 1000

[ ar

frs=3=—(1-38% +28%)+ £, (362 - 28, 1000 < R, , <3000 (A.1)

. R__=3000
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