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A combined analytical-computational method is developed to calculate the 
transient pressure field and dynamic coefficients for high-pressure annular seal 
configurations which may be used in interstage and neck-ring seals of multistage 
centrifugal pumps. 
convergent-tapered geometries which may have different (but directionally-homogeneous) 
surface-roughness treatments on the stator or rotor seal elements. 
particular to so-called "damper-seals" which employ smooth rotors and deliberately- 
roughened stator elements to enhance rotor stability. 

The solution procedure applies to constant-clearance or 

It applies in 

Hirs' turbulent lubrication equations are modified slightly to account for 
A perturbation 

The zeroth-order equations define both the leakage and 

different surface-roughness conditions on the rotor and stator. 
analysis is employed in the eccentricity ratio to develop zeroth and first order 
perturbation equations. 
the development of circumferential flow due to shear forces at the rotor and 
stator surfaces. 
and axial and circumferential velocity fields due to small relative motion 
between the seal rotor and stator. 
a centered position and does not employ linearization with respect to either the 
taper angle or the degree of swirl, i.e., the difference between the circumferential 
velocity at the given axial position and the asymptotic circumferential-velocity 
solution. 

The first-order equations define perturbations in the pressure 

The solution applies for small motion about 

Test results for four different surface-roughness confirm the predicted net 
damping increase for "damper seals". 
highest net damping and lowest leakage of all seals tested. 
stantially stiffer than predicted, but the theory does an adequate job of predicting 
net damping. 

A round-hole-pattern stator yielded the 
The seals are sub- 

NOMENCLATURE 

Dimensionless 

7, i? Dimensionless 

f (2) Dimensionless 

ai coefficients defined in Appendix A 

damping coefficients defined by Eq. ( 3 4 )  

clearance function defined by Eq. ( 9 )  

* The results reported herein were partially supported by NASA Contract NAS8-33716 
from the George C. Marshall Space Flight Center; Contract Monitor Frank Garcia. 
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h(z)  = H/? Dimensionless clearance function 

First-order perturbation clearance function defined by 
Eqs. (11) and (18) hl 

z, a Dimensionless seal stiffness coefficients defined by Eq. ( 3 4 )  

ms, ns 
mr, nr 

P 

= p/pv2 

4 

t 

uz = uz/V 

ue = Ue/RW 

ueo3 uei 
uzo’ uzl 
z = Z/L 

A 

Ai - 
C 

pS 

AP 

Dimensionless mass coefficients defined by Eq. ( 3 4 )  

Dimensionless empirical turbulence coefficients for 
stator and rotor 

Fluid pressure (F/L2) 

Dimensionless fluid-pressure introduced in Eq. (7) 

Dimensionless fluid-pressure perturbations introduced in 
Eq. (11) 

Taper-angle parameter defined in Eq.(10) 

Independent variable time (T) 

Dimensionless axial and circumferential velocity components 
introduced in Eq. (7) 

e Zeroth and first-order perturbations in u 

Zeroth and first-order perturbations in u 

Dimensionless axial coordinate 

Z 

Test orbit amplitude CL) 

Dimensionless coefficients defined in Appendix A 

Nominal seal radial clearance, (5) 

Seal discharge coefficients defined by Eq, (-16) 

Entrance and exit clearances, respectively, (L) 

Clearance function, illustrated in figure 2,  and defined 
in Eq. (17) , (L) 

Centered-clearance function defined by Eq, (91, (L) 

Seal length (L) 

Seal supply pressure ( F / L ~ )  

Nominal pressure-drop across seal (F/L2) 
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R Seal radius (L) 

Ra = 2pVH/p Axial Reynolds number 

= 2pfi-F/~ Centered-position, axial Reynolds number 

T=I L / v  

uz’ u8 

V (2) 

x, y 
Z, R8 

ct 

E = e/E 

A A  
E = e / 2 ~  

5 

x r 
T = t/T 

w 

R 

Transit time for a fluid element to traverse the seal 

Axial and tangential bulk-f low fluid velocity components (L/T) 

Centered-position axial fluid velocity (L/T) 

Radial seal displacements (I,) 

Spatial coordinates illustrated in Figure 2 

Seal taper angle illustrated in Figure 3 

Seal eccentricity ratio introduced in Eq, (11) 

Relative roughness 

Inlet pressure-loss coefficient 

Dimensionless stator and rotor friction-factors defined in Eq. (15) 

Dimensionless time 

Shaft angular velocity (T-l) 

Shaft precessional velocity (T-’), introduced in Eq, (22)- 

INTRODUCTION 

Figure 1 illustrates the two seal types which have the potential for developing 
significant rotor forces. The neck or wear-ring seals are provided to reduce the 
leakage flow back along the front surface of the impeller face, while the interstage 
seal reduces the leakage from an impeller inlet back along the shaft to the back- 
side of the preceding impeller. Pump seals may be geometrically similar to plain 
journal bearings, but typically have clearance to radius ratios on the order of 
0.005 as compared to 0.001 for bearings. Because of the clearances, and normally- 
experienced pressure differentials, fully-developed turbulent flow normally exists 
in pump seals. 

A s  related to rotordynamics, analysis of seals has the objective of defining 
the reaction force acting on a rotor as a consequence of shaft motion, For small 
motion about a centered position, the relation between the reaction-force components 
and shaft motion may be expressed by 
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The off-diagonal coefficients in Eq. (1) are referred to as llcross-coupled" and 
arise due to fluid rotation within the seal. 
develop significant direct stiffness values K in the centered, zero-eccentricity 
position due to the distribution between (a) inlet losses, and (b) the axial 
pressure gradient due to wall-friction losses. Lomakin [l] initially pointed out 
the phenomenon. Both analysis [2] and experiments [3] have shown the Eq. (1) holds 
for fairly large eccentricies on the order of 0.5; i.e., the dynamic coefficients 
tend to be relatively insensitive to changes in the static-eccentricity ratio. 

Seals, unlike plain journal bearings, 

Prior analytical and experimental developments have generally examined 
"smooth" seals where both stator and rotor elements of the seal are assumed to 
have the same nominally smooth surfaces. 
developments for this type of seal is provided in references [ 4 ]  and [5] and will 
not be repeated here. 
seal" configuration recently proposed by von Pragenau [6], which employs a smooth 
rotor and a deliberately surface-roughened stator element. For the same surface 
roughness on the rotor and stator, the asymptotic, circumferential, bulk-flow 
velocity is Rw/2 in the centered position because (a) the radial velocity distribu- 
tion is assumed to be symmetrical about the midplane, and (b) the circumferential 
velocity is zero at the stator wall and Rw at the rotor wall. 
analysis demonstrates that the damper seal yields a lower asymptotic circumferential 
velocity which implies a reduction in the destabilizing cross-coupled stiffness 
coefficient k and a consequential improvement in rotordynamic stability. 

k review of the analytical and experimental 

The subject of this investigation is the so-called "damper- 

Von Pragenau's 

Von Pragenau employs an approximate "short-seal" analysis to develop analytical 
expressions for the rotordynamic coefficients of constant clearance seals. The 
development of these analytical expressions is lengthy and.difficult. The combined 
analytical-computational approach used in this development yields an exact 
numerical solution to the governing equations for both constant-clearance and 
convergent-tapered seals with significantly less labor. 
modification to Hirs' [7] governing equation to account for different surface- 
rnughness conditions on the rotor and stator, the analysis procedure is baeieally 
that of reference [ 4 ]  and 151. 

Following a slight 

GOVERNING EQUATIONS 

Figure 2 illustrates a differential element of fluid having dimensions Rde, 
dz, and H (Z, 8, t). The upper and lower surfaces of the element correspond to 
the rotor and stator seal elements and have velocities of Rw and zero, respectively. 
The bulk velocity components of the fluid are Ue and Uz; i.e., these are the averages 
across the fluid film height H of the Circumferential and axial fluid velocities. 
The essence of Hirs' formulation is the definition of the wall shear stress T as 
the following empirical function of the bulk flow velocity Vw relative to thewwall 

no R ~ O  a 
v 
W 

% 7 = p l n 0  

The bulk flow velocities relative to the rotor and stator are, respectively 

V = (Ue-RW) 5 + U E 
It 2-2 

v =u&+u E -s 2 - 2  
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( 4 )  

Hence, the shear stress at the rotor and stator are 

V2 
T = p -nr r (2YT r 2 

T =p-yns V2 S ('";"r' 
S 

Hirs' formulation assumes that the surface roughness is the same on the stator and 
rotor; hence, the same empirical constants mo, no apply to both surfaces. The 
formulation of Eq. ( 4 )  accounts for different surface roughnesses in the seal 
elements via the empirical constants (mr, nr), (ms, ns) for the rotor and stator 
surf aces. 

The components of wall shear surface stress in the Z and R8 directions are 

9 vs = (Ue2 + U Z 2 ) 2  

Summing forces in the Z and Re directions for the free-body diagram of figure 2 (b) 
yields the following momentum equations*: 

[auz +- -  'e auz 
at R ae + p H  - 

ms+l 
+ (Ue/Uz)2] 2 - R ?E! ae = 2 p UzUe R T  

' e  sue] 
+ p H  [%+ at Rae - + uz az 

The bulk-flow continuity equation is 

*The continuity Eq. (6.c) has been used to simplify these momentum equations. 
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These equations may be nondimensionalized by introducing the following variables: 

T = L/?, b = ?/RU 

where 'F and v are the average clearance and axial velocity, respectively. 
resultant equations are 

The 

ms+l 

mr+l 

ae + ue(UT) -- 

PERTURBATION EQUATIONS 

Seal Geometry 

Figure 3 illustrates the geometry for a tapered seal. At the centered position, 
the clearance function is defined by 

(9) 
O1L 

2 
- 

H0(z) = (C + -) - CXZ = 11 + q (1 - 2z)J F = f C 

where 01 is the taper angle, and 
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- aL co-cl 
c = (C0 + C1)/2, q = -y = cO+cl 2c 

The parameter q is a measure of the degree of taper in a seal and varies from zero, 
for a constant-clearance configuration, to approximately 0.4 for a maximum-stiffness 
seal design [81. 

Perturbation Analysis 

The governing Eqs. ( 6 )  define the bulk-flow velocity components (ue, uz) and 
the pressure, p,  as a function of the spatial variables (Re ,  z )  and time, t, 
expansion of these equations in the perturbation variables 

An 

where E = e/c is the eccentricity ratio yields the following equations: 

Zeroth-Order Equations: 

(a) Axial-Momentum Equation 

dFo - -  o ) + 4q ] /2f3 dz - - [(aosos + "Or r 

(b) Circumferential-Momentum Equation 

-- 
dz 

(c) Continuity Equation 

u = llf 
20 

First-Order Equations 

(a) Axial-Momentum Equation 

aFl 
aZ - hiAiz - - zl A 32 

- -  

(b) Circumferential-Momentum Equation 
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(c) Continuity Equation 

Most of the parameters 
CTsy CT are defined by r 

- 
Os - 

of these equations are defined in Appendix A. The quanities 

where the wall friction factors are defined by 

1+ms l+mr 

A = nsR ms (1 + &) 2 , Ax = nrRZ (1 + & )  (15) 
S a0 

These expressions correspond to Yamada's [9 ]  test correlation €or flow between 
rotating annulli. 

SOLUTION PROCEDURES 

Zeroth-Order Equations 

The zeroth-order equations define the steady-state leakage and the circumferential 
velocity development u (z) due to wall shear. The governing equations, Eqs. (12), 
are coupled and nonlinear through the dependency of the coefficients a 
and T. 
velocity V corresponding to a specified pressure drop AP and the circumferential 
velocity distribution u 
Cd of the leakage AP refgtionship 

eo 
Or' aosy %o The equations must be solved iteratively to determine the average leakage 

( z ) .  The resultant solution defines the leakage coefficient 

B p = c d 2  pV' 

The pressure drop at the entrance 

(16) 

is defined by 

PV' (1+<) 
= 2 ( l + q ) z  

where 5 is an entrance-loss coefficient 
0.5. 

which is generally on the order of 0.1 to 
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’ 
&hl = -x cos0 - y sin0 

where 
- 

x = x/c, y = Y/E 

Note that hl is not a function of z ,  and its time dependency arises from the dis- 
placement variables x (t), y (t). 

is assumed: 
To satisfy circumferential continuity conditions, the following solution format 

u ( z ,  0, T) = u ( z ,  T) cos0 + uzls ( z ,  T) sin0 21 z 1c 
u81 (2, T, 0) = uelC ( z ,  T) cos0 + uelS (2, T) sin0 (19) 
N 

p1 ( z ,  8, T) = Ylc (2, T) + TlS (2, T) sin0 

Substituting from Eq. (19) into Eq. (13) eliminates 8 as an independent variable, 
and yields six real equations. By introducing the complex variables 

ZlC + jUZlS 3 = u  

Gel = uelC + ju 
21 

01s 

A 
Y 

& E  & 
- = - + j -  

into these equations, the following complex equations are obtained 

1 - j (UT) uo0 GZl + - - f az + 
A 
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with the A. coefficients defined in Appendix A. 
l. equations is eliminated by assuming a harmonic seal motion of the form 

The time dependency in these 

where r is a real constant. The associated harmonic solution can then be stated 
0 

A j QTT 
p1 (z, ‘1 = P1 (z> e 

Substitution from Eqs. (22) and (23) into Eq. 

where 

(21) yields 

(2q/f 3+j TT/ f )  81 

g2 -%e 

83 

- - 

- (Alz+2q/f 4+j rT/f 2, 

and 

r = n - wU (z) eo 

0 

Fb (L/R 

0 

The following three boundary conditions are specified for the solution of 
Eq. (24): 

(a) The exit pressure perturbation is zero; i.e., 
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- 
P1(L) = 0 (27) 

(b) The entrance circumferential velocity p tion is zero; i.e., 
- 
uBi(0) = 0 (28) 

(c) The pressure loss at the seal entrance is defined by 

P, - P(o, e ,  TI = - '(0, e, -o (1 + 5) 2 2  
which yields the following boundary condition: 

- 
P1(0) = - (1 + 5) uz1(0)/(l+q) (29) 

Solution of the differential Eqs. (24) in terms of the boundary conditions is 
relatively straightforward, yielding a solution for the velocity and pressure 
fields of the form 

Dynamic Coefficient Definitions 

Having obtained the pressure-field solution of Eq. (30), solution for the 
dynamic coefficients will now be undertaken. 
on the rotor due to shaft motion are defined by 

The reaction-force components acting 

FX(t) = -&RL oJ 1 oJ2T plcosededz = -&RLpv2 o!l o!2TF cosededz 
1 

From the last of Eq. (19), these integrals further reduce to 

(31) FX(t) = -&RL~rpv' ol 1 FICdz; Fy(t) = -&RLlTpv' J1 glsdz 
0 

The motion defined by Eq. (22) is orbital at the precessional frequency and 
radius Ro. 
to obtain 

This statement may be confirmed by compar Eq. (18) with Eq. (22) 

- - 
X = Cr cosQt, Y = Cro sin& (32) 0 

Definition of the reaction forces is simplified by performing the integration 
at a time when the rotating displacement vector is pointing along the X axis, i.e., 
when Qt = 0. 
Hence, Eq. (31) yields the following component force definitions parallel and 
normal to the displacement vector 

Eq.. (23) shows that j1 and p1 coincide for this time and location. 

1 Fr(QT> = -ro(TRLpv2) ol f3C(z)dz 
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The useful nondimensional version of these equations is 

(33) 

- 
where Ro = Cr 
function of Q!?, because. for a given seal geomezry CL, R, C) and set of operating 
conditions (AP, w), the excitation frequency QT is the only independent variable, 
Stated-differently, Eq. (33) provides a frequency-response solution for the reaction 
force components. - 

is the amplitude of seal motion, The components are expressed as 

To calculate seal coefficients, a comparable statement of reaction-force 
components is developed from the following nondimensional statement of Eq, (1) 

1 
TRAP 

- -  

Substitution from Eq. (32) yields 

9 1  

X 

(34) 
.. 
Y 

(35) 

Hence, the dynamic seal coefficients (K, k, C, cy M, m) may be obtained by 
comparing the solution obtained by Eq. (33) with Eq. (35). More specifically, 
they are obtained by a least-square curve-fit of the solutions stated on the 
right-hand side of Eq. (35). 

TANGENTIAL VELOCITY DEVELOPMENT 

The frames of figure 4 illustrate the circumferential velocity development 
u 
surface roughnesses. 
(mr, nr), (ms, ns). For the figures illustrated, the roughness of a smooth surface 
is defined by Yamada’s [9 ]  coefficients 

(z) which is predicted by Eq. (12b) for the same and different rotor and stator eo Roughness is characterized by the empirical coefficients 

mo = -0;25, no = 0.079 

while the parameters 

324 



mo = -.0024, no = 0.0262, 

h -  
corresponding to a theoretical relative roughness $ = e/2C = 0.1 are used for the 
rough surface. Observe that the solution converges towards one half irrespective 
of whether both surfaces are smooth or rough. However, in figure 4 (b) the 
asymptotic solution is less or greater than one half depending on whether one 
uses a smooth-rotortrough-stator or a rough-rotor/smooth-stator combination. 
results of figure 4 substantially support von Pragenau's [ 6 ]  central conclusion 
concerning the desirability of a rough-stator/smooth-rotor combination. 

The 

EXPERIMENTAT., RESULTS 

Introduction 

The test results reported here were developed as part of an extended, NASA- 
funded, high-Reynolds-number test program of pump seal configurations in support 
of the SSME (Space Shuttle Main Engine) development program. High-Reynolds numbers, 
which are comparable to those achieved in the cryogenic turbopumps of the SSME, are 
achieved by using CBrF as a test fluid. This is a DuPont-manufactured refrigerent 
and fire extinguisher $hid (Halon) which combines a high density and low absolute 
viscosity to achieve very low kinematic viscosity, actually less than liquid 
hydrogen [ lo ] .  Details of the flow loop are provided in [ll]. 

Figure 5 illustrates the test apparatus. The test fluid enters the center 
and discharges axially across the two test seals. Seal inserts are pressed into 
cylindrical seats in the housing. 
eccentrically in the rotor with an eccentricity A. 
a synchronously-precessing pressure field. Axially-spaced, strain-gauge, pressure 
transducers are provided to measure the transient pressure field. 
type proximity probes are provided to simultaneously measure the rotor motion X(t), 
Y(t) relatives to the housing. 
to define Fr/A and Fo/A, the force coefficients parallel and normal to the seal 
eccentricity vector. In any test, five to ten cycles of data, containing on the 
order of 2,000 data points, are analyzed, yielding a calculated average and standard 
deviation for Fr/A and F /A. The test results reported here were carried out to 
provide answers for the pollowing questions: 

The rotor segments of the seal are mounted 
Hence, rotor rotation generates 

Capacitance- 

The transient pressure measurements are integrated 

(a) How do predictions from the current theory compare to test results? 

(b) For damper seal configurations, (rough-stator/smooth-rotor) how do 
various roughness treatments compare in terms of leakage, stiffness, 
and damping? 

Stator Configurations 

Tests were carried out on the following stator configurations: 

(a) smooth finish, 

(b ) knur led-indent at ion roughness , 

(c) diamond-grid post pattern, 
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(d) round-hole pattern. 

All seals use the same radial clearance, Cr = .527 mu. 
illustrated in figures 6 .  
as that used in current test versions of the HPOTP (High Pressure Oxygen Turbopump), 
and the seal insert was supplied by Rocketdyne division of Rockwell International, 
the manufacturer of the SSME. The diamond-grid post pattern was manufactured by a 
milling operation which produced grooves which left the square post pattern. 
round-hole pattern.,was also produced by a right-hand milling operation. 

Seals b throagh d are 
The knurled-indentation roughness pattern is the same 

The 

Empirical Turbulence Coefficients 

With reference to the adequacy of current analysis, the stator and rotor 
roughness is characterized in terms of empirical coefficients. These coefficients 
must be calculated from the static test data before a theoretical prediction can 
be made for Fr/A and Fe/A, and calculation of these coefficients is the subject of 
this subsection. 

In the apparatus of figure 5, a smooth-seal insert is used in the left-hand 
side, while the damper-seal stators were inserted in the right hand side of the 
housing. To the extent possible, the same "very-smooth" finish was provided for 
both the smooth-seal insert and the rotor. Leakage rates and pressure gradients 
were measured for both the smooth and damper seals for all dynamic tests. 

The steady-state axial pressure gradient equation has the form 

Hence, with a measured pressure gradient and a known density p and axial velocity v, the parameter 0 can be calculated. 
efficient A by 

a is related to the friction-factor co- 

a = X  (+) 
The smooth-rotor/smooth-stator data were used to calculate or and X 
were assumed to apply for both the rotor and smooth stator. 
61 and R 
formula are calculated 

values which 

data, the empirical coefficients mr, nr of the following frictzon-factor 
From tbe h versus 

ao 
mr+l 
2 
- 

( 3 6 )  = nr Rmr [ 1 + (R6I/V) 2 ]  'r ao 

on a least-square basis, yielding 

nr = 0 , 0 6 7 4 ,  mr = - 0.217 
For the smooth-rotor/rough-stator combinations, a combined a" is measured, 

which is related to the corresponding rotor Or and (rough) statorCaS by 

2 S r 
ac= 'r*s - * C T  = 2 a c - a  ( 3 7 )  

This formula was used to calculate a for the rough stators by using measured values 
for 0 and calculating a value for CT from Eq. ( 3 6 )  with the parameters of Eq. ( 3 7 ) .  
The egpirical coefficients obtained for the stator inserts are provided in table 1, 
together with an estimate of the relative-roughness parameter corresponding to 
pipe-friction data. 

S 

The results are generally consistent with expectations, 
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except f o r  the  pos i t i ve  value f o r  m s  obtained f o r  t he  hole-pat tern s t a t o r ;  however, 
over the  Reynolds-number range t e s t ed ,  t he  combined f r i c t ton - fac to r  xc ac tua l ly  
increased ( s l i g h t l y )  with increasing Raofor t h i s  s t a t o r  i n s e r t .  

Dynamic T e s t  Data 

For a given seal configurat ion,  a test matrix is  obtained by varying the  a x i a l  
Reynolds number and running speed, 
capaci ty  of t he  supply pump and the  minimum AP s u f f i c i e n t  t o  generate reasonable 
t r ans i en t  pressure s igna l  amplitudes. For a given R value,  t h e  running speed i s  
var ied  sequent ia l ly  over t h e  running-speed capaci ty  of t h e  d r i v e  motors. Figures 
7 through 10 i l l u s t r a t e  t h e o r e t i c a l  and experimental r e s u l t s  f o r  the  four  s t a t o r s  
t e s t ed .  An inspect ion of these r e s u l t s  demonstrates "reasonable" agreement between 
theory and experiment f o r  F /A but  much l a rge r  Fr/A magnitudes a t  lower speeds than 
predicted.  Further ,  the  magnitude of F;/A decreases more rap id ly  with increasing 
running speed than predicted.  

The Rao range varies between the  maximum flow 

a 

0 

DISCUSSION OF EXPERIMENTAL RESULTS 

Comparison t o  Theory 

I f  a c i r c u l a r  o r b i t  of the  form 

X = A cosut Y = A sinwt 

i s  assumed, Eq. (1) y ie lds  the  following d e f i n i t i o n  of fo rce  coe f f i c i en t s  

F,/A = -K - c w  + MU* 
F0/A = k - CW 

where t h e  cross-coupled m a s s  coe f f i c i en t  m has been dropped as being neg l ig ib l e  i n  
comparison t o  the  inf luence of k and C. A t  f i r s t  glance, these  equations suggest 
t h a t  s u f f i c i e n t  independent equations could be obtained, i n  the  present  apparatus,  
t o  independently ca l cu la t e  a l l  the  rotordynamic coe f f i c i en t s  by holding the  f lowrate  
constant  and running a t  th ree  d i f f e r e n t  speeds. 
e f f i c i e n t s  depend on w precludes t h i s  approach. While K,  C y  and M are weak funct ions 
of w through t h e i r  dependence on 0, t he  "cross-coupled" coe f f i c i en t s  k and c are 
l i n e a r  funct ions of w. 
seal such t h a t  t he  i n l e t  t angen t i a l  ve loc i ty  is Ue0(o)  = Rw/2, then theory p red ic t s  
t h a t  k = Cw/2, c = Mu, and 

However, t he  f a c t  t h a t  the  co- 

I n  f a c t ,  i f  t h e  f l u i d  is  prero ta ted  p r i o r  t o  en ter ing  the  

Fr/A = -K, FO/A = -Cw/2 

The present  test apparatus provides no in t en t iona l  prero ta t ion ,  and the  expected 
r e s u l t  i s  of t he  form 

k = blCw/2, bl<l 

c = b2Mw, b2<l  

F e / A S  -C W =  -C(1-bl/2)w ef 
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Fr/A 2 -Kef + Mefw2 = -K+M(1-b2)w2 

The term Cef denotes the "net damping coefficient" resulting from the drag force 
CWA and the forward whirl excitation force kA. 
and experiment is obtained by curvefitting the theoretical and experimental results 
for the Fr/A and F /A to obtain predictions for Kef, C Note that the 
procedure of curvepitting the data with respect to w effminates the running-speed 
dependency. Further, K 
curve, and Cef is the sf5pe of the Fg/A versus w curve. 

Mef are given in table 2 for the stators tested, and support the following general 
conclusions: 

A direct comparison between theory 

, and Mef. 
is the zero-running speed intercept of the Pr/A versus w 

ef: 'ef' and A comparison of measured and experimentally-derived values for K 

(a) Direct stiffness values are substantially underpredicted by theory. This 
result is consistent with earlier water test results [S, 121. Improved 
correlation generally results at larger F/R ratios. 

(b) Net damping coefficients are overestimated by theory, but the agreement 
is reasonable and generally improves with increasing R 

The added-mass coefficient is substantially underpredicted by theory. 
However, this result is at variance with earlier water-test results 
[12] which show an overestimation of the added-mass coefficient. 

a0' 

(c) 

Relative Performance of Stators 

Gynamie Coefficients 

Figures 11 and 12 illustrate K for the stators tested versus AP, and 
can be used for direct comparison 
roughness designs. 

fness and effective damping of the 
The results support the following conclusions, 

(a) The knurled-indentation and the diamond-grid stators are, respectively, 
the most and least stiff. 
comparable stiffness. 

The hole-pattern and smooth stators have 

(b) The hole-pattern and diamond-grid stators provide, respectively, the most 
and least net damping. 
comparable net damping coefficients. 

The smooth and knurled-indentation stators have 

The disappointing performance of the diamond-grid stator is related to its larger 
average clearance. 
clearance of 0.889 mm as compared to the 0.527 mm minimum clearances of the remaining 
configurations. 

The relieving operation which yields the posts yields an average 

Leakage Performance 

To evaluate leakage performance, C is defined using the conventional discharge L coefficient Cd definition 
pV2 AP = Cd 2 

which yields 
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Hence , 

The coefficient C 
expected through seals having the same radius. Figure 13 illustrates C versus 
AP for the seal stators and demonstrates that the round-hole pattern an% smooth 
stators have, respectively, the best and worst performance. The knurled-indentation 
pattern has a slightly better leakage performance than the diamond-grid pattern. 

is a nondimensional relative measure of the leakage to be L 

CLOSURE 

A theory is presented, based on a simple modification of Hirs' turbulent 
lubrication equations, to account for different but directionally-homogeneous 
surface roughness treatments for the rotor and stator of annular seals. 
theoretical results agree with von Pragenau's predictions that a "damper seal" 
which uses a smooth rotor and a rough stator yields more net damping than a 
conventional seal which has the same roughness for both the rotor and stator. 

The 

Experimental results for four stators confirm that properly-designed 
roughened stators can yield higher net damping values and substantially less 
leakage than seals with smooth surfaces. 
leakage viewpoints uses a round-hole-pattern stator. 
stator suggest that, within limits, seals can be designed to yield specified 
ratios of stiffness to damping, Additional testing for this type of seal is 
scheduled for 1984-1985 to examine the influence of hole depth, hole shape, and 
the ratio of hole-relieved area to total surface area. 

The best seal. from both damping and 
Initial results for this 

APPENDIX A: PERTURBATION COEFFICIENTS 

ms+l - ms+l 
2 = (1 + +) 2 
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2 2 
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TABLE 11. - A COMPARISON OF THEORETICAL AND MEASURED VALUES FOR 
EFFECTIVE STIFFNESS, DAMPING AND ADDED-MASS COEFFICIENTS 
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Figure 1. Neck-ring and interstage 
seals. 

Y 

Figure 3. Tapered seal 
geometry. 

Figure 2. Seal differential element. 
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Figure  4(a) .  Pred ic ted  c i r cumfe ren t i a l  v e l o c i t y  

development f o r  t h e  same r o t o r  and s t a t o r  roughnesses. 
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Axlal Locstlon 
Figure 4(b) .  Pred ic ted  c i r cumfe ren t i a l  v e l o c i t y  

development f o r  d i f f e r e n t  r o t o r  and s t a t o r  roughnesses. 
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Figure 5. Test apparatus-, 
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Figure 6(a). Rocketdyne-manufactured, knurled-indentation 
stator insert. 
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Figure 6 ( b ) .  Diamond grid, 
post-roughness stator 
insert. 
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Figure 6 ( c ) .  Round-hole 
pattern stator insert. 
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F I N I T E - L E N G T H  THEORY 
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Figure 8, 
Measured and theoretical results 
for F /A and Fg/A; knurled- 
indenration stator. 
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FINITE-LENGTH THEORY 
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Figure 9. 
Measured and theoretical 
results for Fr/A and F /A; 
diamond-grid stator. 0 
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FINITE-LENGTH THEORY 
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Figure 10, 
Measured and t h e o r e t i c a l  
r e s u l t s  f o r  F /A and Fe/A; 
round-hole paEtern. 
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Figure 11. Kef versus AP f o r  s t a t o r  i n se r t s .  
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Figure 12. Cef versus AP for stator inserts. 
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