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ABSTRACT

This report presents a theoretical analysis of the visco-
type shaft seal when operating concentrically in laminar flow.
The analysis, which is patterned after the work of Boon and
Tal, shows the development of the sealing coefficient and dissi-
pation function. These two parameters have been computed for
the range of seal geometries most likely to be encountered in

practice and are presented in tabular form.
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I, INTRODUCTION

The visco seal, screw seal, viscosity pump, spiral groove seal or
bearing are some of the various names given the device whose working
principle is based on the head developed in a viscous fluid, enclosed in
a thin annulus or slit, by means of grooves on a rotating shaft or plate.
While the basic concept of the visco seal was formulated many years ago,
only recently has the device been seriously considered as a sealing element
in practical engineering systems, Recent studies of the visco seal, most
of which have been made abroad, have been prompted by the need for reliable,
long life, low leakage seals in critical engineering systems having demand-
ing sealing specifications. Such systems are encountered in the nuclear
power field and in the space programs.

A series of studies of various sealing concepts has been completed by
personnel of the Mechanical and Aerospace Engineering Department at the
University of Tennessee (1, 2, 3, L). These studies indicate that of the
various sealing concepts which may be considered for critical applications,
the visco seal seems to hold the most promise of successful application.

A similar conclusion has also resulted from other "state of the art studies"
(5).

Although the contact type seal, the mechanical face seal for example,
is widely used in normal engineering applications, the basic sealing mech-
anism is not well understood. Further, long experience points to a finite
life, Considerable disagreement exists as to the most appropriate method
of analysis and design (L).

The contactless seal has the advantage of long 1ife and a history of
reliable service. While many of the contactless seals are characterized

by large leakage rates, especially when used in compact designs, the visco



seal has the additional advantage of low leakage rates, Further, the visco
seal can be designed to function automatically as a shut down seal when the
shaft is not rotating., From a critical review (6) of all known published
gtudies of the visco seal, the work of Boon and Tal (7) appears to be the
most comprehensive and detailed analysis available on the subject.

The current program at the University of Tennessee, which is being
conducted under auspices of the NASA, embraces both laminar and turbulent
visco seal operation under concentric and eccentric conditions. While the
study of Boon and Tal considers only the laminar concentric case, this work
was selected as the basis for initial experimental studies under the present
program., The analysis presented in this report is patterned after the work
of Boon and Tal and presents the values of the sealing coefficient and the
dissipation function for a wicde range of geometries in a form which can be

readily used by the seal designer,

11, THEORY

The Sealing Coefficient

Consider a screw formed on a shaft located concentrically within a
cylindrical housing with a radial clearance c, The annular space is filled
with a fluid and the shaft is moving relative to the housing with an angular
velocity, w. The arrangement of the screw and housing is shown in Figure 1.
The threaded. length of the screw is 1, whereas the effective seal length is
I.. It has been observed that the performance of the visco seal or visco
pump having a threaded housing and a plain shaft is essentially the same as
for the arrangement shown in Figure 1. (8, 9).

Figure 2 shows a developed view of the visco seal geometry with two



sets of coordinates, The (X, y) axes are along and normal to the direction
of relative motion and the (g,n) axes are parallel and normal to the
grooves, The (x, y) and (g sM ) coordinate systems are related by:
§ = x cos« + y sina (1)
M=y cosd - X sind (2)
For simplicity the plain surface is assumed to have a velocity U = 1/2 oD,
Assuming a Newtonian fluid having a negligible change in density, the

equations of motion and continuity for laminar flow are:

pot = Fe- %:— + pIu )
PR - TV P
PO = - 2B /
%Lg_ + _Ba_l;__+ =0 (L)

Assuming steady incompressible flow, noting that c¢/D is so small as to render
w negligible with negligible pressure change in the Z direction, and neglect-
ing body forces as being small in comparison with viscous forces, there

remains from equation (3) the following gradients:

22w _ | oP
322~ M 3¢ (5)
' _ 1 2P
d2* M (6)



Integration of (5) and (6) gives:

2
U= 2—|/tl -a%zz+ Gz+C, (7)
=1 3P i Cz+ C
Z/u. aYLZ-f- 3z + 4 (8)

The velocities in the region of the grooves and in the region of the lands

or ridges may be determined by noting the following boundary conditions:

Along the lands Across the lands
up = U cosaat Z2=20 Vp = -Usinaat Z=0
U.r':o atZ=hr Vr"O atZ=hr
Along the grooves Across the grooves
ug = UcosaatZ=20 Vg = - Usinaat Z=20
ug = 0 at Z = hg Vg = 0 at Z = hg

Using the above boundary conditions the following velocity components may
be identified:

Along the lands

&

u.=—

r 37* e(zh )+UcosoC(|-— ;r) (9)

(0 %

Along the grooves

w ‘=——|———§——E—(2h i)"“UCOS &(l"’ ) (10)
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Across the lands

"=_2—'}I(3n)(2h -2%) =T sin oc(n—-——) (11)

Across the grooves

By D) e
Noting that the axial velocity components are

uy = u sina and (13)

vy = V cos a, (1k)

the axial flow components Qgr: Qgg, Cnr and Qug> ™Y be computed. The

width of the flow path for the € land flow component is (1 - ¥ )mD and
the path width for the § groove flow is ymD. The ratio of the groove

width to the groove plus land width is defined as ¥ .
b .
K = — See Figure 1 (15)

The axial component of the € coordinate land flow is:

he he
Q€r=(l-h’)ﬂDO/ur\jda =(u-x)1r% Up Sin € d2 (16)

Substituting equation (9) and integrating,

3 b
he 3 Uh
Q€r=('_X)TD{_Ef%_B—§_Sm ©F I s Sndlan



In a similar manner

3 =
_ _hg 30 Uhs o o« (18)
Q@%-XTFDI: iz T sind + > Cos SmcC.J
—]TD—— h: (_8_‘?) Cosd.—ph’SmoCCo o -1 (19)
Qnr‘ 2 M/, Z s l
e Uh |

The pressure gradients in equations (17) through (20) may be replaced by

the more convenient axial gradients by noting that:

QP _ 9P 4 5
o€ = 55 S\t noC, @n (21)
9
d
Noting, from Figure 2, that
hy = ¢, (23)
h = hg-hr, and (2L)
hg = ﬂ ¢ where (25)
B _h+tec (26)
c J

and substituting equation (21), equations (17) and (18) become:



3
Q= TRL=2E 3P (e 4 TOUGYe o

r- 12 M dy 2

5.3
Qeg™" “?zxff’c 31; Sin“ + TL;”EE Cos & Sin & -

The law of continuity requires that

Q_=Q .
nr neg

Thus,

Q= Qgr + Qgg + Qnr = Qgr + Qgg + Qng_

Combining equations (19), (20), (22) and (30) it may be shown that

dP B> 3P o X (B-1)
an)r B a‘j Cos L —+ BCZ Sin &

AN 4 _ o U(-x)(8-1)
(bn>3 B 3y Cos &b B2 Sin L

where:
B= pU-0+Y¥
Substituting equation (31) equation (19) becomes:

3
_mwDp 2 P st — TOUE [¥(e-)
lZp® 3y 2 | B

Que=

(27)

(28)

(29)

(30)

(31)

(32)

(33)

+ I]Smci Cos &£ (3L)



Substituting equation (32) equation (20) becomes:

—_TDEC’ 3P . 2 _vfo_m[-ﬁ’ﬂﬁ(ﬁ_-'_)] _
Q“ﬁ 1ZpB Y Cos o€ > B =y Sind Cos & (35)

¥ (B-1) R ()

+ 1 =p- B (36)

Thus, Q'er = ng as required by equation (29).
Writing the sine and cosine functions as tangents, letting t = tan a, and
substituting equations (27), (28) and (3kL) or (27), (28) and (35) into

equation (30), the axial flow becomes:

IP_ TDUc
Q=-C nbdd

[ Bty vi-nern®
C, = B+ ) (38)

(39)

c - _xt(n~x)(€3-l)(ﬁ-l)]
¢ 1 B(+t?)

While the visco seal may, under certain conditions, be useful as a sealing
device when a net axial flow exists, the most useful situation would be to

have Q equal to zero. OSubstituting:

-A]:E for —%—-Er- , setting Q = 0, and rearranging:




¢
é,u_zUL -2 (ko)
Apc

o

The dimensionless group on the left of equation (L4O) is defined as the

sealing coefficient.

_ tpUL _ BN+ Y-y (eR)°
A= epet = RHEE-) o

It is observed that /\ is a function of the seal geometry alone, Equation
(L1) has been programed for digital computation and the sealing coefficient
has been computed for the following ranees of goemetry factors:

t for a of 5° to 20°

p from 2 to 19

¥ from 0.1 to 0.8
The variation osz& as a function of geometry is graphically shown in Figures

3 - 6.

Note that the term L included in the sealing coefficient refers’as
shown in Figure 1, to the active seal length and not to the total threaded

length of the screw,

The Dissipation Function

Assuming steady state, neglecting thermal conduction and extrusion
energy, it may be shown that the time rate of energy dissipation in the

fluid by viscous action per unit veclume of flow is: (10, 11).



10

o= 12w
b= (2L

From i
e€quationsg (9) through (12)

%E" /4[ 2/,( aS (hr ZZ)-UC‘;~)5&]2

r

ea“’q[ffu o (hy-22) UC'C‘)SOC]
3

%”r= ._~l-
ne= M Zﬁ(gg)r(/,pzz)-f- U?)nd:jz

r

%" [ (an)?(h}—zz)+y§égi]z
¢

(k2)

(43)

(L)

(L5)

(L6)

(47)

(48)

(ko)



Substituting equations (Ll) through (L7)

qggr_ «2 (3;) /QT"‘C (50)

‘;

ha (37)* 20 s2
Yoy~ o (36) e 1)

— ar. U*Sin"k
%nr— IZ)M b‘ﬂ) * h - (52)

r

g~ T (3R], 7 e =

The components of power loss may be evaluated as the product of q' and the
associated area, The land area and groove area are respectively:

Ap = (1 -¥ )DL (5L)

Ay = ¥ L (55)

Thus the components of power loss associated with the flow components are:

PBer = (1-x)TDL ‘gg,. (56)
qsgg,z ¥ oL ablgc;, (57)
Bne= (=80T G 2
Fng= O %\g (59)

11



Substituting ¢ and ﬂc for h, and hg respectively, and noting that the total

power loss may be expressed as:

1= dgr " dgg * Apy * Iy, (60)

the total energy dissipation rate becomes:

41802 v 3L+ -0(32] + ve 2]

-

g (61)

Replacing the pressure gradients of equation (61) with %? according to

equations (21), (31) and (32), noting from equation (L1) that

dp . Ap _ 6MU
7L AL (62)

and writing the sine and cosine functions as tangents, equation (61) becomes:

4 Mm@y, X, 5 Eilgls-) -2 5) }

B+t + £ (1-3) (B> (63)
Equation (63) can be written as:
2
q = @ rrl-_(lc):LU "

where @ » the dissipation function,cerresponding to the bracketed term of

equation (63), is a function of the seal geometry,

12



b= ¢l+ ¢" (65)

#'=(1-v+ X) “
Yo 3[H(-N(B-NT(1-¥+3p7)
? { A+8) -+t (1-¥)(p*)* (")

¢'represents the loss due to Couette flow and is independent of the angle
a. @" represents the loss due to Poiseuille flow and depends upon a, ‘3 )

and ¥ . Equations (65), (66) and (67) have been programed for digital

computation.

The variation of @ with geometry is graphically shown in Figures

3"7.

Simplified Analysis of Dissipation Function

It has been sugeested that @", due to Poiseuille flow, was small in
comparison to @' and could be neglected (12). This approach assumes that

the power loss can be written as:

(68)

" = UABV
$=F 52

The velocity gradients are taken as U/c over the land area An., and U/pc

over the groove area Ag.

13



Thus,

5:/«(U[Iié£+%§] (69)

Noting that

Ay = ¥ wDL, and (70)

A.= (1 -¥ )DL, (1)

E=f‘1@3[1-‘0’+—;—] (72)

c
or
— DLU?
q = ¢'#TTC_ (73)
where
g - 1%+ = (75)

A

as in equation (66).

The magnitude of the error caused by neglecting the Poiseuille contri-
bution to the power loss is shown in Figure 7. The ratio ¢'/gf' varies,for
the region covered by Appendix B, from 0.0L5% to 71%. The smaller error
occurs with visco seals having low values of a and ¥ while the more
significant errors occur with larger values of a and ¥ . Since the larger
values of a and ¥ are of most interest for practical seals, as may be seen
from Figures 3 - 6, the simplified evaluation of the dissipation function

may often be questionable,

1k



IIT. DISCUSSION

Maximum Seal Head

From equation (L1) it is noted that for selected valuss of /j_, U, L
and c, the maximum seal head corresponds to a minimum value for N .
Taking partial derivatives of /\ with respect to ¥ , B and t, it is

observed that:

o\

SY 0 when Y= 0.5
%% =0 when /6 = 3.6533
0.5

AN t = 2 P
5t ~° when B3+ X (1-%)(#>1)

t = 0,28066 (a = 15.6772°), From equation (L1) A min = 10.9677 and

APrax becomes:

Abpax = 0.5k706 #%I:. (75)
(o]

Minimum Power Loss

The values of a,ﬂ , and ¥ which produce the maximum sealing head do
not, when substituted in equation (63), give the minimum dissipation function.
This fact can be observed from Fiesures 3 to 5. It was shown by Boon and Tal
that a limiting asymptotic value of the power loss was reached as ¥ — 1
and /6—-—00 (7). Introducing equation (L1) for /\ and rearranging, equation
(6L) becomes:

.2 6

2
e =QELET - M—-TTDUcA'p (76)

15



For the limiting conditions AP = 6 and

Qpin = "DUcAp (77)
Using ¥ = 0.5, /€= 3.6533, and t = 0,28066, the values corresponding to
MPraxs @ = 0,74296, and from equation (76) the power loss for the seal
giving Appax is:

g = 1.3581 nDUcAp = 1.3581 Qpin- (78)
The 1limiting condition can not be reached in practice; however, low values
of t@ can be obtained by appropriate selection of the geometry factors a,

ﬂ , and ¥ . For selected values of /3 s Boon and Tal computed the values

of ¥ and t for which ¢ became a minimum, These results are presented in

Table 1,
TABLE 1

Gecmetry Factors for Minimum Power Loss for

Selected Values of 3.  After Roon and Tal (7)
3 ¥ t o« A %
2 0.59 0.56lL18 29°26¢ 11.L3 | 1.0330
3 0.65 0.31798 17°38! 12,03 0.676L
L 0.70 0.21112 11°55¢ 12,42 0.58L0
5 0.74L 0.15530 8e50r 13.4hh 0.5120
6 0.77 0.12177 6°57! 1L, 70 0.L5L9
7 0.79 0.09928 5°Lo! 15.90 0.lh122
8 0.81 0.08379 Lele 17.31 0.3732
9 0.83 0.07267 gt 18.90 0.3381
10 0.8l 0.06355 3°38! 20,13 0.3154

16



Design Generalizations

The seal designer may have only limited opportunity to utilize the
designs of Table 1 due to limitations on screw generating machines, problems
of differential thermal expansion, anc¢ tolerance requirements imposed by the
fabrication techniques employed. Also, while a number of theoretical and
empirical analyses of the visco seal have been made, truly precise experi-
mental data suitable for correlation are not available (6, 13). The
generation of such data is one of the major objectives of the current
project, In the interim, however, some observations may be helpful to those
wishing to use the present analysis in visco seal design.

Comparing Figures 3, L, 5, which cover a normal range of a, it will be
noted that the minimum value of the sealing coefficient obtainable for the
various angles does not differ greatly. However, the seals with the lower
helix angles allow for a wider variation in /3 for a given sealing coefficient,
The lower helix angles also result in lower dissipation functions. As shown
in Figure 6, this difference is most evident in the desirable /8 range of 2.5
to 7.0. While a ¥ value of 0.5 produces the lowest sealing coefficient at all
helix angles, a substantial reduction in the dissipation function can be ob-
tained with only a modest increase in the sealing coefficient by utilizing a
larger value of ¥ .

The present analysis assumes laminar filow throughout the visco seal,
Therefore, based on the Taylor instability criterion this analysis is strictly

valid for operation below the critical Reynolds numbers which are:

17



=)
]

Uc P
e, * R < l1.1/p/2e (79)

=)
"

uBch
. . < hl.l\/D/2/Sc (80)

The frictional losses occur largely in the land regions of the seal and the
head developed is more dependent upon the groove flow., Thus, it would be
expected that equation (79) should be used as the limiting condition when
the dissipation function is being calculated and equation (80) is more
appropriate when the sealing coefficient is being considered., The data
presently available lend support to this generalization (12).

The present analysis also assumes that the plain and threaded surfaces
are concentric, Such a situation is most unlikely in actual practice and no
data are presently available which account for the expected eccentricity.

A very 1imited aralysis which attempts to include eccentricity has been

made (12), This analysis starts with the assumption that the seal head
developed varies inversely with eccentricity in a manner similar to the
variation of axial flow through a plain annulus as a function of eccentricity,
If both the shaft and sleeve are ungrooved, thus forming a simple annular
flow system, then /5 =1and ¥ = 0 or 1. Under this condition equations
(38) and (39) reduce to:

C5=1and06=0.

18



- Thus equation (37) becomes

3
Qeone = - ;gﬁk %? (81)

However, when Q is set equal to zero the pressure gradient becomes zero
and the seal is incapable of developing a sealing head. Equation (81)
represents the flow through a concentric annulus due to the imposed
gradient. Also, for the plain annulus it may be shown that the flow under

eccentric conditions due to the imposed gradient is expressed by

2 [1+1.5% , (82)

where the factor [; + 1.582] varies from 1 to 2.5 as the eccentricity ratio
varies from O to 1 (L), ¥%hile the laminar flow through an eccentric annulus
due to an imposed pressure gradient is correctly presented by equation (82),
it aprears premature to assume that the developed seal head will deteriorate
in a similar manner, A series of erxperimental tests, including measurement
of the seal eccentricity, is scheduled as a part of this program and should
help to resolve this questicn., WNevertheless, all of the experimental data
avajlable reflect the fact that the actual head developed in the visco seal
is less than that given by equation (L1). Hughes (1lL) found that the head
developed by the visco seal was about 12% below the calculated value,
Asanuma (8) noted a deviation of about 22%, and Boon and Tal (7) suggest
that a deviation of 20 to 50% be assumed in making use of the theoretical
head calculation. The deviations referred to above were due to errors in

temperature measurement, thermal expansion of the seal, vibration, and other

experimental anarolies as well as the lack of concentricity.

19



NOMENCLATURE

A

B

area

geometry factor defined by equation (33)

Cy,C2,C3,C), constants of integration

Cg,C¢
D

F

U,v,w
X,V ,2

s

coefficients defined by equations (38) and (39)
seal diameter

field force

active seal length

sealant flow

surface velocity

axial land width

axial groove width

radial clearance

groove depth

film thickness (hg’hr)

length of seal thread

pressure

power loss

power loss per unit surface area

power loss per unit flow volume

tangent of helix angle «

velocity components in & , V1 , 2 coordinates
coordinates

coordinates

helix angle



»

¥

A

¢
¢
¢

/A

=

=
+
Q

(¢}

o

+

a+hb
sealing coefficient

dissipation function

Couette component in <§

Poiseuille component in ?

absolute viscosity

eccentricity ratio

in region
in region
in region

in region

/9 density

Subscripts

r refers to land

g refers to groove

Er refers to § direction
nr refers to m direction
€8 refers to § direction
e refers to n, direction
y refers to axial comronent
conc concentric

ecc eccentric

of land
of land
of groove

of groove
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