
r 

' L  

z 

CENTKAIJ KESEARGH LIBRARY 
DOCUMENT COLLECTION 

I l l \ \  Ill1 Ill \I I 
ORNL-2110 v Engineering 

,.,,.,..... - 

I 
3 L(L(56 0350286 8 

ANALYSIS AND DESIGN OF THE FROZEN SEAL 

J. F. Bailey 

!? 

arrange i I 

NAL LABORATORY 

UCLEAR COMPANY 
A Division of e and Carbon Corporation 

OAK RIDGE, TENNESSEE 

UNCLASSI FIE0 



Pr inted in USA. Pr ice -cents. 20 Avai lab le from the 

Of f ice of  Technico l  Services 

U. S. Deportment of Commerce 

Woshington 25, D. C. 

7 LEGAL 
Th is  report was prepared as an  account of Government sponsored work. Neither the Uni ted Stotes, 

nw the Commission, nor any person acting on behalf of the Commission: 

A. Makes ony warronty or representation, express or implied, w i th  respect t o  the accuracy, 

completeness. or usefulness of the informotion contained i n  th is  report, or that the use of  

any information, apparatus, method, or process d isc losed in  th i s  report may not in f r inge 

pr ivate ly  owned rights; or 
8. Assumes ony l i ab i l i t i es  w i th  respect to  the use of, or for domages resul t ing from the use of 

any informotion, apparatus, method, or process d isc losed in this report. 

As used in  the above, "person act ing on behalf of the Commission" includes any employee or 

contractor of the Commission ta  the extent thot such employee ar cantractor prepares, handles 

or distr ibutes, or provides occess to, any informotion pursuant t o  h i s  employment or contract 

w i th  the Commission. 



UNCLASSIFIED 
ORNL-2110 

Contract No. W-7405-eng-26 

ANALYSIS AND DESIGN OF THE FROZEN SEAL 

J. F. Bailey 

DATE ISSUED 

FEB 1 2  1957 

. 

OAK RIDGE NATIONAL LABORATORY 
Operated by 

UNION CARBIDE NUCLEAR COMPANY 
A Division of Union Carbide and Carbon Corporotion 

Post Office Box P . I b m ~ I ~  UI~IFTTA ENERGY SYSTEMS LIBRARIES 

iiii iiniini iiliiniii II IIII III II 11 11 nil IIIII Oak Ridge, Tennessee 

UNCLASSIFIED 3 4 4 5 b  0350286 a 





UNCLASSIFIED 
ORNL-2110 
Engineering 

TID-4500 (12th ed.) 

e 

INTERNAL DISTRIBUTION 

1. C. E. Center 
2. Biology Library 
3. Health Physics Library 

4-5. Central Research Library 
6. Reactor Experimental 

Engineering Library 

27. Laboratory Records, ORNL R. C. 
28. A. M. Weinberg 
29. L. B. Emlet (K-25) 
30. J. P. Murray (Y-12) 
31. J. A. Swartout 
32. E. H. Taylor 
33. E. D. Shipley 
34. M. L. Nelson 
35. S. C. L ind  
36. F. L. Culler 
37. G. E. Boyd 
38. A. H. Snell 
39. A. Hollaender 
40. M. T. Kelley 
41. K. Z. Morgan 
42. J. H. Frye, Jr. 
43. E. P. Blizard 
44. C. P. Keim 
45. R. S. Livingston 
46. T. A. Lincoln 
47. A. S. Householder 

7-26. Laboratory Records Department 

48. C. S. Harrill 
49. C. E. Winters 
50. D. W. Cardwell 
51. E. M. King 
52. A. J. Miller 
53. D. D. Cowen 
54. R. A. Charpie 
55. J. A. Lane 
56. S. J. Cromer 
57. W. H. Jordan 
58. J. P. Lane 
59. J. F. Bailey 
60. E. R. Dytko 
61. A. P. Fraas 
62. A. G. Grindell 
63. J. J. Simon 
64. W. L. Snapp 
65. H. C, Young 
66. W. G. Cobb 
67. L. V. Wilson 
68. P. M. Reyling 
69. G. C. Williams 
70. A. W. Savolainen 
71. R. R. Dickison 
72. M. J. Skinner 

73-74. ORNL - Y-12 Technical Library, 
Document Reference Section 

EXTERNAL DISTRIBUTION 

75. Division or Research and Development, AEC, OR0 

category (200 copies - OTS) 
76-651. Given distribution as shown in TID-4500 (12th ed.) under Engineering 

UNCLASSIFIED ... 
I l l  





UNCLASSIFIED 

CON T E NTS 

SUMMARY. ...................................................................... 

INTRODUCTION .................... ....................................................................................................... 

THE OR ET I CA L ANALYSIS . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. ... . .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , .. . . . . . . . . . . . . . . .. . . . . . . . 
Power Requirements ................................................................................................................ 
Leakage Rate ...... 

APPLICATION OF ANALYSIS .................................................................................................. 
Power Considerations ..................... ..........,....... ............................ 
Leakage Considerations .......................................................................................................... 

DESIGN CONS1 DERAT IONS .............................................. ........................................................ 

CLOSURE ................................. ....................................................... 

NOMENCLATURE .............. 

. . . . . . . . ....................................................................... 

1 

1 

1 
1 
2 

3 
4 
4 

6 

9 

9 

UNCLASSIFIED V 



ANALYSIS A N D  DESIGN O F  THE F R O Z E N  SEAL 
J. F. Ba i ley '  

SUMMARY 

As a result of a theoretical analysis of an in- 
f in i te ly long frozen seal, an equation has been 
derived for relat ing the power required to  drive 
the seal, the viscosity o f  the l iquid being sealed, 
the shaft speed, and the dimensions o f  the seal. 

Theseal i s  expected to leak at  a slow but steady 
rate. An equation i s  given for the volume leakage 
rate as a function of the v iscosi ty of the l iquid 
being sealed, the pressure difference across the 
seal, and the dimensions o f  the seal. Since it i s  
possible that leakage from the seal may be pre- 
vented by surface tension effects, an equation i s  
given for the maximum pressure difference without 
leakage as a function o f  surface tension and f i lm 
thickness. 

The theoretical analysis indicates that in order 
to keep power requirements and the leakage rates 
low the shaft diameter, shaft speed, pressure 
difference, seal length, and f i lm thickness should 
be as small as practicable. 

Because of the differences in physical properties 
some substances are easier to seal than others. 
For example, the analysis indicates that a frozen 
lead seal w i l l  be less d i f f i cu l t  to operate than a 
frozen sodium seal. 

With the theoretical analysis used as a basis, 
the procedure for designing a frozen seal i s  out- 
lined. The various factors which enter into the 
design of a frozen seal are discussed. A frozen 
sodium seal for a pump i s  used as an example to 
show how to apply the theory for design purposes. 

The small amount of experimental information 
avai lable indicates that the frozen seal may be a 
satisfactory type o f  seal for certain applications. 
However, additional experimental in formati on i s 
needed for checking the val id i ty of the theoretical 
analysis and for determining more completely the 
operating characteristics of this type of seal. 

I N T R O D U C T I O N  

A frozen seal i s  one in which the liquid, whose 
leakage is to be prevented, i s  frozen to form i t s  
own seal. In general appearance this seal i s  
similar to a iournal bearing. The shaft f i t s  into a 
housingwith a radial clearance of the same general 

magnitude as the radial clearance of a iournal 
bearing. The housing or the shaft or both are 
cooled to a suff iciently low temperature that the 
l iquid i s  frozen in the clearance. 

Figure 1 shows schematically a short length of 
an inf in i te ly long seal in which cool ing takes 
place from the housing only. It i s  assumed that 
not a l l  the material in the clear space i s  sol id 
but that a thin l iquid f i lm exists between the shaft, 
which i s  turning, and the material which has 
frozen to the housing. 

When the seal i s  in operation, power must be 
supplied through the shaft to shear the l iquid 
film, and, i f  a steady state of equilibrium i s  to be 
maintained, the heat transfer rate aut of th is f i lm 
must be equal to the power input. The total heat 
transferred from the seal w i l l  include any heat 
transferred in an axial direct ion through the shaft, 
the seal material, and the housing. 

T H  E 0 R E T I  CA L A N A L Y S I S  

Power Requirements 
As w i l l  be evident later, the thickness of the 

l iquid f i lm i s  extremely small when compared with 
the radius of the shaft. Therefore i t  i s  assumed 
that the velocity gradient i n  the f i lm i s  constant 
and that the shear stress may be expressed as 

2nRN 
t 

s = p-  , (1) 

where 

s = shear stress, psi, 
p = absolute viscosity, Ibf.min/in.* (see ref. 2), 
R = shaft radius, in., 
iV = shaft speed, rpm, 
t = f i lm thickness, in. 

The power required to drive the seal i s  expressed 
as 

( 2 )  P = ~ ( 2 r r N )  = s(27iRL) R ( 2 n N )  
= 4n2sR2LN , 

where P = power, in.*lbf/min, T = torque, Ibf-in., 
and L = seal length, in. Combining Eqs. 1 and 2 
gives 

8 n 3 p N 2 L R  
P =  

t 
~~ 

'Consultant, Universi ty of Tennessee. 21bf = pound force. 



UNCLASSIFIED 
ORNL-LR-DWG 14652 

Fig, 1. A Short Length of an In f in i te ly  Long Seal. 

Equation 3 becomes 

L 
P = 1.41 x lo-’’ p N 2 D 3  - , 

t (4) 

where P = power, w, p = viscosity, centipoises, 
D = shaft diameter, in., and N ,  L ,  and t have the 
same units as above. 

Leakage Rate 

If the frozen seal exists as described above, 
then the l iquid f i lm adjacent to the shaft i s  a 
source of leakage. To obtain an expression for 
the leakage rate it i s  assumed that laminar flow 
occurs through the l iquid f i lm annulus. Figure 2a 
shows part of a cross section of a seal, and Fig. 26 
i s  an axial section of the l iquid annulus. A summa- 
t ion of the axial  forces on the annular r ing of f lu id 
represented in Fig. 2 b  as being L long and 2r 
thick yields 

( p ,  - p,) (2n-R)  ( 2 r )  = 2 s ( 2 n R )  L , since r << R ;  

or 

S L  

r 
h p = -  , 

where p = pressure, psia, and r = radial distance 
from center l ine of l iquid annulus, in. Since lami- 
nar flow i s  assumed, 

du 

d r  s =  -P- I 

where u = axial velocity of the fluid. Substituting 

this expression into Eq. 5 results i n  

pL du 

r d r  
Ap = -- - 

or 

r d r  . AP 
PL 

Integrating the above expression and using the 
condit ion that u = 0 when r = t / 2 ,  the fo l lowing 
expression for velocity i s  obtained: 

du = -- 

The leakage rate may be found from 

V = St/’ u ( 2 n R ) d r  . 
- t / 2  

Substituting for u from Eq. 6 and integrating re- 
sults i n  

where V = leakage rate, in.3/min, and p = vis- 
cos ity, I bfsrni d i n .  ’. Also 

where V = leakage rate, cc/day, and p = vis-  
cos i ty, cent i poi se s. 

2 
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Fig. 2. L iqu id  F i lm  Annulus. ( a )  Cross section 
of seal; (6) oxial  section of l iquid annulus. 

It i s  possible that because of surface tension 
there w i l l  be no leakage from the seal. (There w i l l  
be leakage in the sense that evaporation w i l l  
occur.) Figure 3a shows the outer end of a frozen 
seal in which the l iquid f i lm i s  held wi th in the 
seal by surface tension. The shape of the meniscus 
and whether or not a stable meniscus i s  possible 
w i l l  depend on the value of the surface tension 
and on whether the l iquid does or does not wet 
the sol id surfaces. I t  appears that i f  the l iquid 
wets the shaft a meniscus w i l l  not form and leakage 
w i l l  occur. On the other hand, i f  the l iquid does 
not wet the shaft, a meniscus may form. Under 
the latter condit ion a cross section of the meniscus 
would probably appear as shown in Fig, 36. 

A summation of forces which act on the meniscus 
in an axial direct ion gives 

2 SRW 

L 

Fig.3. Meniscus a t  Outer End of Seal. (a) Seal; 
(b )  cross section of meniscus. 

psi, u = surface tension, Ibf/in., and 6 = an angle 
as shown in Fig. 36. W i t h  0 = 45 deg, Eq. 10 
becomes 

1.7070 
Q = - *  

t 
( 1  1) 

Also  

U 
hp = 9.75 x 10-6 - , t (12) 

where u = surface tension, dynes/cm. 

A P P L I C A T I O N  O F  ANALYSIS  

Equation 4 may be writ ten 

2nRtp = 2nRtp, + 2nRu + 2nRu cos 8 
or For sodium and lead, Eqs. 4, 9, and 12 become, 

respect i ve I y , 

(46) 

U 
(10) p - pa = Ap = (1 + COS 8 )  - , 

t P N2D3 - = 0.99 x lo-'' - 
L t ,  where Ap = pressure difference across the seal, 

3 
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Power Considerations 

Equation 46 relates the power requirements of a 
frozen sodium seal wi th shaft speed, shaft diameter, 
f i lm thickness, and seal length. Since it i s  de- 
sirable to  minimize the power required, the shaft 
speed and shaft diameter should be as small as 
practical. Figures 4 and 5 show graphically the 
ef fect  of shaft speed and shaft s ize on the power 
required. 

The curves in  Figs, 4 and 5 also indicate that 
the lower speeds and smaller shaft sizes w i l l  
give more sensi t ive seals. The sensi t iv i ty i s  re- 
f lected by the slope o f  the P/L vs t curves. At 
any particular f i lm thickness, changes i n  f i lm 
thickness per uni t  change in  power occur to a 
greater extent wi th the smaller diameters and the 
slower speeds. In the operation of a frozen seal, 
f luctuations in  cool ing rate are inevitable and 
they resul t  in  changes in  the f i lm thickness. A 
decrease i n  cooling rate may produce a large 
enough increase in  f i lm thickness to  start a leak or 
t o  increase the leakage to the extent that the seal  
wi I1 be destroyed. An increase i n  cooling rate may 
cause a reduction in  f i lm thickness suff ic ient  t o  
permit the rubbing of  so l id  on sol id and perhaps 
cause seizure. Therefore, from the standpoint of 
low power requirements, the shaft s ize and speed 
should be small; yet from the standpoint of a safe 
and stable seal these quantit ies should be large. 

Inspection of Eq. 4b and Figs. 4 and 5 also indi- 
cate that the f i lm thickness should be large in  
order to  keep the power requirements low but that 
a small value of t i s  desirable for safety and 
stabil ity. It i s  to be observed further that the 
seal length affects the power direct ly but i s  not 
involved in  determining the sensi t iv i ty of the seal. 

400 

350 

3 00 

- 250 
c , .- 
3 
I 

W g 200 
a 

4 \ 4 

i 50 

f 00 

50 

0 
0 20 40 60 80 400 

1 ,  FILM THICKNESS (pin.) 

Fig. 4. Power v s  F i l m  Thickness for a Frozen 
Sodium Seal for D = 3 in., P / L  = 26.7 x 
N 2 / t ,  and N = 800, 1200, and 1600 rpm. 

Based on the above analysis and from a power 
requirement standpoint only, the shaft speed and 
shaft s ize should be as small as the sppl icat ion 
w i l l  permit; the seal  cool ing rate should be as low 
as safety w i l l  permit; and the seal should Le as 
short as is  pract ical  to build. 

A comparison of the power requirements for lead 
and sodium i s  shown in  Fig. 6. Because the vis-  
cos i ty  of lead i s  greater a t  i t s  melting point than 
the viscosi ty of sodium at  i ts  melting point, more 
power is  needed to operate the frozen lead seal. 
However, a comparison of the slopes of the power 
curves indicates that the lead seal would be the 
easier to  control. . 

Lea kage Cons iderations 

In  analyzing the leakage from the seal, two possi- 
In one case the leakage b i l i t ies  were considered. 

4 
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Fig. 5. Power vs F i l m  Thickness for a Frozen 
Sodium Seal for N = 1200 rpm, P / L  = 1.43 x 
D 3 / t ,  and D = 2 and 3 in. 

rate was based on laminar f low through an annulus; 
i n  the other the surface tension was considered as 
being able to prevent leakage. The f i rst  of these 
seems to  be the more logical and w i l l  be considered 
first. 

Equation 9u expresses the leakage rate as a 
function o f  f i lm  thickness, shaft diameter, pressure 
difference, and seal length; a d  for a 3-in.-dia 
seal Fig. 7 shows graphically how the leakage 
rate varies w i th  pressure difference per uni t  length 
and with f i lm thickness. From Eq. 9u i t  may be 
observed that the f i lm thickness, the pressure 
difference, and the D / L  ra t io  should be small to  
prevent excessive leakage. 

In the event that wett ing of the shaft does not 
occur and a stable meniscus forms, Eq. 12 and 
Fig. 8 are applicable. They relate the pressure 
difference and the maximum value of f i lm thickness 
which w i l l  prevent leakage. 
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0 20 40 60 80 100 
f ,  FILM THICKNESS ( p  ) 

Fig. 6. Power vs F i lm  Thickness for a Frozen 
Sodium Seal and for o Frozen Lead Seal. 

Considering both the power requirement and the 
leakage rate, it i s  desirable to have the shaft 
diameter, the shaft speed, and the pressure di f -  
ference as small as practical for the particular 
application. 

The f i lm thickness should be large to keep the 
power required small but should be small to  pre- 
vent large leakage rates. Just the opposite is 
true for the seal length; the seal should be short 
for low power and long for small leakage. How- 
ever, it i s  believed that both the f i lm thickness 
and the seal length should also be made small. 

Certain practical considerations l im i t  the extent 
t o  which L and t may be reduced. As L i s  made 
smaller, the coolant passage in the seal housing 
must become smaller, and it would be unwise to  
restr ict  the coolant passage to the point where 
there is danger of clogging it. It i s  equally un- 
desirable to reduce t to where there i s  danger of 

5 
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Fig. 7. Leakage Rate v s  Pressure Difference 
for a Frozen Sodium Seal. 

solid-to-solid rubbing in  the seal. This l imi t ing 
value of t w i l l  be established by the surface 
roughness of the shaft and of the frozen seal 
material. 

Because of differences in  physical properties 
(mainly the surface tension and viscosi ty)  some 
substances appear to  be easier t o  seal than 
others. Figures 8 and 9 compare the leakage 
characteristics of sodium and lead. For the case 
of no leakage Fig. 8 shows that for a given value 
of f i lm thickness the lead seal w i l l  stand a greater 
pressure difference than the sodium seal. For the 
case in  which leakage may occur Fig. 9 indicates 
that the sodium leakage rate w i l l  be greater than 
the lead leakage rate for the same value of A p / L .  
Thus, regardless of which concept of the leakage 
problem i s  correct, the lead seal w i l l  be easier to 
operate than the sodium seal. 

4 0 0  

3 5 0  

300  

- 
5 2 5 0  
W 
0 
z W 

n W L L  

2 0 0  
n 
W 
n 3 
m 
Ln W 

Q 

9 

n 450 

a 

4 00 

50  

C 
0 2 0  40 6 0  80 400 

t ,  FILM THICKNESS ( p i n  ) 

Fig. 8. L imi t ing Pressure Difference vs  F i l m  
Thickness for a Frozen Sodium Seal and for a 
Frozen Lead Seal. 

DESIGN CON SID ER A T  IONS 

The choice of many of the factors which describe 
a frozen seal i s  determined by considerations other 
than the operation of the seal. The material to be 
sealed, the shaft speed, the shaft diameter, and 
the pressure difference wil l, i n  general, be f ixed 
by the particular application. For example, i f  the 
seal were for a pump, the speed and pressure 
difference would be determined by the desired 
pump characteristics and the shaft size would be 
established from strength and r ig id i ty  considera- 
tions. Where some choice in  the magnitude of 
these factors exists, seal considerations show 
that a l l  should be as small as practical. 

As an example, l e t  it be assumed that for a 
frozen sodium seal 

N = 1200rpm , 
D = 3 i n .  , 

hp = 2 psi  . 

6 
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0 2 4 6 a 10 
& p / L ,  PRESSURE DIFFERENCE i ps l / i n )  

Fig. 9. Leakage Rate vs  Pressure Difference 
for a Frozen Sodium Seal and for a Frozen Lead 
Sea I .  

For this seal Eqs. 46, 9a, and 12a become 

t 

Accepting the fact that leakage w i l  
necessary to  establ ish an acceptable 

occur, i t  i s  
l im i t  for the 

leakage rate. For purposes o f  th is example it is 
assumed that 20 cc/day i s  the maximum permissible 
rate. Then Eq. 9c becomes 

(13) L = 1.09 x 10" t 3  . 
In selecting a value for t i t  i s  necessary to  

consider the surface roughness and the hardness 
of both the shaft and the frozen seal material. For 
a stainless steel shaft and with sodium or lead as 
the seal material, the minimum f i lm thickness 
should be about 100 pin. Th is  would require that 
the shaft have an rms surface roughness o f  at  least 
16 pin. It i s  assumed that the frozen surface 
would have a roughness of 16 pin. (equivalent to 
a good precision-cast surface). Since the high 
peaks run from three to f ive times h e  rms value, 
i t  appears that the f i lm thickness should be be- 
tween 96 pin. (2 x 16 x 3) and 160 pin. (2 x 16 x 5). 
Since both sodium and lead are soft compared with 
the steel shaft, i t  i s  believed that a value o f  
100 pin. should be used. 

I f  sodium does not wet the shaft and leakage 
does not occur, Eq. 12c applies, and it shows that 
for a t of 100 pin. the seal w i l l  constrain a Ap o f  
20 psi. Since th is  value i s  greater than the 2 psi 
required, the seal w i l l  be sized on the basis o f  
the controlled leakage of 20 cc/day. 

For t = 100 pin. Eq. 13 indicates that L should 
be 1.09 in.; a length of 1 in. w i l l  be used. Using 
Eq. 13 to el iminate t from Eq. 4d gives 

P = 39.6 L2'3 = 39.6 w . 
The heat transfer from the seal must be the 

energy dissipated in the seal, which i s  135 B t u h r  
(39.6 x 3.413), plus the heat transferred to the 
seal from the shaft and housing, 

The cool ing system should be i n  two parts: a 
c i rcu i t  for the seal i t se l f  and an auxi l iary circuit. 
The purpose of the auxi l iary c i rcu i t  is  to cool the 
seal material, the housing, and the shaft from the 
operating temperature to wi th in a few degrees of 
the melt ing point o f  the seal material. The amount 
o f  auxi l iary cool ing required w i l l  depend in  part on 
the temperature o f  the f lu id i n  the pump. The rate 
o f  cool ing required o f  the seal coolant c i rcui t  i s  
only s l ight ly greater than the rate at  which energy 
i s  dissipated in the seal (135 Btu/hr). 

One concept of the frozen seal is  shown sche- 
matical ly in Fig, 10. The seal, which i s  on the 
right, has a length, L ,  and f i t s  around the shaft 
wi th a radial clearance, C. The value o f  c should 
be large enough to permit assembly and to al low 
for dif ferential expansion. But, i t should be kept 
small so that the amount of frozen material re- 
quired to form the seal w i l l  be kept to  a minimum. 

7 
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77 AUXILIARY C O O L I N G  CIRCUIT 

PUMP 

Fig. 10. Schematic Diagram of a Frozen Seal. 

A reasonable value i s  about four times the radial 
clearance of a iournal bearing having the same 
diameter, or 

c = 0.0020 + 0.004 
= 0.006 + 0.004 = 0.01 in. 

The seal coolant (probably water) makes a single 
pass which i s  as near 360 deg of the housing cir-  
cumference as practical. The auxi l iary coolant 
(also probably water) is  shown ( in  Fig. 10) making 
two hel ical  passes around the housing. The f low 
rate and/or in let  temperature of the auxi l iary 
coolant are controlled by the thermocouple located 
i n  the l iquid seal material immediately ahead of 

c i rcu i t  i s  relat ively large in order to  minimize the 
power required and to provide a reservoir of rela- 
t i ve ly  cool seal material. The latter w i l l  make it 
easier to restore the seal to normal should an 
excessive leak occur. 

I t  was mentioned that the auxi l iary cool ing rate 
i s  dependent upon the temperature of the f lu id  
being pumped. It i s  also dependent on the value 
of the dimension y.  If y i s  small, the cool ing load 
w i l l  be high; the larger y i s  made, the smaller the 
cool ing requirements w i l l  be. A practical l im i t  as 
to how large y can be exists because the amount 
by which the pump impeller overhangs the bearing 
increases as y increases. 

the seal. The reaulation should be such that at  the . .  . . . .  
d A reasonable balance between bearing overhang 

thermocouple the seal material i s  cooled to wi th in and cooling rate is obtained by making + as 
large as bearing overhang considerations w i l l  per- 10 to 2OoF of the melt ing point. For the sodium 

seal this would be 218 to 228OF: 22OOF i s  assumed. - .  . - .,. 
mit and by making x = y .  t o r  the seal in Fig. IU  
x = y = 2 in.; assuming an operating temperature 
of  1000°F, the auxi l iary cool ingrate i s  9850 Btu/hr. 

The clearance between the shaft and that part of 
the housing which contains the auxi l iary cool ing 

a 

, 



A 

The results of the foregoing discussion are 
The fol lowing were assumed: summarized below. 

Application 

Materia I pumped 

Shaft speed 

Shaft diameter 

Pressure difference across seal 

Maximum al lowable leakage rate 

Temperature of sodium in  pump 
Temperature immediately pre- 

ceding seal  

sea l  for a pump 

sodium 

1200 rpm 

3 in. 

2 psi  

20 cc/day 

1 OOOOF 
220°F 

The fol lowing were determined by analysis: 

F i l m  thickness desired 

Seal length 

Power to dr ive seal  

Rad ia l  clearance 

Length of uncooled approach sect 

Length of cool approach sect ion 

H e a t  transfer from seal  

Auxi l iary cool ing heat  transfer 

ion 

100 pin. 
1 in. 

40 w 

0.01 in. 

2 in. 

2 in. 

135 Btu/hr 

9850 Btu/hr 

C L O S U R E  

The theory presented has not been verified ex- 
perimentally, However, there are meager b i ts  of 
experimental information3 which indicate that 
there i s  a tendency for the seal to  behave as the 
theory predicts, Experience has shown that a 
frozen seal may leak slowly and steadily or that 
i t  may operate for many hours without leaking and 
then suddenly leak at  a high rate for a short time. 
I t  i s  of interest to  note that the amount of leakage 
occurring during these short-duration, high-flow- 
rate periods i s  about the same as the amount that 
would be expected to leak out s lowly and steadily 
during the same total time; the total t ime i s  the 
period of no leakage plus the period of h igh 
leakage rate, 

As might be expected, the greatest operational 
d i f f icul t ies arise during the startup period. If 
insuff icient cool ing i s  provided, the seal w i l l  not 
be established; on the other hand, i f  too much 

3J. W. Mausteller (ed.), P r o g r e s s  Report  22 for  Apr i l  
and May 1954, Mine Safety Appliance Company, NP- 
5221. 

cooling i s  provided, the shaft w i l l  freeze tight. 
During the operation o f  the seal there is a 

tendency to over-cool, which increases the power 
required to drive the seal. This i s  not serious 
when the frozen seal material i s  soft, such as 
sodium or lead. However, i f  the frozen seal 
material i s  hard, it w i l l  cut  into the shaft and 
destroy the shaft and the seal. For materials of 
th is type i t  would be better to  freeze from both 
the hub and the shaft so that any attr i t ion taking 
place would occur between two layers o f  the seal 
material. 

There are indications that a frozen type of seal 
is suitable for certain applications; however, some 
di f f icul ty has been encountered i n  operating and 
maintaining this type of seal. In order to determine 
the practicabi l i ty o f  the frozen seal and in order to  
veri fy or disprove the theory outl ined above, an 
experimental investigation i s  needed. Th is  in- 
vestigation should be conducted specif ical ly for 
obtaining information about the frozen seal and 
not as a part of another experimental project. It 
i s  part icularly important that the nature o f  the 
leakage be determined. It should be determined 
whether a stable meniscus can be formed so that 
leakage can be eliminated or whether leakage w i l l  
occur at a controlled rate. 

c =  
D =  
N -  
P =  
P =  

R -  
r =  

hP = 

s =  
t =  
u =  
v =  
x =  

Y =  

N O M E N C L A T U R E  

radial clearance 
shaft diameter 
shaft speed 
power 
pressure 
pressure difference 
shaft radius 
radial distance 
shear stress 
f i  Im thickness 
axial  velocity o f  f lu id 
volume leakage rate 
a length 
a length 

8 = an angle 
p = absolute v iscosi ty 
u = surface tension 
7 = torque 
L = seal length 
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