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DESIGN, DEVELOPMENT, AND OPERATION OF METAL-DIAPHRAGM 
REACTOR-SERVICE PUMPS 

E. C. H ise  

ABSTRACT 

Aqueous homogeneous reactors require pumps capable o f  i n jec t i ng  re la t i ve l y  

s m a l l  quant i t ies  o f  h igh l y  radioactive, corrosive fue l  so lu t ion  i n to  the high- 

pressure system. These pumps must have a long maintenance-free life, be 

abso lu te ly  leak-proof, be res is tan t  to the rad ioac t ive  and corrosive environment, 

and be eas i l y  replaced by remote methods when necessary. Hydrau l i ca l l y  

d r iven  meta ld iaphragm pumps capable of meet ing these requirements have been 

developed in the  Homogeneous Reuctor P r o j e c t  a t  ORNL. Th is  report  summu- 

r i zes  the development program, the operat ing exper ience w i th  the pumps i n  tes ts  

and in  reactor service, and the des ign  informat ion der ived  from the development 

program. 

I n  th is  program, de ta i led  informat ion has been developed concerning dr ive  

systems, diaphragm heads, and check valves, the u l t imate  ob jec t ive  being the 

se lec t ion  of  a pumping un i t  on the bas is  of  a sound knowledge of stresses, 

materials, configuration, and hydroul ics.  I t  has been shown tho t  w i t h  proper 

des ign  and mater ia ls  selection, the diaphragm heads and check valves can 

operate cont inuously for about two years. 

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

In the course of development for the Homogeneous Reactor Project, and in  operation of 

Homogeneous Reactor Experiment No. 1 (HRE-1) and the Homogeneous Reactor Test (HRE-2 or 

HRT), experience has been gained in  the design and operation o f  metal-diaphragm pumps for 

feeding cool, corrosive, h ighly radioactive solutions and slurries into high-pressure circulat ing 

systems. The purpose of th is report i s  to provide a manual based on past experience for the 

design, operation, and further development of pumps for th is  or similar service. 

Specifically, pumps have been developed and operated 

1. i n  the HRE-1 

(u)  to del iver 0 to  1 gpm of radioactive UO,SO, solution i n  H,O against a 1000-psi head, 

( b )  to  del iver 0 to 1 gph o f  essential ly pure D,O against a 1000-psi head; 

2. in the HRE-2 
(a) to  del iver 0 to  1.5 gpm of radioactive UO,SO, solution i n  D,O containing additional 

( b )  t o  del iver 0 to  0.35 gpm of D,O against a 2000-psi head; 

solut ion i n  H,O or D,O against a 2OOcFpsi head. 

These services have in  common the requirements of controlled flow rate, no external leakage 

D,SO, at 100°F against a 2000-psi head, 

3. for subsequent reactors - to deliver 0 to  10 gpm of radioactive Tho, slurry or UO,SO, 

o f  process fluid, predictable l i f e  o f  at least one year o f  continuous operation, and the possibi l i ty. 

of simple, remote replacement of the process parts o f  the pumping systems. The fol lowing 
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discussion i s  intended to  provide a basis on which metal-diaphragm pumps can be designed to  

meet a wide range of operating conditions, for reactor service or for use i n  other systems having 

para1 le1 requirements. 

2. G E N E R A L  D E S C R I P T I O N  O F  D I A P H R A G M  PUMPS 

The pumps described in  th is  report are i l lustrated i n  Figs. 1 and 2. They consist of f ive 

main components: a diaphragm head, two check-valve assemblies, an intermediate barrier, and a 

pulse generator. Pulses produced by the pulse generator are transmitted by an o i l  system 

through the intermediate barrier to an intermediate water system, which i n  turn transmits the 

pulses to the process f lu id in the diaphragm heads. Pulsations i n  the process f lu id are con- 

verted to  net flow by means of the in let  and outlet check-valve assemblies. In the reactor 

systems for which diaphragm pumps have been supplied, the process end - the diaphragm head 

and the check-valve assemblies - has been located within the reactor cell; the intermediate- 

system pipe passes through the shield; and the remainder of the intermediate system and a l l  the 

pulse generating system are accessible outside the shield. A method for replacing the process 

head and check-valve assemblies i s  provided by placing them in  a standardized cart, which i s  

equipped with three connecting flanges. The flanges mate with three permanent flanges i n  the 

reactor cell, and the flange bolts extend through the ce l l  wal l  so that they can be connected and 

disconnected from the outside. The arrangement i s  shown in Fig. 3. 

3. D I A P H R A G M  H E A D S  

3.1 Design of Diaphragms and Contour Plates 

The metal diaphragm i s  the portion o f  the head which i s  most susceptible to  failure, and 

therefore the design of the diaphragm and o f  those parts direct ly affect ing i t s  l i f e  i s  o f  primary 

concern. 

The maximum deflect ion and the contour assumed by the diaphragm are controlled by the 

shape of the backup plate or contour plate which i s  provided to l im i t  the stresses i n  the dia- 

phragm by control l ing the deflection. The basic design problem i s  to design a contour which 

provides a maximum volumetric displacement at  a given maximum diaphragm stress. L imi ted  

experimental data indicate in general that i f  other factors are careful ly controlled the measured 

stresses agree closely wi th the theoretical predictions based on the shape of the contour plate. 

Although investigations of a variety of contours - including conical with a f la t  diaphragm 

and corrugated’ wi th a corrugated diaphragm - have been reported in the literature, the two 

combinations o f  contour and diaphragm which have received the most attention, both by com- 

mercial pump manufacturers and at  th is  laboratory, are the so-called “free-deflection” contour 

and the two-radi i contour wi th f la t  diaphragms. 

’W. A. Wildhock, R. F. Dressler, and E. C. Lloyd, Trans. Am SOC. Mech. Engrs. 79, 65 (1957). 
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3.1.1 The Free-Deflection Contour. - The classical  definit ion of a free-deflection contour 

i s  the contour which a circular, f lat  diaphragm with clamped edges and no other restraint w i l l  

assume when subjected to  a uniform pressure dif ferential which i s  insuff icient to  cause stresses 

i n  the diaphragm in  excess of the elast ic limit. In current practice, however, the term “free- 

deflect ion contour” i s  applied to  the figure of rotation of the curve which conforms to  the simple 

relat ionship 

- + x  

R t 

- x 2 ) 2  , YO 
Y = - ( R 2  

R 4  

where 

Y = depth of the recess at  x, the distance from the center line, 

Y o  = depth of the recess at  the center line, 

R = radius of the recess. 

A cross-sectional view o f  such a contour i s  shown in  Fig. 4. 

UNCLASSIF IED 
ORNL- L R  - DWG 44335 

)/ = 5 ( R 2  - x 2 ) 2  
R4 

R= DIAPHRAGM RADIUS 

V , =  MAXIMUM CONTOUR DEPTH 
V = PUMP CHAMBER VOLUME = TWICE 

VOLUME OF ROTATION ABOUT 
Y AXIS 

Fig. 4. Description of Free-Deflection Contour. 

Equation (1) bdscribes the contour predicted theoretical ly for a uniformly loaded circular 

diaphragm with clamped edges when bending stresses alone are considered.2 Such a condition 

i s  approached as Y o  approaches zero. A more accurate description for the contour i n  true free 

deflect ion can be evolved from an equation given by Timoshenko3 which takes into account the 

2S. Timoshenko, Theory of Plates and Shells, p 59-61, McGrow-Hill, New York, 1940. 

3Zbid, p 81, Eq. (h). 
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shear stresses in the diaphragm: 

I (2) 
R 2 ( 1  - u ) ( R 2  - x 2 )  + 4 h 2 R 2  - x 2 ) 2  

YO 
Y = - ( R 2  

R4 R 2 ( 1  - * ) ( R 2  - 2) + 4 h 2 ( R 2  - x 2 )  

where h i s  the diaphragm thickness and u i s  Poisson's ratio. 

Way4 has developed an even more accurate method o f  predicting the deflection, taking into 

account also the membrane stress i n  the diaphragm. (Timoshenko discusses Way's method in  

ref 5.) Way has tabulated stresses for 19 cases and shown excel lent agreement wi th experi- 

mental data to  wi th in the l im i t  o f  h is  calculation. However, the l im i t  o f  Way's considerations 

i s  Yo/h  of about 1.4, while usually deflect ions Yo/h  of 3 to 20 are used in diaphragm pumps. It 

i s  seen from an examination o f  Eqs. (1) and (2) that the curve described by Eq. (1) has a longer 

radius o f  curvature at  and near the clamped edge than the curve described by Eq. (2). A dia- 

phragm forced to  deflect in conformance with Eq. (1) w i l l  have a more uniform distr ibut ion o f  

bending stress along a radius than a diaphragm permitted to  deflect i n  accordance with Eq. (2). 

A linear extrapolation of Way's results (ref 4, Fig. 7) indicates that a diaphragm freely deflected 

to  Yo/h  equal to  2.0 w i l l  have a radial bending stress o f  36,000 psi at  the edge. It therefore 

becomes apparent that a diaphragm permitted a true free deflect ion i n  the range of Y o / h  useful 

in diaphragm pumps would be stressed beyond i t s  elast ic l imit.  

The fol lowing equations developed by Pasqua6 show that diaphragms deflected to  the so- 

cal led "free-deflection" contour of Eq. (1) have a fa i r ly  uniform distr ibution o f  the radial  

principal stress and that useful deflect ions and volumetric displacements can be obtained w i th  

diaphragm stresses below the endurance l im i t  o f  the material. 

The  total volumetric displacement, V ,  of a diaphragm moving from +Yo t o  -Yo between two 

"free-deflection" contour plates i s  given by 

2nY0 R 2  

3 
V =  

The radial membrane stress qm i s  

where E i s  the modulus o f  e last ic i ty of the diaphragm material. 

The radial bending stress orb i s  

Orb = 
(1 - Y ) ~  x R  

. 

4S. Way, Trans. Am. SOC. Mech. Engis .  56, 627-36 (1934). 

STimoshenko, op cit., p 338-42. 

6P. F. Pasqua, notes dated June 26, 1958. 
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Figures 5, 6, and 7 are three famil ies of curves showing the stroke volume, V ,  vs the 

diaphragm radius, R, at maximum radial principal stress levels (a=  1uYm1 + lcybl) of 15,000, 
20,000, 25,000, 30,000, 35,000, and 40,000 psi  for stainless steel diaphragms 0.010, 0.020, and 

0.030 in. thick, respectively. 

3.1.2 The Two-Radii Contour. - In i t ia l  theoretical and experimental studies by Stevens7 

and a more extensive investigation by Cheverton8 have shown that the volumetric displacement 

for a given maximum diaphragm stress may be increased if, instead of using the “free-deflec- 

t ion” contour, the diaphragm i s  forced into a contour plate wi th the shape shown in  cross 

section in Fig. 8. It i s  referred to  as the two-radii contour because it i s  specified by the 

radius o f  an outer toroidal surface and that of a tangent central spherical surface. The outer 

constant-radius toroidal surface l imi ts the bending stress at  the edge while al lowing the bending 

stress i n  the remainder o f  that part o f  the diaphragm in  contact wi th the toroidal surface to  be 

raised. The maximum stress occurs i n  the toroidal portion just outside i t s  c i rc le  of tangency 

with the spherical portion. It i s  believed that, although an optimum contour may exist  i n  which 

a diaphragm would be equally stressed over i t s  entire area, the two-radii contour and, to  a 

lesser degree, the “free-deflection” contour represent the best practical contours which can be 

developed and designed without resorting to a very complex analysis and multitudinous machine 

computations. A l l  pumps described in  th is report have been designed on the two-radii model. 

The fol lowing equations permit analysis of the two-radii contour. The notation i s  given i n  

Fig. 8 and fol lowing the equations. 

Pump chamber volume from - Y o  to  +Yo: 

. 

Radial membrane stress i n  region A :  

Z 2  l + u  Z 3  l + v  1 1  - 13v 
4 1 - U  6 1 - V  12(1 -u) 

+ 

Radial membrane stress in region B :  

1 1  - 1 3 ~  
4 1 - v  

7P. H. Stevens, memorandum to C. 8. Graham, “Pulsafeeder Diaphragm Studies,” Sept. 24, 1953. 

8R. D. Cheverton, Maximum Volume-to-Stress Ratio for a Two-Radii-Contous Diaphsagm Pump, ORNL- 
2814 (Feb. 1, 1960). 
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Tangential membrane stress i n  region A :  

cJtm A A  = cJ,, - - 
222 

Tangential membrane stress i n  region B :  

E Y ;  

R 2 ( 1  - Z ) 2  

B 
= 

23 - 25u 
(10) 

4 1 - u  

Radial bending stress in region A ,  02, equals tangential bending stress in region A ,  u i :  

E Y O  h 

R2Z(1  - u) 

w; = u; = 

Radial bending stress i n  region B :  

E Y O  h 

R2(1 - Z)(1 - v2) 
ul"b = (1 + v) -- U R ]  . 

X 
(12) 

1 1  
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Tangential bending 

Effect ive combined 

stress i n  region €3: 

E Y O  h 

R 2 ( 1  - Z)( l  - v2) Dt"b = [(I  + v) -3 . 
stress i n  fatigue: 

Principal stresses c1 and cr2: 

In the preceding equations, the fol lowing nomenclature i s  used: 

Superscript A = region A, the inner, spherical portion of the diaphragm, 

Superscript B = region B ,  the outer, toroidal portion of the diaphragm, 

A = radius o f  inner, spherical portion, 

B = cross-sectional radius o f  toroidal portion, 

E = modulus of elast ici ty, 

h = diaphragm thickness, 

R = radius o f  diaphragm (normal to  center line), 

V = pump chamber volume = twice volume o f  one contour, 

x = distance from center line, 

Y o  = maximum deflect ion a t  center line, 

A I .  
z=-=- , where I i s  distance from center l ine to  c i rc le  o f  tangency be- 

A + B  R 

tween the spherical contour and the toroidal contour, 

v = Poisson's ratio. 

In Eq. (14) the Mises-Henly cri ter ion i s  used for fatigue fai lure i n  combined stress, 0,. 

Although this expression i s  for complete reversal o f  combined stress, whereas the average 

stress in a diaphragm i s  displaced above the neutral, it has been selected as a reasonable 

basis of comparison of contours since it approximates the relat ion between biaxial  stresses 

and fatigue failure. A more detailed discussion o f  the correlation o f  simple reverse-bending 

endurance stress wi th combined stress plus a displaced average stress i s  given-by Cheverton8 

and by texts on the subject. In general, they are proportional to each other. The al lowable 

stress i s  chosen on the basis of experience, taking into account the endurance l im i t  of the 

material i n  i t s  intended environment, the desired operating life, and such expected deviat ions 

from ideal conditions as irregulari t ies i n  the dynamic behavior of the diaphragm and the presence 

o f  sol id part icles in the process fluid. 

It i s  found that the optimum value of Z, and therefore the optimum rat io o f  A to  B ,  i s  a 

function o f  h / Y o .  The fact that the rat io of A to  B i s  a dependent variable considerably simpli- 

f ies the design of a two-radii contour and made possible the parameter studies o f  Figs. 9-20. 
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In Fig. 9 the dimensionless volume-stress ratio VEYo/2R4cc i s  plotted vs Z. Figure10 i s a  plot  

of the rat io h/Yo vs the dimensionless rat io V/R3 for various maximum combined stress levels. 

These plots were obtained as follows. 

The volume swept by the diaphragm from -Yo to  +Yo i s  

V = 4 n Y O R 2  [--- 2 2  2 3  1 

With the def in i t ion 

2 4 1 - z  r 12 z2 2 2z3 3 z4 4 
/(z) =-- -+- -.-- + - - -1 , 2 2  2 3  

(16) 

1.4 

4.2 

1.0 

0.8 
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0.4 

0.2 

C 

V = VOLUME FROM-Yo TO + Yo 

Dc = MAXIMUM COMBINED STRESS 
E = YOUNG'S MODULUS 
h =  DIAPHRAGM THICKNESS 
R =  DIAPHRAGM RADIUS 

= CONTOUR DEPTH AT CENTER 

I 4 0.5 0.6 0.7 0.8 0 9  10 1.1 

Z 

Fig. 9. Volume-Stress Ratio vs Z for Various Values of h / Y o .  
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Eq. (6) gives 

V 

4nR2 f ( Z )  
Y o  = 

For given values of h / Y o  and Z, the value of the dimensionless ratio 

V E Y o  
-- 

- c1 
2 ~ 4  

can be taken from Fig.  9. In terms of this ratio, 

0.5 

0.2 

LO 
\ c 

0.1 

0.05 

0.03 
2 4 6 

( V / R 3  1 x 1 0 2  

UNCLASSIFIED 
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8 

Fig. 10. Plot of h / Y o  vs V/R 3 . 
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Upon eliminating Yo from Eqs. (17) and (19) and reducing, 

Values of  the dimensionless ratio 

are given i n  Table 1 and are plotted in  Fig. 10. These plots may be interpolated to obtain 

values corresponding to specific diaphragm thicknesses, h/Yo, other than those presented i n  

Figs. 11-20. 
Figures 11-20 are plots of  the swept volume as a function of diaphragm radius for various 

The diaphragm thickness h may be read direct ly 

From these values, the contour depth Yo isreadi ly  

values of h/Yo, Z ,  and combined stress, 9. 
by means of the superposed dashed lines. 

obtainable, since 

h 
Y - - .  

- h/Yo 

The contour radii can be obtained by means of the relations 

Z ( Y i  + R 2 )  
A =  

2YO 
I 

A 

Z 
B =- - A .  

The HRTfeed and purge pumps are two examples of pumps which have been put into service. 

The contours were adapted from Lapp Pulsafeeder pumps and modified to reduce the stress 

level. The description of the contours and the calculated stresses with type 347 stainless steel 

diaphragms are given i n  Table 2. 

Tab le  1. Volumetric Displacement of Two-Radi i-Contour Pumps 

h V / R 3  for the Indicated Maximum Combined Stress Levels (psi)  

1 5,000 20,000 25,000 30,000 35,000 40,000 
za Cla'b /(Z)' 

x 10-2 x 10-2 x 10-2 x 10-2 x x 

0.05 0.880 1.320 0.2195 6-03 6.98 7.80 8.55 9.23 9.85 

0.10 0.810 1.110 0.2040 5-35  6.17 6.90 7.54 8.16 8.70 

0.20 0.735 0.860 0.1895 4.54 5.24 5.85 6.41 6.92 7.40 

0.30 0.700 0.710 0.1823 4.04 4.65 5.22 5.71 6. i 7  6.60 

0.50 0.660 0.525 0.1753 3.41 3.93 4.30 4.86 5.20 5.55 

aValues taken from Fig. 9. 
bDefined in Eq. (18). 

cDefined in Eq. (16). 
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Table  2. Characteristics of HRT Diaphragm Pumps 

Dimension or Stress Feed Pump* Purge Pump** 

R ,  in. 5.375 2.750 

A,  in. 

B, in. 

h ,  in. 

11 2.5 

32.0 

0.031 

“43 

“‘18 

0.019 

Yo, in. 0.100 0.0672 

urm max, psi 9,833 a t  x / R  = 0.1 

arb max, psi 

u1 max, psi 

17,227 a t  x / R  = 0.1 

18,230 a t  x / R  = 1 

28.944 a t  x / R  = 0.7 

14,943 a t  x / R  = 1 

21,054 a t  x / R  = 0.8 

*Exact  two-radii contour. 

**Approximate two-radi i contour. 

3.1.3 Factors Affect ing the Dynamic Behavior of Diaphragms. - In order that the stresses 

in the diaphragm not exceed the theoretical level for fu l l  deflect ion into the contour, it i s  

necessary that the diaphragm travel smoothly and uniformly from contour to  contour. Continuous 

physical measurement9 of the motion of diaphragms i n  an HRT pump head operating at  rated 

conditions revealed two types of irregulari t ies occurring during each stroke and contributing 

flexures and stresses well  above what would be expected. The f i rst  i rregulari ty was a f luttering 

motion evident i n  three diaphragm follower traces (lower right, Fig. 21) in which the diaphragm, 

rather than proceeding smoothly across the cavity, was moving forward, backward, and forward 

again many times in  the course o f  one stroke. These f lutters occurred at  the same t ime as 

.pressure variations, indicative of hammer or standing waves, evident i n  the pressure-time trace 

taken on the Scott and Williams P9 hydraul ic drive system (see Sec 7.1). Substitution o f  a 

reciprocating drive appreciably reduced the f lutter i n  the pressure and diaphragm traces (Fig. 

22), and as discussed in  Sec 7.1, modif icat ions” to the sl ide valve o f  the Scott and Williams 

unit accomplished the same result. 

The second irregularity was the nonuniform progression o f  the diaphragm (Figs. 21 and 22 

and in  more detai l  in ref 9) from the driving contour plate to  the pumping contour plate, forming 

a bel ly and short reverse bend which moved downward as the diaphragm progressed to  the right. 

Th is  reverse bend appeared to  reach i t s  point of shortest radius, thereby creating the highest 

bending stress, i n  the area where the majority of the diaphragm failures have occurred. So that 

’R. Blumberg, C. Gabbard, and E. C. Hise, Diaphragm F e e d  Pump Development  Program Progress  
Report ,  ORNL CF-56- 10-1 14 (Oct. 29, 1956). 

’OH. R. Payne, Modification of O i l  Control V a l v e  i n  Scott and Wil l iams P 9  Pul sa tor  Drive,  ORNL 
CF-58-1-65 (Jan. 14, 1958). 

26 



\ 
\ 
I 
I 
I 
I 

I 

I 

I 
I 

L I I 
I 

I 
I 

I 
I 

I 
I 
I 
I 
I 
I ‘ I  \ 

\ 
\ 
\ 
\ 
\ 
I 
I 
I 
I 
I 

I 

I 
I 

y 

UNCL ASS1 FIE D 
ORNL - LR- DWG 16306 

\ 
\ 
\ 
\ 
I 
I 
I 
I 
I 

I 
I 

I 

I 

Fig. 21. 
Stainless Steel. 

Williams drive. 

Diaphragm Motion Through One Cycle  for a 0.019-in.-thick Diaphragm of Annealed Type 347 
Discharge pressure, 2000 psi; stroke volume, 3 in.3; speed, 78 strokes/min; .Scott and 
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Fig. 22. Diaphragm Motion Through One Cycle  for a 0.019-in.-thick Diaphragm of Annealed Type 347 

Stainless Steel. Dischorge pressure, 2000 psi; stroke volume, 2.3 in.3; speed, 56 strokedmin;  reciprocating 

drive. 
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the HRT head would be as simple and rugged as possible and at  the same time permit no possi- 

b i l i t y  of gas entrapment i n  the head, the drive-line entrance and the discharge-line ex i t  had been 

placed at  the top of the pump cavity. Th is  apparently created suff icient hydraulic unbalance 

to cause the unsymmetrical displacement of the 0.019-in.-thick diaphragm. Since it was not 

desirable to  alter the head design, a 0.031-in.-thick diaphragm was instal led to reduce the 

effect of the hydraulic unbalance. Figure 23 demonstrates the action of the st i f fer diaphragm. 

Calculat ions indicate that the theoretical stress i n  the 0.031-in.-thick diaphragm i s  about 

5000 psi  higher than in  the one 0.019 in. thick. The actual stress i n  the unsymmetrically 

deformed 0.019-in. diaphragm cannot be readi ly measured or calculated. The fact that the 

average l i f e  of the 0,031-in. diaphragm i s  greater than that of the 0.019-in. diaphragm (Table 4) 
i s  presumed to be largely due to a lower actual stress i n  the thicker diaphragm. 

Recent experimental head designs (Fig. 24) at  ORNL and most commercial head designs 

attempt to introduce the l iquid to the pump cavi ty i n  a symmetrical fashion so as not to require 

any r ig id i ty from the diaphragm. The fol lowing general guides can be expected to lead to good 

hydraulic design: 

1. The drive uni t  should create no standing waves or water hammer. 

2. The entry of the drive, suction, and discharge l ines to the pump chamber should be diffused 
so as not to impinge upon the diaphragm. 

3. The passages communicating through the contour should be arranged with regard to the fact 
that two-thirds of the volumetric displacement occurs i n  the band from R/3 to 2R/3. 

3.1.4 Diaphragm Materials. - The diaphragm metal i s  selected pr incipal ly on the basis of 

i t s  endurance l im i t  i n  the intended environment of application. Spring steels, stainless steels, 

and phosphor bronze have been used successful ly by manufacturers for various applications, 

and other materials such as t i tanium merit further investigation. Type 347 stainless steel was 

chosen for the diaphragm material for the feed and purge pumps in  the HRT. 
In order to  compare the endurance l im i t  o f  annealed type 347 stainless steel with other 

possible diaphragm materials i n  the uranyl sulfate fuel solution, a research contract was under- 

taken by Ohio State University.’ ’ Standard sheet specimens were operated i n  reverse bending 

in air, d ist i l led water, and fuel solution. A summary of the results i s  shown in  Table 3. The 

preliminary tests run i n  air agreed wel l  with values found in  the literature, establ ishing the 

val id i ty o f  the tests. Although work hardening improved the endurance l im i t  o f  austenit ic 

stainless steels i n  air and d is t i l l ed  water, it decreased the endurance l im i t  i n  the fuel solution. 

Some o f  the hardenable stainless steel alloys, for example, AM-350 SBT, were superior to type 

347 i n  air and water and showed some improvement i n  fuel. Titanium had a very high endur- 

ance l im i t  i n  a l l  three environments; however, i t  i s  known to be unusually notch sensitive. A 

series of tests,” not shown in  the table, made to determine the effects of scratches on type 

347 specimens indicated no notch sensitivity, although experience has shown that most fai lures 

”F. H. Beck, Fatigue and Corrosion Fatigue of S ta inless  Steel by Uranyl Sulfate,  Engineering 
Experiment Station, Ohio State University (May 14, 1958). 
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Fig. 23. 
Stainless Steel. 

Williams drive. 

Diaphragm Motion Through One Cycle  far a 0.031-in.-thick Diaphragm of  Annealed Type 347 
Discharge pressure, 2000 psi; stroke volume, 2.4 in.3; speed, 78 strokedmin;  Scott and 
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Fig. 24. Unassembled Experimental Diaphragm Pump Head. 

of stainless steel diaphragms are init iated by deep scratches or indentations, presumably 

because of  high stress concentrations. Further laboratory and service tests are planned to  

explore the hardenable al loys and titanium. 

Since the difference between the endurance l imi t  i n  air and that i n  fuel solution i s  believed 

to  be due to corrosion and since i n  the tests lo7 cycles were made i n  about four days, it i s  

concluded that i n  a l l  cases where the endurance was markedly reduced i n  fuel solution, the 

material i s  unsatisfactory Tor diaphragm use with fuel solution. Thus, although fu l l y  hard type 

347 stainless steel appears (Table 3) to have a higher endurance l im i t  than annealed type 347, 
the fu l l y  hard material has apparently lost  more than hal f  i t s  endurance i n  a i r  by immersion for 

four days i n  fuel solution, whereas the annealed material lost very l i t t l e  endurance i n  fuel 

solution, and the fu l ly  annealed material can be expected to provide longer diaphragm life. 

The data i n  Table 3 are largely for comparison and cannot safely be used direct ly as a 

permissible combined stress. As mentioned i n  Sec 3.1.2, the choice of  an allowable combined 

stress i s  made on the basis of experience, knowledge of the conditions under which the dia- 



Table 3. Stresses (in psi)  a t  Which Various Materials W i l l  Endure 10 7 Cycles" 

In Air a t  In Distilled In Fuel S o h  
E longation (%) Water a t  6OoC a t  6OoC 

Materia I Room Temp 

347 stainless s tee l  

Annea led 35,000' 34,00OC 42 

4 hard 5 8, OOOb 50,000b 30,000 14 

\ hard 6 7,000 57,000 31,000 2.5 

hard 88,000b 

Ful l  hard 

316L s t a i n l e s s  s t e e l  

$ hard 

\ hard 

3 2,000 

43,000 

2.5 

2.5 

32,000 14' 

32,500 1 ob 
AM-350 SBTd 90,000' 62,000 39,000 11' 

Titanium 110 AT 70,000' 62,500 62,500 1 ob 
CD 4M-Cue 42,000 16 

'F. H. Beck, Fatigue and Corrosion Fafigue o/ Stainless Steel by Uranyl Sulphate, Engineering Experi- 

bData taken from literature. 

'-More recent, and as yet incomplete, tests indicate an endurance l i m i t  of 28,000 psi or less for annealed 
type 347 stainless steel at l o8  cycles in fuel solution, This agrees with other corrosion-fatigue work show 
ing that in a corrosive environment the endurance l im i t  i s  not asymptotic but continues to decrease with an 

increase in cycles. 

ment Station, Ohio State University, Columbus, Ohio (Nov. 20, 1959). 

dSBT refers to tempering by refrigeration followed by aging at  65OoF. 
eCD 4M-Cu i s  a ferritic alloy, developed at Ohio State University, which i s  hardenable by cold rolling 

and aging, 

3.2 Exclusion of Solids from Pump Cavi ty 

Since a diaphragm presses against part or a l l  of the restraining contours during each stroke, 

hard part icles can damage the diaphragm and cause fai lure either direct ly or as a result o f  

stress concentrations i n  the v ic in i ty  o f  the damage. In addition, any appreciable accumulation 

o f  sol ids can alter the contour o f  the diaphragm and produce stresses which are greater than 

those predicted in the design. Hence it has been found desirable to  minimize the movement of 

sol ids into the pump cavi ty by means of a screen arranged as shown in  Fig. 1. 
Figure 2 is a photograph of a disassembled head, wi th the screen tube shown in  the fore- 

ground. It f i t s  i n  a hole bored through the head flange and communicates wi th the pump chamber 

through the tr ip le row o f  holes seen in the contour face of the head flange on the left. Prototype 

heads have evolved from no screening through 40 and 100 mesh, wi th a marked increase in  l i f e  

accompanying each reduction i n  mesh size. Experimental pumps have been operated with 

Poroloy f i l ters o f  40- and 2Gp rat ing wi th no apparent loss of  efficiency. Poroloy filters, 



which are more r ig id than screens and are comparable i n  cost, are expected to  el iminate the 

possibi l i ty  of mechanical damage to  the diaphragm; they w i l l  be specified for future units. 

The required screen area for a given pump may be determined on the basis of permissible 

head loss, pump flow, and head loss per unit  area of the f i l ter  material. Bench tests made on 

I l- in.- long Poroloy tubes, 0.75-in. ID by 0.032-in. wall, indicated a pressure drop of approxi- 

mately 3 in. of water per gpm for a 20-p-pore tube and approximately 0.6 in. of water per gpm 

for a 40-p-pore tube. 

3.3 Seal Welding 

To assure complete containment, the diaphragm i s  seal-welded to  both head flanges. A 

seal-weld l i p  ‘/16 in. thick and in. wide i s  machined on each head flange, a diaphragm with 

a diameter 1/16 in. greater than the outside diameter of the seal-weld l i p  i s  clamped in  posit ion 

between the flanges, and the two l i ps  and diaphragm are fused together. Diaphragms that have 

been seal-welded in  pumps and then cut out, either before or after operation, exhibi t  a pro- 

nounced “oi l  can” effect; that is, they are dished about \ in. deep. 

In order to  determine whether diaphragms in head assemblies are dished so that they must 

“pop through” on every stroke and to  determine the magnitude of the stresses induced by seal- 

welding, a series of test  w e l d s l l  were made on mock pump heads with 0.019-in.-thick type 347 

annealed sheet diaphragms arranged in  four cases for dial-indicator readings and i n  one case 

for strain-gage readings. Figure 25 shows a diagram o f  a seal-weld test  flange having a recess 

rather than a contour and having holes for dial-indicator readings of the diaphragm position. 

Figure 26 shows the arrangement of strain gages on a test  diaphragm. A contour plot  was 

made of a diaphragm after it was clamped i n  place (Fig. 27) and again after it was seal-welded 

(Fig. 28). The strain-gage readings taken for radial and circumferential stresses o f  a diaphragm 

unrestrained, clamped, welded, and cut free (Figs. 29 and 30), show that although the dia- 

phragms were cut from what would be considered a good, f lat  sheet stock, they were bowed after 

being clamped between the head flanges, and distort ion stresses resulted. The seal-welding 

operation reduced the bowing and the stresses. Removing the diaphragm from the head, thereby 

removing the restraint provided by the head, permitted the outer weld-affected zone to  shrink, 

which created th‘e typical  d ish and increased the circumferential compressive stress and the 

radial tensi le stress. Cutt ing off a $-in.-wide band removed most o f  the yielded metal, leaving 

the diaphragm nearly f lat  and reducing the net stress. As can be seen i n  Figs. X a n d  26, and 

as i s  the case i n  actual pump heads, the weld-affected zone i s  wi th in the clamped area and 

does not flex. 

It was concluded that the diaphragms i n  the heads are not dished and can be seal-welded 

without damage. The residual stresses after welding are small; in fact, the welding reduces 

the stresses and bowing introduced by clamping the irregular sheet-metal diaphragm. The 

recommended seal-weld procedure i s  to  clamp the head flanges and diaphragm securely, make 

12E. C .  Hise, S t r e s s e s  and Def lec t ions  Induced in  Seal  Welding a Diaphragm Pump, ORNL 
CF-57-9-55 (Sept. 18, 1957). 
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Fig. 25. Diagram of a Seal-Weld Test Head. 
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Fig. 26. Seal-Weld-Test Strain-Gage Location; Mirror Image on Reverse Side. Diaphragm material, 

0.019-in.-thick type 347 stainless steel. 

four tack welds at 90' intervals, and weld each segment i n  sequence. The sheet metal used 

for diaphragm stock should be as f la t  as obtainable, should be handled and cut in such a 

fashion as to maintain flatness, and should be deburred after cutting. 

3.4 Pressure-Head Construction 

Application of diaphragm pumps in  reactor systems requires the pumps to  withstand radi- 

ation, a corrosive environment, and severe pressure cycling. At present, radiat ion and corrosion 

resistance i s  obtained by constructing the units entirely of type 347 stainless steel, and in- 

tegri ty o f  the assembly i s  obtained by massive all-welded construction. I n  operation, fai lures 

have occurred at the jo int  o f  the pipe to the head flange (feed-pump heads 6 and 11, Table 4) 
as a result of the discontinuity stresses at  th is  point. The tapered transit ion piece has cor- 

rected that problem; however, there have since been fai lures i n  the butt-welded joints o f  $-in. 

and %-in. sched-80 pipe after some 30 mi l l ion cycles. It has become apparent that normal 

design cri teria are not adequate where long-term pressure cycl ing i s  expected, and a l l  com- 

ponents are being strengthened accordingly. Prototype HRT units have now been operated for 

two years and are s t i l l  i n  operation, demonstrating the soundness of the design i l lustrated i n  

Figs. 1 and 2. 
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4. CHECK V A L V E S  

The development of high-integrity long-I ived check valves has required consideration of the 

configuration, size, materials, and containment. 

4. I Configuration and Size 

The double-ball gravity-operated check valve was chosen for HRT service for several rea- 

sons. Gravity operation eliminates springs and reduces the number of operating parts to a 

minimum. High-precision bal ls are readi ly avai lable in any material that could be considered 

suitable for check-valve trim, whereas other types of plugs would be d i f f i cu l t  t o  fabricate from 

materials such as ceramics. It cannot 

be misaligned and w i l l  form a line-contact seal wi th a conical seat regardless of the posit ion 

i n  which it happens to  fall. Two bal ls in series are used to  reduce the possibi l i ty  o f  leakage 

and trim erosion i n  the event a foreign part icle should hold one bal l  o f f  i t s  seat. 

A bal l  plug needs guiding only for dynamic stabi l i ty. 

The original HRE valves (Fig. 31a) were adapted from commercial valves and operated 

satisfactori ly except for a tendency to  slam under certain conditions. This appeared t o  be the 

resul t  of a delayed seating of the ba l l  accompanied by water hammer, loud noise, and vibrat ion 

of the associated piping severe enough to  break a piece of k-in. sched-80 pipe in 4 hr on two 

occasions. The original valves had a 1-in. ball, a 0.625-in.-ID seat, a 0.125-in. ball-to-cage 

UNCLASSIFIED 
ORNL-LR-DWG (7046A 

OUTLE 

INLET -- 

(6) GIRTH-WELDED VALVE ( a )  PLUG-WELDED VALVE 

Fig. 31. ( a )  Plug-Welded Check Valve; ( b )  Girth-Welded Check Valve. 
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diametral clearance, and a l i f t  of t 6  in. Progressive modifications have resulted in a valve 

having a 1-in. ball, an 0.812-in.-ID seat, a 0,010-in. ball-to-cage diametral clearance, and a 

0.100-in. lift. The result ing valve has been tested a t  speeds up to  80 strokes/min and f lows 

up to  2.9 gpm per unit; it has performed quiet ly and satisfactorily. 

Where relat ively clean f lu ids can be expected, close diametral guiding i s  advantageous; 

however, where the possibi l i ty  o f  d i r t  exists or where slurries are to  be pumped, the bal ls w i l l  

st ick i n  the cages. The dome-guide cage (Fig. 32) gives low l i f t  and close guiding without the 

possibi l i ty  of sticking. The bal l  r ises into four spherical tr iangle segments, which permit 

l i t t l e  diametral movement. Th is  design has been operated successful ly for several thousand 

hours in solutions and slurries at  speeds up t o  100 strokedmin. It ratt les more than the former 

design but appears to  suffer no resultant instabi l i t ies or damage. 

The HRT purge-pump valves use a 0.625-in. bal l  on a 0.535-in. seat and operate over a 

These conditions give maximum velocit ies through the tr im annulus up 

At velocit ies of 2 to  5 fps the bal l  dances, as evidenced by a mi ld  rattle, but a t  

The bal l  and seat dimensions represent adap- 

The ball-to-seat diameter rat io i s  fa i r ly  close to  the American 

range of 0 to  0.4 gpm. 

to  10 fps. 

higher velocit ies it opens and closes firmly. 

tat ions of commercial practice. 

Petroleum Inst i tute (API) standard. 

An  extensive literature search revealed no design data regarding the siz ing of trim, desir- 

able velocities, or ball-to-seat ratios. The API standards, however, provide a proved and 

satisfactory ball-to-seat ratio, and API standard bal ls and seats are avai lable commercially i n  

a variety of materials. The siz ing of the valve can fol low commercial practice, wi th modifica- 

t ions where necessary to  adapt t o  special conditions of viscosity, suction head, etc. 

4.2 Materials 

The selection of tr im material i s  dependent upon the f lu id  being pumped and the economics 

o f  tr im replacement. It cannot be assumed that because a tr im material i s  satisfactory in one 

corrosive f lu id  it w i l l  be satisfactory i n  a seemingly less corrosive fluid. The original HRT 

valves had Stel l i te Star J bal ls and Stel l i te No. 6 seats. These materials had been tested for 

thousands of operating hours in fuel solut ion with no evidence of leakage, corrosion, or erosion. 

However, during the precri t ical test ing of the HRT system the seats fa i led in a few hundred 

hours of operation in d is t i l l ed  water. A series of dynamic check-valve material tests13*14 

were made to  confirm th is  phenomenon and to  select a more suitable seat material. It appeared 

that if the Stel l i te 6 seats were lapped to  a perfect seal or f i r s t  operated in fuel solution, they 

would operate sat isfactor i ly  in d is t i l l ed  water, but without either of these pretreatments they 

would fa i l  from “wire drawing” in less than 200 hr. Stel l i te No. 3 and 17-4 PH stainless steel 

13R. Blumberg, Evaluation of Check V a l v e  Materials i n  Uranyl Sulfate and in D i s t i l l e d  Water, ORNL 
CF-57-12-72 (Dec. 17, 1957). 

14R. Blumberg, Further Evaluation of Check Va lve  Material for the Homogeneous Reactor  Program, 
ORNL CF-59-8-135 (Aug. 4, 1959). 
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hardened to  R, 40 were tested satisfactori ly in water and in  fuel solut ion for over 1000 hr. 

These materials have subsequently been in operation for over 10,000 hr both in water and in 

fuel solution. Type 347 and Carpenter 20 stainless steel seats appeared satisfactory in water 

during a 300-hr test. Platinum-bonded tungsten carbide (Kennametal K-501) and aluminum oxide 

appeared questionable or unsatisfactory on the basis of f low loss or weight loss i n  water or 

fuel solution. 

It was demonstrated that even seemingly similar materials w i l l  give vast ly different service 

and that the selection of check-valve tr im material must be made on the basis of experience 

with the material in i ts specif ic intended application or applications. The materials recom- 

mended for the HRT feed and purge pumps on the basis of these tests are Stel l i te Star J bal ls 

and Stel l i te No. 3 or type 17-4 PH stainless steel seats. 

4.3 Containment 

For reactor use where absolute containment i s  necessary and tr im replacement i s  imprac- 

t ical,  a welded assembly i s  mandatory. The HRE check valves, which were designed for 1000- 
ps i  operation, used a plug-weld closure (Fig. 31a). When th is  valve was tested at  2000 psi  

for HRT application, the plug welds cracked through after three to  four mi l l ion  cycles. The 

design was changed t o  the girth-weld closure (Fig. 31b) and has suffered no fai lures after 70 
mil l ion cycles. 

For out-of-pile use where maintenance is possible and experimental tr im replacement i s  

desirable, a bolted-and-gasketed assembly is used. 

The degree of containment should be consistent wi th the application, but where long l i f e  

i s  desired the design must take into account the cyc l i c  stress nature of check-valve service 

and contain no fatigue stress risers. 

It i s  of importance t o  note that the suction check-valve assembly i s  subjected to  continual 

pressure cycl ing between the suction and discharge pressure, whereas the discharge valve 

assembly i s  subiected only to  the discharge pressure. 

5. O P E R A T I N G  H I S T O R Y  O F  H E A D S  A N D  V A L V E S  

The operating history from 1955 t o  Apr i l  1959 of prototype and HRT feed- and purge-pump 

heads and check valves i s  recorded in Tables 4-7. Some of these units were l i fe-tested and 

were therefore operated to  destruction. Others were operated as auxi l iar ies t o  test  systems 

and to  the HRT, i n  which cases they may have been removed from service for reasons other 

than failure. The units removed from the HRT after October 1957 were contaminated and were 

not examined. The cause of fai lure l is ted for such units was deduced from the operating charac- 

terist ics, pressure-time traces, or presence of radioact iv i ty in the intermediate system. 

The uni t  replacement design typif ied by Fig. 3 has proved t o  be very satisfactory. Three 

feed-pump heads and two purge-pump heads have been replaced by completely remote methods 
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Table 4. Operating History of  Feed-Pump Heads 

Head Operating Dote Dote Hours of Pumped Type of 
Fluid Assembly Diaphragm Screen Number Location Installed Removed Operotion Remarks 

~ 

Unnumbered HRT mockup Unknown Unknown 2,800 0.019 in,, 347 SS, ful l  40 mesh Depleted fuel Welded Branched crack in lower portion of 
onneol diaphragm; many dents 

Circumferentiol crack 1)' in. long in 

south anneal, brush f inish lower portion of diaphragm; severol 
2 

1 HRT mockup, Early 1955 2-7-56 3,298 0.019 in., 347 SS, fu l l  40 mesh Depleted fuel Welded 

smaller crocks and mony dents 

HRT mockup, 3-22-56 4-24-56 488 0.019 in., A-40 40 mesh Depleted fuel Bolted Lorge circumferential crack; method 
south titanium, pickled f inish of ossembly and materials used 

rendered test inconclusive 

6 

10 

11 

Feed-pump t e s t  

loop No. 1, 
west 

HRT mockup, 
north 

Feed-pump test  

loop No. 1, 
eas t  

HRT mockup, 
south 

2-15-56 1-16-58 9,000 0.019'in., 347 SS, fu l l  
anneal, brush finish 

3-3-56 2-16-57 6,757 0.019 in., 347 SS, fu l l  
anneol, brush finish 

4-3-57 9-1057 2,194 0.031 in., 347 SS, fu l l  
anneal, liquid-blost 
f inish 

8-14-56 12-17-58 12,875 0.022 in., 347 SS, \ hard, 
mechanically polished 

Volve test  loop 11-30-56 

Feed-pump tes t  2-7-57 
loop No. 2, 
south 

Feed-pump test  2-7-57 
loop No. 2, 
north 

HRT mockup, 3-27-57 
north 

6-17-57 1,103 0.027 in., 347 SS, t hard, 
mechonical ly  pal ished 

16,300 0.031 in,, 347 SS, ful l  
anneal, mirror f inish 

16,300 0.031 in., 347 SS, ful l  
anneal, mirror finish 

9-6-57 1,799 0.031 in., 347 SS, !'2 hard, 
stress relieved 

40 mesh Water Welded Circumferential crock in lower 

diaphragm; head had operated an 

unknown number of hours prior to 

instal lat ion on FPTL  No. 1; 9000 hr 
occumulated on F P T L  No. 1 

40 mesh Depleted fuel Welded Branched crack neor bottom of 
diaphragm; dents 

40 mesh Water Bolted Removed from service; no failure 

40 mesh Depleted fuel Welded Blanked-off lower nipple cracked a t  

2408 hr; nipple was removed; hole 
was plugged; and head continued in 

service to diaphragm failure a t  

12,875 hr 

2 t - i n .  crack near bottom; heavily 
indented 

40 mesh Depleted fuel Bolted 

100 mesh Fuel Welded In operation 

100 mesh Depleted fuel Welded In operation 

100 mesh Depleted fuel Bolted and Blonked intermediate nipple cracked 

ot 1100 hr; nipple removed and hole 
plugged; seal weld crocked at 1799 
hr; probably result of handling during 
previous repair 

seal-welded 



Table 4 (continued) 
P 
P 

Head Operating Date Date Hours of Pumped Type of  
Fluid Assembly Diaphragm Screen Number Location Instal led Removed Operation Remarks 

12 Multipump loop 11-8-57 

13 HRT mockup, 9-1 1-57 
north 

14 Valve tes t  loop 12-27-57 

16 HRT mockup, 113-59 
south 

21 Multipump loop 11-12-58 

HRT Feed-Pump Heads 

HRT 3 

HRT 5 

HRT 6 

HRT 6 

HRT 6 

HRT 7 

HRT'7 

HRT a 

HRT 9 

HRT 9 

Blanket feed, 
east 

Fuel feed, west  

Fuel feed, west 

Fuel feed, west 

Fuel feed, east  

Fuel feed, east  

Blanket feed, 
east 

Blanket feed, 
west  

Fuel feed, east 

Fuel feed, west 

I 

10- 11-56 

1-21-57 

10-11-56 

126-  57 

8-9-57 

10- 11-56 

8-9-57 

2-20-57 

126-57 

8-9-57 

, 

4- 2- 57 

2-26-57 

1-21-57 

10-1-57 

10-1-57 

2-26-57 

10- 1-57 

10-1-57 

4-2-57 

10- 1-57 

~~ 

7,791 Two, 0.031 in., 347 SS, ful l  100 mesh Depleted fuel Bolted and In operotion; dauble-diaphragrn- 
anneal, mirror finish seal-welded double-capacity pump 

8,996 0.031 in., 347 SS, f u l l  100 mesh Depleted fuel Welded In operation 

anneal, mirror f inish 

2,857 0.031 in,, 347 SS, fu l l  20 p Depleted fuel Bolted In operation 

anneal, mirror finish 

723 0.031 in,, 347 SS, ful l  100 mesh Depleted fuel Welded In  operation 

anneal, mirror finish 

2,595 0.031 in,, 347 SS, ful l  20 p Depleted fuel Bolted In operation; lZ-in.-dia 0.125-in.-deep 
anneal, mirror finish free-deflection contour 

2,341 

496 

1,029 

707 

317 

1,525 

150 

958 

706 

317 

0.019 in,, 347 SS, ful l  
anneal, brush finish 

0.019 in., 347 SS, full 
anneal, brush finish 

0.019 in., 347 SS, full 
anneal, brush finish 

0.019 in,, 347 SS, fu l l  
anneal, brush finish 

0.019 in., 347 SS, fu l l  
anneal, brush finish 

0.019 in., 347 SS, ful l  
anneal, brush finish 

0.019 in,, 347 SS, ful l  
anneal, brush finish 

0.019 in., 347 SS, ful l  
anneal, brush f inish 

0.019 in., 347 SS, full 
anneal, brush f inish 

0.019 in,, 347 SS, ful l  
anneal, brush finish 

40 mesh 

40 mesh 

40 mesh 

40 mesh 

40 mesh 

40 mesh 

40 mesh 

40 mesh 

40 mesh 

40 mesh 

I 

Water 

Water and 
depleted fuel 

Water and 
depleted fuel 

Water and 
depleted fuel 

Water and 
depleted fuel 

Water and 
depleted fuel 

Water 

Water 

Water and 
depleted fuel 

Water and 
depleted fuel 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

No failure 

Check valves leaked 

Check valves leaked and were 

rsrJlaced 

No failure 

No failure; diaphragm operated total 

2053 hr 

Suction check failed at 1029 hr; bath 
valves failed at  1525 hr and were 

rep1 aced 

No failure; 1674 hr to ta l  

No foilure 

No failure 

No failure; 1023 hr total 

I 



t' I 

Table 4 (continued) 

Head Operating Date Date Hours of Pumped Type of  
Fluid Assembly Remarks Diaphragm Screen Number Location Installed Removed Operation 

HRT Feed-Pump Heads 

HRT 12 Blanket feed, 10-1 1-56 
west 

HRT 13 Blonket feed, 10-25-57 
east 

HRT 14 Blanket feed, 10-1-57 
west 

HRT 15 Fuel feed, east 10-1-57 

HRT 16 Fuel feed, west 10-1-57 

HRT 21 Fuel feed, east 7-26-58 

HRT 22 Fuel feed, west 4-29-59 

HRT 23 Fuel feed, east 2-13-59 

2-2G57 

7-26-58 

4-29-59 

2-13-59 

1,530 

3,688 

3,688 

2,283 

5,000 

2,278 

7 

39 

0.019 in., 347 SS, ful l  
anneal, brush finish 

0.031 in., 347 SS, full 
anneal, mirror finish 

0.031 in,, 347 SS, ful l  
anneal, mirror finish 

0.031 in., 347 SS, full 
anneal, mirror finish 

0.031 in., 347 SS, ful l  
anneal. mirror finish 

0.031 in., 347 SS, ful l  
anneal, mirror finish 

0.031 in., 347 SS, ful l  
anneal, mirror finish 

0.031 in., 347 SS, ful l  
anneal, mirror finish 

40 mesh 

100 mesh 

100 mesh 

100 mesh 

100 mesh 

100 mesh 

100 mesh 

100 mesh 

Water 

Water and fuel 

Water and fuel 

Fuel 

Fuel 

Fuel 

Fuel 

Fuel 

Welded No failure 

Welded In operation 

Welded In operation 

Welded Reading of 10 mr/hr on intermediate 
pipe; reading decreased w i th  time; 

no other indications of failure; head 
removed as precautionary measure 

Welded Last intermediate water while in 

operation; no leakage apparent on 

2500-psi hydrostatic test 

Welded Reading 10 r/hr on intermediate 
water; other indications of 
diaphragm rupture 

Welded In operation 

In operation Welded 

P cn 



P Table 5. Operating History o f  Feed-Pump Check Valves 
0. 

Operating Head Date Date Hours of Seat Bal I Type of  Pumped 
Remarks 

Type 
and No. Locat ion  No. Installed Removed Operation Material Material Assembly F lu id  

718 

1,286 

5,767 

8,975 

5,768 

9 62 

732 

763 

563 

563 

11,999 

1 1,552 

11,919 

2,896 

16,300 

Stel l i te 6 Star J 

Stel l i te 6 Star J 

Plug weld Depleted fuel Crack originating i n  root of closure 
weld and terminating in tap of I Suction, HRT mackup 

Suction, HRT mackup 

unnumbered 

unn um bered 

D- 1 HRT mackup and 
feed-pump test  
No. 1 

Feed-pump tes t  

No. 1 

HRT mackup 

8-8-55 

10-16-55 

4-2-56 

2-15-56 

3-1-56 

1- 15-56 

9-10-56 

11-1-56 

10-22-56 

10-22-56 

3-1 1-57 

11-5-56 

11-5-56 

12-19-56 

1-23-56 

10- 14-55 

1-30-56 

5-22-57 

1 - 16-58 

11-15-56 

9-5-56 

10-22-56 

5-1 1-57 

12-10-56 

12- 10-56 

2- 19-58 

Plug weld Depleted fuel housing between closure weld and 

outer edge 

Removed from service in good 

condition 
Stel l i te 6 Star J Gir th weld Depleted fuel 

and water 

Stel l i te 6 Star J Gi r th  weld Water Removed from service i n  good 
condition 

Removed from service i n  goad 
condi t ion 

Leakage through t r im 

D-2 

Stel l i te 6 Star J 

Stel l i te 6 Star J 

Stel l i te 6 Star J 

Stel l i te 6 Star J 

Gir th weld Depleted fuel D-3 

Feed-pump tes t  
No. 1 

Feed-pump tes t  
No. 1 

Feed-pump tes t  
No. 1 

Feed-pump tes t  

No. 2 

Feed-pump test  
No. 2 

HRT mackup 

HRT mockup 

HRT mackup 

Valve tes t  loop 

Gir th weld Water D-4 

Gir th weld Water Leakage through t r im D-5 

Gir th weld Water Removed fram.service in goad 
condition 

Tr im leaked badly 

D-6 

Stel l i te 6 Star J Gir th weld Water D-7 

Stel l i te 6 Star J Gir th weld Water Satisfactory 

Stel l i te 6 Star J 

Stel l i te 6 Star J 

Stel l i te 6 Star J 

Stel l i te 3 Star J 

Gir th weld Depleted fuel 

Gir th weld Depleted fuel 

Gir th weld Depleted fuel 

G i r th  weld Depleted fuel 

I n  operation 

In  operation 

i n  operation 

Exact history and operating hours 
unknown; salvaged because it was 
plug-weld design 

In operation 

D-8 

D-9 

D-10 

D-11 

Stel l i te 6 Star J Gir th weld Depleted fuel D-12 Feed-pump test  
No. 2 

1 
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Table 5 (continued) 

Type Operating Head Date Date Hours of Seat Ba l l  Type of Pumped 
Remarks and No. Locat ion  No. Installed Removed Operation Material Material Assembly Fluid 

D-13 

D-14 

D-15 

S-1 

s-2 

5-3 

5-4 

5-5 

5-7 

S- 8 

s-9 

s-10 

s-11 

A u 5-12 

Feed-pump test  

No. 2 

Feed-pump test  
No. 2 

Mult ipump loop 

HRT mockup 

Feed-pump test  

No. 1 

HRT mockup 

Feed-pump test  
No. 1 

Feed-pump test  
No. 1 

Feed-pump test 
No. 2 

Va lve  tes t  loop 

Feed-pump test  
No. 2 

Feed-pump test  
, No. 2 

Feed-pump test  
No. 1 

Feed-pump test  
No. 2 

Multipump loop 

1-23-56 

2- 19-57 

11-8-57 

3-23-56 

4- 19-56 

3-23-56 

4-19-56 

10-22-56 

10-22-56 

12-4-56 

2-7-57 

3-21-57 

6-5-57 

7- 19-57 

1 1-8-57 

10-8-58 

1-22-58 

1 2- 1 3-56 

6-5-57 

12- 10-56 

1-22-58 

10-8-58 

8-22-57 

5,239 

13,918 

7,217 

15,885 

8,400 

17,007 

1,714 

2,420 

5 63 

2,916 

16,300 

5,239 

1,024 

13,918 

7,217 

Stel l i te 6 

17-4 PH 

Stel l i te 3 

Stel l i te 6 

Stel l i te 6 

Stell i t e  6 

Stel l i te 6 

Stel l i te 6 

Stel l i te 6 

Stel l i te 6 

S te l l i te  6 

Stel l i te 6 

17-4 PH 

17-4 PH 

Stell i te  3 

Star J 

Haynes 25 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

G i r th  weld 

Gir th weld 

Gir th weld 

Gir th weld 

Girth weld 

Girth weld 

Girth weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Depleced fuel 

Depleted fuel 

Depleted fuel 

Depleted fuel 

Water 

Depleted fuel 

Water 

Water 

Water 

Depleted fuel 

Depleted fuel 

Depleted fuel 

Water 

Depleted fuel 

Depleted fuel 

Removed from service in good 

condi t ion to tes t  D-14 

I n  operation 

In operation 

In operation; contains t r im salvaged 
from earlier valve-history unknown 

Removed from service in good 
condition; contains salvaged t r im 

I n  operation; contains salvaged 
t r im  

Removed from service i n  good 
condition; ,contains salvaged tr im 

Severe leakage 

Leaks  

Removed from service in good 
condi t ion 

I n  operation 

Leaks 2 cc/min at 2000 psi  AP 

Removed from service in good 
condition 

In operation 

In operation 



Table 5 (continued) 
&i 

Pumped Type Operating Head Date Date Hours of Seat Ba l l  Type of 
Remarks and No. Location No. lnstol led Removed Operation Material Material Assembly F lu id  - 

HRT Feed-Pump Check Valves 

S, unknown 

D, unknown 

S, unknown 

D, unknown 

S, unknown 

D, unknown 

D- 1 

5-5 

S, unknown 

S, unknown 

D, unknown 

5-3 

D-2 

5-7 

D-3 

5-6 

Blanket feed 

Blanket feed 

Fue l  feed 

Fue l  feed 

Fue l  feed 

Fue l  feed 

Fue l  feed 

Fue l  feed 

Fue l  feed 

Fue l  feed 

Fue l  feed 

Blanket feed 

Blanket feed 

Blanket feed 

Blanket feed 

Fue l  feed 

3 

3 

5 

5 

6 

6 

6 

6 

7 

7 

7 

7 

7 

a 
a 
9 

10- 

10- 

10-1 1-56 4-2-57 

10-1 1-56 4-2-57 

1-21-57 2-26-57 

1-21-57 2-26-57 

1-56 1-21-57 

1-56 1-21-57 

2-26-57 10-1-57 

2-26-57 10-1-57 

10-11-56 1-21-57 

1-21-57 2-26-57 

10-1 1-56 2-26-57 

8-9-57 10-1-57 

8-9-57 10-1-57 

2-20-57 10-1-57 

2-20-57 10-1-57 

2-26-57 4-2-57 

2,341 

2,341 

496 

496 

1,029 

1,029 

1,024 

1,024 

1,029 

496 

1,525 

150 

150 

958 

958 

706 

Stel l i te  6 Star J 

Ste l l i te  6 Star J 

Ste l l i te  6 Star J 

Stell i te 6 Star J 

Stell i te 6 Star J 

Ste l l i te  6 Star J 

Stell i te 6 Star J 

Ste l l i te  6 Star J 

Ste l l i te  6 Star J 

Ste l l i te  6 Star J 

Stel l i te 6 Star J 

Ste l l i te  6 Star J 

Stel l i te 6 Star J 

Ste l l i te  6 Star J 

Stell i te 6 Star J 

Stell i te 6 Star J 

Girth weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Gir th weld 

Water 

Water 

Water and 
depleted fuel 

Water and 
depleted fuel  

Water and 
depleted fuel 

Water and 
depleted fuel  

Water and 
depleted fuel 

Water and 
depleted fuel 

Water and 
depleted fuel 

Water and 
depleted fuel 

Water and 
depleted fuel 

Water 

Water 

Water 

Water 

Water and 
depleted fuel 

No fa i lure 

No fa i lure 

Removed because of leakage 

Removed because of leakage 

Removed because of leakage 

Removed because of leakage 

No fa i lure 

No fa i lure 

Removed becouse of leakage 

Removed because of leakage 

Removed because of leakage 

No fa i lure 

No fa i lure 

No fa i lure 

No fa i lure 

No fa i lure 

I 
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Table 5 (continued) 

Type Operating Head Dote Dote Hours of  Seat Bal  I Type of Pumped 
and No. Location No. Installed Removed Operation Material Material Assembly F lu id  Remarks 

H R T  Feed-Pump Check Valves 

Fue l  feed 5-4 9 

9 

9 

12 

13 

13 

14 

14 

15 

15 

16 

16 

21 

21 

23 

23 

22 

22 

2-26-57 4-2-57 

8-9-57 10-1-57 

8-9-57 10-1-57 

10- 11-56 2-20-57 

10-25-57 

10-25-57 

10-1-57 

10- 1-57 

10-1-57 7-26-59 

10-1-57 7-26-59 

10-1-57 4-29-59 

10- 1-57 4-29-59 

7-26-58 2-13-59 

7-26-58 2-13-59 

2- 13-59 

2- 13-59 

4-29-59 

4-29-59 

706 Stel l i te 6 Star J Girth weld Water and No fai lure 
depleted fuel 

Gir th weld Water and No fai lure 

depleted fuel 

Gir th weld Water and No fai lure 
depleted fuel 

Gir th weld Water No fai lure 

5-6 Fue l  feed 1,023 Stel l i te 6 Star J 
t o ta l  

1,023 Stel l i te 6 Star J 
to ta l  

1,530 Stel l i te 6 Star J 

D-4 Fuel  feed 

S and D, 

unknown 

5-12 

D-12 

5-13 

D-13 

s-10 

Blanket feed 

Blanket feed 

Blanket feed 

Blanket feed 

Blanket feed 

Fue l  feed 

3,688 17-4 P H  Star J 

3,686 17-4 P H  Star J 

3,688 17-4 P H  Stor J 

3,688 17-4 P H  Stor J 

2,283 Stel l i te 3 Star J 

Girth weld Water and fuel 

Gir th weld Water and fuel  

Gir th weld Water and fuel  

Gir th weld Water and fuel  

Gir th weld Fuel  

In operation 

In operation 

In operotion 

In operation 

Removed because of diaphragm 
failure; no valve fai lure indicated 

Removed because of diaphragm 
failure; no valve fai lure indicated 

No fai lure 

No fai lure 

Removed because of diaphragm 
failure; no valve fai lure indicated 

Removed because of diaphragm 
failure; no valve fai lure indicated 

In operotion 

In operation 

In operation 

In operation 

D-10 Fue l  feed 2,283 Stel l i te 3 Star J Gir th weld Fuel  

s-11 

D-11 

5-14 

Fue l  feed 

Fue l  feed 

Fue l  feed 

5,000 Stel l i te 3 Star J 

5,000 Stell i te 3 Star J 

2,278 Stell i te 3 Star J 

Girth weld Fue l  

Gir th weld Fuel  

Gir th weld Fuel  

D-14 Fue l  feed 2,278 Stell i te 3 Star J Girth weld Fuel  

5-16 

D-17 

5-17 

D-16 
e. 
\o 

Fue l  feed 

Fue l  feed 

Fuel  feed 

Fue l  feed 

39 Stel l i te 3 Star J 

39 Stel l i te 3 Star J 

7 Stell i te 3 Star J 

7 Stell i te 3 Star J 

Girth weld Fue l  

Gir th weld Fue l  

Gir th weld Fue l  

Gir th weld Fuel  
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Tab le  6. Operat ing H is to ry  o f  Purge-Pump Heads 

Head 0 pera t i n  g Date Date Hours o f  Pumped T y p e  of  
Remarks F l u i d  Assembly  Dia phra gm Screen Number L o c a t i o n  lnsta l led Removed Operation 

Unnumbered HRT mockup 

P1 H R T  mockup 6-20-56 4-4-57 

P 2  Purge-pump t e s t  1 4-4-56 2-20-57 

P3 Purge-pump t e s t  2 10-29-56 11-26-56 

P 4  H R T  mockup 7-1 0-57 

P5 Purge-pump t e s t  2 8-30-57 10-10-58 

P6  Purge-pump tes t  1 8-30-57 10-10-58 

P l l A  Purge-pump tes t  1 3-6-57 5-22-57 

P12A H R T  mockup 4-1 0-57 6-1 9-57 

HRT Purge-Pump HeadsC 

HRT 1 BCPPPc 10-1 1-56 4-2-57 

HRT 4 FCPP.P 10-1 1-56 4-2-57 

HRT 4 FPPP 8-3-57 10-25-57 

HRT 5 FPPP 10-1 1-56 2-5-57 

HRT 6 BPPP 10-1 1-56 12-4-56 

2730 0.019 in., 347 SS, f u l l  None Water 
annea I, brush f i n i s h  

4033 0.019 in., 347 SS, f u l l  None Water 

a nnea I, brush f i n  i s h  

5732 0.019 in., 347 SS, f u l l  None Water 
anneal, brush f i n i s h  

5 4 7  0.019 in., 347 SS, 1/4 hard, None Water 

po l i shed 

8620 0.019 in., 347 SS, f u l l  100  mesh Water 
anneal, po l i shed 

8380 0.019 in., AM-350,n 100 mesh F u e l  

po l i shed 

8380 0.019 in., 347 SS, f u l l  100 mesh Water 
hard, pol ished 

946 0.019 in., 347 SS, anneal’ None Water 

1298 0.019 in., 347 SS, anneal’ None . Water 

1796 0.019 in., 347 SS, anneal’ None Water 

1967 0.019 in., 347 SS, anneal’ None Water 

2508 0.019 in., 347 SS, anneal’ None Water 

toto I 

783 0.019 in., 347 S S ,  anneal’ None Water 

414 0.019 in., 347 SS, anneal’ None Water 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Diaphragm crack started at large 

dent caused by  metal  pa r t i c l e  

found in head 

l%-in.- long c i r cu la r  crack near 

bottom o f  diaphragm; many 

dents 

C i r cu la r  c rack  or ig ina t ing  i n  

deep dent 

Spectacular semic i rcu la r  crack 

ex tend ing  around en t i re  bottom 

h a l f  

In operat ion 

T e s t  discont inued; operotion was 

a t  250 s trokes/min 

T e s t  discont inued; operation was 

a t  250 strokes/min 

Diaphragm f a i l e d  

Diaphragm fa i l ed  

N o  fa i lu re ;  rep laced dur ing  HRT 
f lange replacement 

N o  fai lure;  rep laced dur ing  HRT 
f lange replacement 

Removed because of check-va Ive, 

fa i lure 

Broken diaphragm 

L e a k i n g  s u c t i o n  check  



. 1 I 

T a b l e  6 (cont inued) 

Pumped Type of  Heod Operat ing Dote D o t e  Hours o f  
Re marks Screen Fluid Assembly  Diaphragm Number L o c a t i o n  Ins ta l led  Removed Operat ion 

HRT Purge-Pump Headsc 

HRT 6 BPPP 

HRT 7 FPPP 

HRT 8 BPPP 

HRT 8 FCPPP 

HRT 9 BCPPP 

HRT 17 BCPPP 

HRT 18 FPPP 

HRT 19 BPPP 

HRT 20 FCPPP 

8-3-57 10-25-57 

2-5-57 3-2-57 

12-4-56 4-2-57 

8-3-57 10-25-57 

0-3-57 10-25-57 

10-25-57 

10-25-57 

10-25-57 2-1 1-59 

10-25-57 2-1 3-59 

1-59 

3-59 

H R T  30 BPPP 2- 

H R T 3 l  FCPPP 2. 

4 70 
tota I 

4 06 

1383 

1941 
toto I 

232 

4656 

4754 

3654 

4149 

2 16 

4 05 

b 
0.019 in., 347 SS, anneal  

0.019 in., 347 SS,  anneal b 

0.019 in., 347 SS, anneal  b 

0.019 in., 347 S S ,  anneal b 

0.019 in., 347 SS, anneal  b 

0.019 in., 347 SS,  f u l l  

anneal, mirror f i n i sh  

0.019 in., 347 SS, f u l l  
anneal, mirror f i n i sh  

0.019 in., 347 SS,  f u l l  

anneal, mirror f i n i sh  

0.019 in., 345 SS, f u l l  

anneal, mirror f i n i sh  

0.019 in., 347 SS, f u l l  

onneai, mirror f i n i s h  

0.019 in., 347 SS, f u l l  

onneol, mirror f i n i sh  

None 

None 

None 

None 

None 

100 mesh 

100 mesh 

100 mesh 

100 mesh 

100 mesh 

100 mesh 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Wo ter 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

Welded 

N o  failure; replaced dur ing 

f lange replacement 

Broken d ia phra gm 

N o  fa i lu re  

N o  fa i lu re  

N o  fa i lu re  

In operat ion 

In operat ion 

Removed because of  leak ing  

suc t ion  check v a l v e  

Removed because o f  leak ing  

check va lves  

In operat ion 

In operat ion 

%eat  t reatment for  AM-350: he ld  a t  -1OOOF for 2 hr, then a t  65OoF for 2 hr. 

bDiophrogms hod been "pol ished" on lothe face plate w i t h  emery cloth, leav ing  c i rcu la r  scrotches. 

'BCPPP: b lanket  c i rculat ing-pump purge pump; 
FCPPP: fue l  c i rculat ing-pump purge pump; 
BP P P: b Ian ke t  pressurizer purge pump; 
FPPP: fue l  pressur izer purge pump. 



Table 7. Operating History of Purge-Pump Check Valves 

Check Valve Operating Date Date Hours of Seat Bal l  Type of Pumped ' 

Type and No. Locat ion Installed Removed Operation Material Material Assembly Fluid Remarks 

S, unknown 

S, unknown 

S-1 

s-2 

5.3 

5-4 

s-11 

5-12 

5-13 

D-l 

D 2  

D-3 

D-12 . 

D-13 

HRT mockup 

HRT mockup 

HRT mockup 

Purge-pump tes t  

loop 1 

Purge-pump test 1 

Purge-pump test 2 

Purge-pump test  1 

HRT mockup 

Purge-pump tes t  2 

HRT mockup 

Purge-pump test 1 

Purge-pump test 2 

HRT mockup 

Purge-pump test  2 

HRT Purge-Pump Check Valves* 

D-3 FCPPP Head No. 4 

5-3 FCPPP Head No. 4 

S, unknown FPPP Head No. 5 

1-10-56 

2-7-56 

3-2-56 

8-5-56 

10-29-56 

2-28-57 

4-4-57 

9-1-57 

6-19-56 

unknown 

10-29-56 

4-4-57 

9-1-57 

10-1 1-56 

10-11-56 

10-1 1-56 

2-5-56 

2-26-56 

4-4-57 

7-5-56 

12- 10-58 

11-26-56 

12-10-58 

12- 10-58 

4-4-57 

4-8-57 

11-26-56 

12-1 0-58 

4-2-57 

4-2-57 

2-5-57 

445 

398 

5,917 

3,000 

11,879 

547 

9,326 

9,927 

8,380 

4,133 

9,049 

547 

9,927 

8,380 

1.967 

1,967 

783 

Stellite 6 Stor J Plug weld 

Stellite 6 Star J Plug weld 

Stel l i te 6 Star J Girth weld 

Stellite 6 Stor J Girth weld 

Stellite 6 Star J Girth weld 

Stellite 6 Star J Girth weld 

Stellite 6 Star J Girth weld 

Stellite 6 Star J Girth weld 

17-4 PH Hoynes 25 Girth weld 

Stellite 6 Star J Plug weld 

17-4 PH 440 SS Plug weld 

Stellite 6 Star J Girth weld 

Stellite 6 Star J Girth weld 

17-4 PH Star J Girth weld 

Stellite 6 Star J Girth weld 

Stellite 6 Stor J Girth weld 

Stellite 6 Stor J Girth weld 

Water 

Water 

Woter 

Water 

Woter 

Woter 

Water 

Woter 

Fuel 

Woter 

Water 

Water 

Woter 

Fuel 

Water 

Water 

Water 

Crack Originating in root of closure weld and 
1 

terminating in side of housing /s in. from top 

terminoting in side of housing ?' in. from top 

Crock originating in root of closure weld ond 

8 

Removed from service; leok-tested and found 
not to  leok 

Ba l ls  sticking in cages, seemingly from dirt  

Test discontinued; leak-tested and found not 

to  leak 

Test disconiinued 

Test discontinued; stat ic leok rate 1.29 
cc/min at  2000 ps i  AP (used as discharge) 

Sti l l  in service 

Test discontinued; stat ic leak rate 0.062 
cc/min ot  2000 psi  AP 

Static leak rate 150 cc/hr a t  2000 ps i  AP 

Test discontinued; s ta t i c  leok rote 0.062 
cc/hr a t  2000 ps i  AP 

Test discontinued 

Sti l l  in service 

Test discontinued; stat ic leok rate 0.029 
cc/min at  2000 ps i  AP 

One of the va lves  foiled 

One of the valves foiled 

Removed because of diaphragm failure 

*BCPPP: blanket circulating-pump purge pump; 
FCPPP: fuel circulating-pump purge pump; 
BPPP: blanket pressurizer purge pump; 
FPPP: fuel pressurizer purge pump. 
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Table 7 (continued) 

cn w 

Check Valve ' 0 perot i ng , Dote Date Hours of Seat Ball Typeof  Pumped 
Type ond No. Location Installed Removed Operation Material Material Assembly Fluid Remar k s 

HRT Purge-Pump Check Valves* 

D, unknown 

s- 1 

s- 7 

D- 1 

S, unknown 

D, unknown 

D- 58 8 I 
5-2 

D- 2 

S and D, 
unknown 

5 3  

D-3 

s-2** 

D- 4 

5 3  

D-2 

5-3 

D 4  

s- 1 

D- 1 

s-5 

D-5 

5-6 

D-6 

FPPP Head No. 5 10-11-56 

BPPP Head No. 6 10-11-56 

BPPP Heod No. 6 8-3-57 

BPPP Head No. 6 10-11-56 

FPPP Head No. 7 2-5-57 

FPPP Head No. 7 2-5-57 

BPPP and FCPPP 12-4-56 
Head No. 8 [ 8-3-57 

BCPPP Head No. 9 8-3-57 

BCPPP Head No. 9 8-3-57 

BCPPP Head No. 1 10-11-56 

FPPP Head No. 4 8-3-57 

FPPP Head No. 4 8-3-57 

BCPPP Head No. 17 

BCPPP Head No. 17 

FPPP Head No. 18 

FPPP Head No. 18 

BPPP Head No. 19 

BPPP Head No. 19 

FCPPP Head No. 20 

FCPPP Head No. 20 

BPPP Head No. 30 

BPPP Head No. 30 

FCPPP Head No. 31 

FCPPP Head No. 31 

10-25-57 

10-25-57 

10-25-57 

1 0-25-5 7 

10-25-57 

10-25-57 

10-25-57 

10-25-57 

2-1 1-59 

2-1 1-59 

2-1 3-59 

2-13-59 

2-5-57 

12-4-56 

10-25-57 

10-25-57 

3-2-57 

3-2-57 

4-2-57 
10-25-57 

1 0- 25-57 

10-25-57 

4-2-57 

10-25-57 

10-25-57 

2-1 1-59 

2-11-59 

2- 13-59 

2- 13-59 

783 

414 

56 

470 

406 

406 

1,941 
total 

232 

232 

1,796 

2,508 
total 

2,508 
to ta l  

4,656 

4,656 

4,754 

4,754 

3,654 

3,654 

4,149 

4,149 

210 

210 

405 

405 

Stel l i te 6 

Stel l i te 6 

Stel l i te 6 

Stel l i te  6 

Stellite 6 

Stel l i te  6 

Stellite 6 
Stellite 6 

Stellite 6 

Stel l i te 6 

Stel l i te 6 

Stellite 6 

Stel I i te 6 

17-4 P H  

17-4 P H  

17-4 P H  

17-4 PH 

17-4 PH 

17-4 PH 

17-4 PH 

17-4 P H  

17-4 PH 

17-4 P H  

17-4 PH 

17-4 PH 

Star J 

Stor J 

Star J 

Star J 

Star J 

Star J 

Star J 
Star J 

Star J 

Stor J 

Star J 

Star J , 

Stor J 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Star J 

Stor J 

Star J 

Star J 

Star J 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Woter 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Removed becouse of diaphragm failure 

Removed because of leakage 

No failure 

No failure 

No failure 

N o  failure 

No failure 
No failure 

No failure 

No failure 

No failure 

Girth weld Water Check-valve leakoge 

Girth weld Water Check-valve leokoge 

Girth weld Water Sti l l  in service 

Girth weld Water Sti l l  in service 

Girth weld Water S t i l l  in service 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Girth weld 

Water 

Woter 

Water 

Water 

Water 

Water 

Woter 

Water 

Water 

S t i l l  i n  service 

Removed becouse of leakage 

Operated satisfactorily 

Suspected of leaking 

Suspected of leaking 

Sti l l  in service 

S t i l l  in service 

S t i l l  in service 

S t i l l  in service 

**New numbering system. 



since the HRT achieved cr i t ical i ty.  These operations have required an average of 36 man-hours 

for the removal and instal lat ion of the pump and 69 man-hours for removal and replacement of 

shielding blocks and seal pans. 

The construction of ready-to-install uni ts has cost an average of $5000 for feed pumps 

and $3000 for purge pumps. 

6. SLURRY PUMPS 

Diaphragm pumps appear t o  be adaptable to  slurry, and tests wi th developmental pumps 

have been very encouraging. 

6.1 Diaphragm Heads 

It has been pointed out in Sec 3.2 that sol ids in the pump cavity may cause excessive 

There appear to  be at least four pos- diaphragm stresses by altering the diaphragm contour. 

s ib le solutions to the problem. 

6.1.1 Maintenance. - Where maintenance is convenient and extreme longevity i s  not es- 

sential, the uni t  may be designed for ease of diaphragm replacement and the damage may be 

al lowed to  develop. 

6.1.2 Filtration. - If the sol ids a l l  exceed some conveniently f i l terable size, a ref lux 

f i l ter  can be located in the pump head, in much the same way as the screens are located i n  

solut ion pumps (cf. Sec 3.2), so that although the slurry passes through the head, the pump 

chamber operates only i n  clear liquid. 

6.1.3 Remote-Leg Operation. - If the sett l ing rate of the sol ids permits, the pump shown 

schematically i n  Fig. 33a w i l l  maintain a slurry-supernate interface in the vert ical  leg con- 

necting the head and the check valves. The required length and diameter of the vert ical leg 

depend on the sett l ing rate of the slurry, the stroke volume and speed, and the necessary gas 

bleed and purge rates, i f  any. A test was conducted with 3-ft lengths of several dif ferent di- 

ameters of glass pipe for the vert ical leg and with a slurry of water and 1600OC-fired Tho, 

(average part icle size, 2 p) having a specif ic gravity of 2. The test indicated that the average 

height of the interface above the check-valve intersection was a linear function of the average 

velocity in the vert ical leg, going from 6 in. at  a ve loc i tyo f  1 in./sec t o  28 in. at  11 in./sec. 

The dissolved gas in the slurry came out of solut ion at  the reduced pressure of the suction 

stroke and traveled up into the pump head, carrying a coating of Tho, with it. Th is  introduced 

some sol ids into the head and also necessitated a small, constant vent t o  prevent gas binding 

of the head. The venting created a net upward f low accompanied by a net r i se  of the interface 

i n  the vert ical leg. The interface r ise was offset by a small, constant purge of clear water 

introduced to  the head on every suction stroke. With the vent and purge rates reasonably wel l  

balanced, the pump was satisfactori ly operated at  low discharge pressure for 1400 hr. When 

the head was disassembled, it contained some solids; however, the diaphragm showed very 

l i t t l e  evidence of damage. The head was reassembled as a high-pressure pump and has since 

. 
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UNCLASSIFIED 
ORNL-LR-DWG 45558 

PURGE GAS c r  c 

( 0 )  REMOTE-LEG PUMP ( b )  SINGLE-CONTOUR PUMP IY t 

pumped from 0.3 to  0.9 gpm of slurry at specif ic gravit ies of from 1.1 t o  2.1 to  discharge pres- 

sures of 500 to  1900 psi  for 6200 hr. A continuous vent is used, but no purge is added. A 
sample point on the remote leg located 22 in. above the check valves yields samples of a spe- 

c i f i c  gravity of 1.05, indicating that although a high degree of separation is achieved some 

sol ids are entering the head. Although th is  diaphragm did not fail, it was disassembled after 

6200 hr and found to  be quite heavi ly dented (see Fig. 34). 

6.1.4 Single Contour. - Figure 33b i l lustrates a fourth adaptation, one that promises to  

give the longest service w i th  the fewest problems. T o  eliminate the problem of sol ids between 

the diaphragm and the contour plate, the contour plate on the slurry side was eliminated and 

replaced by a simple recess. The diaphragm operates from the driving contour plate to  center. 

Th is  restr icted motion i s  accomplished by coupling the pumping diaphragm in the lef t  chamber 

t o  the driving diaphragm in the r ight chamber by the column of water between them. The driving 

diaphragm i s  restr icted to  stroking from the contour on i t s  r ight to the f la t  face on i t s  left. Th is  

arrangement permits the pump to  take, i n  effect, only a hal f  stroke, thereby reducing the capacity 

of the unit; however, the design considerably reduces the possibi l i ty  of gas binding, since the 

pumped f lu id i s  discharged out the top, and considerably reduces the possibi l i ty  of diaphragm 

damage. A unit of th is  type pumped from 0.2 to  0.5 gpm o f  Tho, slurry for 6200 hr as a paral lel 

uni t  to the remote-leg head (Sec 6.1.3). On disassembly the diaphragm was found to  be com- 

pletely unmarked (see Fig. 34). A duplex unit has been provided for engineering tests of an 

assembly of components proposed for slurry reactor use. 
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UNCLASSIFIED 
PHOTO 34822 

I I l l  I l l  I l l  

SLURRY PUMP 
6200 hr  
y 60 s t rokes /m in  - 4000 g/ l i te r  T h o 2  SLURRY, - 1500 psi DISCHARGE PRESSURE 
NO SCREENING 

1 1 1  I I (  1 1 1  , I 1  I 1 1  I l l  I l l  I l l  I \  

REMOTE L E G  
SLURRY PUMP 
6200 hr 
% 60 strokes / m i n  - 4000 g / l i t e r  T h o 2  SLURRY - t500 psi DISCHARGE PRESSURE 
7 0  u. SCRFFNING 

c 0 1 ? c 



6.2 Check Valves 

The problems of configuration and choice of structural materials are involved in the design 

o f  check valves for slurry service. 

6.2.1 Configuration. - A slurry check valve should be designed for through f low w i th  as 

few direct ion changes as possible. It should contain a minimum of horizontal surface to  mini- 

mize deposition of solids, and the guiding of the ba l l  should be in such a fashion that it cannot 

stick. Figure 32 is a double-ball dome-guided valve that has worked successful ly in Tho, 
slurries of specif ic gravities up to 2.5. 

6.2.2 Tr im Material. - The tr im material must be selected on the basis of experience under 

the conditions of intended use. Rubber and similar polymers have been successful ly used 

industr ial ly in abrasive slurries under some conditions. However, where a high-radiation envi- 

ronment exists, the choice is l imited t o  metals, cermets, and ceramics. In the series of tests 

summarized in Table 8, the l i f e  of a tr im material seemed to be related to i ts hardness. Thorium 

Table 8. Tests of Check-Valve Trim 
Average pump conditions: 
Capacity, 0.5 gpm 

Suction pressure, atmospheric Ball diameter, in. 

Discharge pressure, 1500 psi  

Material, 1600°C-fired Tho2 in water; specific gravity = 1.5 (-500 g/liter) 

Trim Material 

Speed, 150 strokes/min 

Configuration, s ingle ba II 

Results Hours of 
Ball Seat Opera ti on 

A1203 

A1203 

A1203 
17-4 PH 

Ste I I i te 

Ste l l i te 

17-4 PH 

Tungsten carbide* 

A1203 

A1203 

A1203 

B4c 

Zircaloy-2 

Gold 

T i  A-70 

T i  A-70 

347 ss 
Ste l l i te  

17-4 PH 

2 

20 

23 

19 

17 

99 

2 08 

Tungsten carbide* 164 

A1203 31 1 

A1203 772 

B4C 46 1 

B4C 1550 

A1203 Be 0 1390 

Seats eroded 

Seats bad Iy eroded 

Seats badly eroded 

Balls pitted; seats badly eroded 

Ba I Is pitted; seats badly eroded 

Balls pitted; seats badly eroded 

Seats eroded (192 hr of low- 
concentration slurry) 

High leak rate 

No flow loss; no s ta t i c  leakage; ball 
wear rate = 76 mpy 

No flow loss; 1 cc/min leakage; ball 
wear = 45.6 mpy 

No flow loss; no s tat ic  leakage; ball 
wear =47.6 mpy 

No flow loss; ba I Is slightly pitted; 
seat showed uniform wear; leak 
rates 25 cc/min discharge, 546 cc/min 

suction 

Indications of leakage after 200 hr; 
severe seat erasion 

P latinum bonded. 
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oxide is about 650 on the Knoop scale of hardness, or about equal to  hardened steel at  R, 

60.5. On the Knoop scale, B e 0  is 1220, ZrO, i s  650, WC i s  1880, AI,O, i s  2000, and B,C 
i s  2800. Scheduled for test ing are ZrO,, Tho,, a variety of grades of Al,O,, and more B,C. 

I t  appears at th is time that check valves capable of s ix months' continuous service in 

Tho, can be constructed. Since a l l  materials tested suffer a f in i te wear rate, it is probable 

that planned replacement w i l l  be required, although continuous service is not ca l led  for in 

most of the proposed slurry applications. 

7. D R I V E  SYSTEMS 

High-pressure diaphragm pumps must be hydraul ical ly operated. Since the HRT feed pumps 

are exposed t o  radiation and since diaphragm rupture may introduce hydraul ic f lu id into the 

process fluid, the most acceptable hydraulic f lu id is d is t i l l ed  water. The function of the drive 

system i s  t o  osci l late the operating column of water through a pressure cycle from suction 

pressure to  discharge pressure and return wi th a volumetric amplitude suff ic ient  t o  deflect 

the diaphragm the desired stroke. Th is  can be accomplished direct ly by using a pulse generator 

that operates i n  water or indirect ly by generating a pulse i n  o i l  and transferring it to  the water 

column through an intermediate barrier. Although the direct water-pulse generator is attractive, 

since it eliminates the intermediate barrier and the necessity for obtaining and maintaining an 

exact amount of water in the closed column between the intermediate barrier and the pump 

diaphragm, the l i f e  of such generators tested to date has been short because of the poor lubri- 

cating properties of water. The added complexity o f  the oi l-pulse generator system i s  more than 

offset by i t s  long trouble-free life, and although the intermediate barrier required by the oi l-pulse 

generator contributes to the complexity o f  the unit, it does provide an addit ional barrier against 

radioactive contamination of the pulse generator. 

7.1 Pulse Generators 

Two types of oil-pulse generators have been successful ly used to  drive reactor and experi- 

mental pumps. 

The Scott and Williams P9 sl ide-valve pulse generator, used to  drive the HRT feed pumps, 

consists of a rotary positive-displacement o i l  pump discharging into a slide-valve distr ibutor 

that lets o i l  into and out of each of two intermediate expandable barriers (the pulsator of Fig. 1). 

The energy for the suction stroke of the pump is provided by stored energy in the expanded 

intermediate barrier. The variable-delivery o i l  pump permits variat ion of pulse volume while 

stroking speed remains constant. The time-displacement curve of the sl ide-valve uni t  is  vir- 

tua l l y  a square wave, leading to  high accelerations at  the beginning and end o f  each stroke. In 

early designs, the columns of l iquid in the suction and discharge l ines plus the closed columns 

in the drive l ines set up moderate to severe osci l lat ions or water hammer i n  response to the ac- 

celerations. Th is  hammer was evidenced by noise, vibration, pressure osci l lat ions of several 
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hundred pounds, check-valve chatter, and diaphragm flutter. Altering the spool piece l o  by 

adding tapered intake and exhaust portions (Fig. 35) decreased the accelerations and consider- 

ably reduced the accompanying hammer (Fig. 36). Th is  modification was made t o  the HRT 

drive units, which have operated satisfactori ly and required l i t t l e  maintenance. A rel ief  valve 

i n  the high-pressure o i l  system l imits the pressure in the entire pump system in  the event of 

overphasing (see Sec 7.3) or of any l ine plugging. The re l ie f  valve is usually set about 10% 
above pump discharge pressure. 

The reciprocating pulse generator, used to drive the HRT purge pumps and some experi- 

mental pumps, consists of a plunger in a cyl inder wi th a radial port arranged so that the plunger 

uncovers the port at  the end of each suction stroke. The cylinder operates submerged in oil, 
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Fig. 35. Oil-Control Slide-Valve Spool. 
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F i g .  36. Pressure vs Time Traces from an HRT Feed Pump with a Scott and Williams Drive. 

permitting the port t o  make up plunger leakage on each stroke; thus the plunger and the inter- 

mediate barrier start their effect ive stroke a t  the same point in each cycle. The reciprocating 

drive provides the energy for the diaphragm suction stroke, creating somewhat more favorable 

suction conditions. Since the time-displacement curve of the reciprocating drive is sinusoidal, 

or nearly so, the system operates very quiet ly and smoothly. 

The Scott and Williams 1 LB reciprocating pulse generator i s  used t o  drive the HRT purge 

Mil ton Roy simplex and duplex and John Bean tr ip lex power ends have been f i t ted 

Reciprocating pulse generators should be 

pumps. 

wi th pulse cylinders to  drive experimental pumps. 

protected by a rel ief  valve i n  a fashion similar t o  that for the slide-valve pulse generator. 

Uni ts of the slide-valve type are avai lable wi th capacit ies up t o  242 gpm, and other capac- 

i t ies  can be created by using appropriately sized commercially avai lable o i l  pumps and sl ide 

valves. per stroke; other 

sizes can be made by f i t t ing a suitable commercially avai lable simplex, duplex, or t r ip lex 

power end with a plunger and ported barrel of the appropriate size. In either case the required 

pulse volume can be approximated from 

Reciprocating pul\se generators are avai lable in sizes up t o  1 

vp = vs +- , 
2 1 0 5  

where 

Vp =pu lse  volume, in. 3 , 

Vs = desired volumetric stroke of the diaphragm head, in.3, 

P = discharge pressure, psi, 

V, = f l u i d  volume of the hydraulic drive system (both o i l  and water i f  a two-f luid system 
3 i s  used), in. . 
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The term P V D / 2  x lo5  represents the pressure-cycle losses in the hydraulic drive system 

which, i n  the HRT feed pump, are about equal t o  the desired volumetric stroke of the diaphragm 

head, so that the capacity of the drive uni t  must be twice the desired capacity of the feed 

pumps. Figure 37 shows a comparison of the calculated individual f lu id  compressibi l i ty and 

system expansion volumes, the measured over-all AV required to  obtain a 2000-psi AP i n  the 

drive system under stat ic conditions, and the difference between pulse volume and pump output 

under dynamic conditions for a pump system similar t o  that of the HRT. 

A -  C A L C U L A T E D  LOSSES BY I T E M  
8- MEASURED LOSS, STATIC CONDITIONS 
C -  MEASURED LOSS, DYNAMIC CONDITIONS 
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Fig. 37. Volumetric Losses per Stroke in o Two-Fluid Drive System with Intermediate Barrier; V D  = 170 
- 3  in. . 

61 



Having determined the required pulse volume, V, ,  and the discharge pressure, the appro- 

priate pulse generator can be selected. 

7.2 Intermediate Barriers 

Intermediate barriers are used to  transmit the pulse from o i l  t o  water and to separate the 

two systems. Since the barrier can be located outside the radiat ion field, a wide choice of 

materials is available. The Scott and Williams pulsator (Fig. 1) currently in use consists of 

a perforated hol low steel mandrel, two nested rubber boots f i t ted over the mandrel, and a forged 

stainless steel pressure chamber. As o i l  i s  alternately introduced and exhausted through the 

mandrel, the rubber boots expand and contract, forcing water out of and into the pressure housing 

and transmitting the pulse through the isolat ion pipe to  the diaphragm head. A leak detector 

monitors the space between the two boots and automatically shuts off the pulse generator if 

either boot ruptures. The forged pressure chambers have suffered no failures, and with proper 

usage the boots have a l i f e  i n  excess of 5000 hr. The Scott and Williams intermediate barrier 

i s  avai lable in maximum strokewolumes of 0.55, 1.00, 5.00, 14.50, and 168.0 in.3. 

7.3 Phasing of Intermediate Systems 

The volume of water from the intermediate barrier through the isolat ion drive l ine  to  the 

pump diaphragm i s  referred t o  as the intermediate system. The operation of obtaining the cor- 

rect  volume of water in the intermediate system i s  referred t o  as phasing. Insuff ic ient  water 

w i l l  al low the pump diaphragm to  bottom on the driving contour plate before the end of the 

suction stroke. Too much water w i l l  cause it to  bottom on the pumping contour plate before 

the end of the discharge stroke. Either condit ion reduces the output of the pump and creates 

undesirable operating characteristics. 

The al lowable lat i tude in phasing is dependent upon the rat io of actual stroke volume to  

avai lable stroke volume and upon the type of drive system used. The HRT fuel-pump heads 

have an avai lable diaphragm stroke of 6.5 in.3, but the output i s  l imi ted by the drive t o  2.5 in.3. 

With the Scott and Williams P9 drive uni t  used, the rubber boot must provide the pressure dif- 

ferential t o  deflect the diaphragm on the suction stroke, and therefore it does not return com- 

pletely to  the mandrel. The degree t o  which the boot f loats of f  the mandrel w i l l  depend on the 

degree t o  which the diaphragm is pulled i n  toward the contour plate on the water side a t  the 

end of the suction stroke. Th is  pump w i l l  appear to  be in correct phase through a variat ion 

of about 6 in.3 of water in the intermediate system. With a diaphragm head that i s  using a l l  

or most of i ts  disp,lacement and is driven by a reciprocating drive that can seat the boot f i rmly 

on the mandrel at  the end of each suction stroke, the lat i tude is reduced to  a fract ion of a 

cubic inch. 

. 

With the Scott and Williams P9 drive, the correct phasing for any set of suction and dis- 

charge conditions must be determined experimentally. Th is  i s  best accomplished, whi le watch- 

ing a pressure vs time trace of the intermediate system, by adding water wi th the phasing 
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system i l lustrated in Fig. 1 un t i l  the system becomes overphased (Fig. 38b) and then removing 

water un t i l  the overphase indication disappears (Fig. 38~). If at  the time of phasing the dis- 

charge pressure i s  insuff icient t o  register on the pressure trace, then a pressure r i se  above 

the base l ine is an overphase indication. For the reciprocating drive, a predetermined phasing 

can be used regardless of the conditions. This i s  accomplished by f i l l i ng  the intermediate 

system in such a fashion that the rubber boot is seated on the mandrel and the diaphragm is 

deflected against the process-side contour plate, and then removing a quantity o f  water equal t o  

the stroke of the diaphragm. In either case the phasing operation i s  simple and straightforward, 
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