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Figure 2. Schematic representation of a DC conduction pump.
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Figure 3. Idealized schematic of a DC EM pump.
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Table 1. Loss mechanism scaling in conduction pumps.

Loss Mechanism Effect of Loss Loss Scaling

Back-EMF Power loss ~B2V? p
Wall currents Power loss _ (]R_B“)Z /R,
Armature effects | Nonuniform pressure distribution i

Ohmic heating Power loss 2R
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Figure 5. Schematic representation of an AC conduction pump.
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Figure 6. Idealized schematic of an AC EM pump.
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TABLE §.:. DETAILER THERMAL RESIGN CHARACTERISTICS
CALCULATED VALUES AT DESIGN FPOINT

3.26 1b/sec 9 1b/sec

9 1b/sec

(T-111 Duct} (T-111 Duct) (316 S5 Duct)

Winding Hot Spot Temperature Rlse (°F) 275
Winding Averape Temperature Rise (“F)

Heat Load from Duct through Thermal
Insulation (EW)

Total Heat Load to Coolant (KW)
Coolant (NaK) Flow Required (GPM)
Coolant (NaK) Inlet Temperature (°F)
Coelant (FaK) T mperature Rise (°F)
Coolant {(NaK} Pressure Diop (PS51)

Heat Generated in Duct and Fluid {(EW)

Fluld (Potassium) Temperature Rise (°F)

TABLE &. DETATLED MECHANICAL DESIGN CHARACTERISTICS
CALCULATED VALUES (PSI) DUE TO PRESSURE LOADING

3.25 1b/sec
(T=111 Duct)

8 1lbszec
(T-111 Duct)

Frame Structure
= Design Pressure
Maximum Primary Hoop Stresa in Prame
Maximum Stress in End Shield - Conn. End
Maximum Stress in End Shield = Opp. Conm.
Maximum Bending Stress in Frame

Duct
= Design Pressure
- Maximum Primary Hoop Stress in Duct
= Maximum Stress in End Cap
= Maximum Bending Stress in Duct
(primary and secondary)

=

a5

1,200
19,740
12, 860
10, 500

300
26,700
7,300
26,700




TABLE 7. DETAILED WEIGHT CHARACTERISTICE (POUNDS)
CALCULATED VALUES

S —— . — S -
3.25 lb/sec 3 lb/sec
(T-111 Duct) (T-111 Duct) (318 53 Duci)

Stator
= Magnetic Core
= Winding
= Framé and Heat Exchanger
Migeellanepus

Duct
- Helical Duct and Wrapper
= Center Magnetic Core
- Inlet/Outlet Connector
- Miscellaneous

Total Welght

NPSH REQUIREMENTS

Maximum Recomménded Flow
NPSH (psi) 3.25 lb/sec Design 8 lb/sec Design

2.8 1b/Bec 7.8 1n/sec
3.35 lb/sec 8 1b/sec
3.6 1lb/sec 10 1b/sec
3.85 lb/sec 11 lb/sec

4 .25 lb/sec 12 1lh/aec

— —
—
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Figure 18. Block Diagram Static Frequency Divider.
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POWER SUPPLY REQUIREMENTS

o

SR b R i e S A e

Design Point Flow Rate
= 20 psi, 1000°F
vL
Iy
len
EVAgn
- 240 psi, 1300°F
VL
Iy,
EWin
KEVAjn

130% Desien Point Flow Rate
- 250 psi, 1000°F
Vi
I,
KW,
EVA;
- 250 psi, 1300°F
Vi,
IL
EWin
EVAj;n

3.25 lb/sec Design
(T-111 Duct)

{T-111 Duct)

9 lbs/sec Design
(316 55 Duct)




Table 10, Summary of Equipment Characteristics for 400 cps Input Frequency.
(3.25 1b/sec)

PUMP

3 PHASE, 3 PHASE,

40 KVA, POWER
VOLTAGE: 150
VOLTAGE: 1000 V L-TO-N LINE CURRERT:

FOWER CONDITIONING UNIT

e

[_ 3 PHASE TRANSFORMER TNCHRONOUS

il STATIC
. - FREQUENCY
b

DIVIDER

| wEreHT: 35 LBS.
EFFICIENCY: 948% EFFICIENCY: 597%
KVA RATING: 25
VOLTAGE RATING: 1080/150 ¥ DIMENSIONS (FIGURE 20}

DIMENSIONS FOR ONE TRANSFOHMER L = 8" W = 5" 5 = 10"
(FIGURE 21}
A = 10", B = 8", © = 4 OPERATING TEMPERATUHE BANGE

OPERATING TEMPERATURE RANGE 140 - 200°F
600 - 1200°F

| WEIGHT: 100 LBS.

; 3 PHASE TRANSFORMER AND FREQUENCY DIVIDER

OVERALL WEIGHT 135 LBS.
OVERALL EFFICIEHCY 95 %




Tahle 11. Sumpary of Equipment Characteristies for 1200 eps Input Freguency,
(3.25 1b/sec)

GEN'ERAT!]R . - PUMP

3 PHASE, 1200 3 DHASE, B0 crs
40 EVA, POWER FACTOR .45
VOLTAGE : 150 V L-TO-N
VOLTAGE: 1000 V L-TO-N LINE CURRENT: B89 AMPS

_”_[_ POWER CONDITIONING UNIT

3 PHASE TRANSFORMER

SYNCHRONOUS
Q STATIC

= - : FREQUENCY
= DIVIDER

] e I S,

WEIGHT: 50 LBs. | wEigHT: 35 LBS.
EFFICIENCY: 98% EFFICIENCY: 95%
KVA RATING: 25
VOLTAGE RATING: 1000/180 v DIMENSIONS (FIGURE 20)

DIMENSIONS FOR ONE TRANSFORMER L = 8 w = 5" H = 10"
(FIGURE 21}
A = 8,8 = 7", ¢ = a" OPERATING TEMPERATURE RANGE

OPERATING TEMPERATURE HANGE 140 - Z00°F

800 - 1z00°F S

3 PHASE TRANSFORMER AND FREQUEMCY DIVIDER
OVERALL WEIGHT B5 LBS.
OVERALL EFFICIERCY 83 %




Table 12.

3 PHASE,

VOLTAGE: 1000 ¥V L-TO-N

Summary of Equipment Characteristics for 400 cps Ioput Freguency.
(2 lhl,r"lat}

—
3 PHASE, 60

98 KVA, PONER FACTOR .44
VOLTAGE: 150 ¥ L=TO-N
LINE CURHENT: 217 AMPS

POWER CONDITIONING UNIT

¢ PHASE TRANSFORMER

WEIGHT: 240 LBS.
EFFICIENCY : 98%
EVA RATING: &0
VOLTAGE RATING : ll}ﬂﬂ‘flﬁﬂ v

DIMENSIONS FOR ONE TRANSFORMER
(FIGURE 21)
A 1"4”1 B 12”’ G

OPERATING TEMPERATURE RANGE
___BOD - 1200°F

= - = 3

OVERALL WEIGHT

3 PHABE TRANSFORMER AND FREQUENCY DIVIDER

OVERALL EFFICIENCY

40 LBS.
a7%

WEIGHT:
EFFICIENCY:

DIMENSIONS (FIGURE 20)

L B" W 8" H 10°

OPERATING TEMPERATURE RANGE
140 - 200°F

280 LHS.
95%




Table 13, Bummary of Equipment Characteristica for 1200 cps Input Frequency.
(# 1b/mec)

GENERATOR Juwp

1LZ00 CP8 J PHASE, 860 CP8

88 EVA, POWER FACTOR .44
1000 V L=-TO-N VOLTAGE: 150 ¥ L-TO-N
LINE CURRENT: 317 AMPE

POWER CONDITIONING UNIT l

arm

3 PHASE TRANSFORMER SYNCHRONOUS
- - STATIC
3|§ o

- DIVIDER

WEIGHT: 120 LBS. WEIGHT: 40 LBS.

EFFICIENCY: 28% EFFICIENCY: 92T%

EVA BRATING: &0

YOLTAGE RATING: IDDUKI5U L)

DIMENS IONS {FIGURE 20)
DIMENSIONS FOR ONE TRANSFORMER Can e .
{FIGURE 21) L=8" WwW=6 H=1l0

A=11", B=28",¢C=4" OPERATING TEMPERATURE RANGE

OPERATING TEMPEHATURE HANGE 140 - 200°F
A00 - 1200%F

3 PHASE TRANSFORMER AND FREQUENCY DIVIDER
OVERALL WEIGHT 180 LES.
OVERALL EFFICIENCY 95 %

Frequency counter or Divider-.
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Construction of Single Phosc Tronoformor,

TABLE 14. EQUIVALENT CIRCUIT FPARAMETERS

= = = — T

9 1b/sesc Pump 9 1lb/ssee Pump 3.25 1b/z8c Pump
(T=111 Duct) (316 S8 Duct) (T=-111 Duct)

(ohms)
(ohms)
(ohms)
{ohms)
(ohms)
{ohms)
{ohms)
(ohms}
{ohms)

{ohms)

88 .2 28 .2 20.6
0.148
Q.81
105

18.1
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3.25 1b/sec 9 1b/sec 9 1b/sec
(T-111 Duct) (T-111 Duct) {316 58 Duct)

0. 896 0.884
13.7 i4.7
248, 000 443, 000 438,000

B3 134 142
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3.25 ib/sec 8 1b/sec 8 lb/sec
(T-111 Duet) (T-111 Duet) (316 58 Duct)

Duct Entrance Loss (psi) 1.8 2.3 2.3

Loss through Helical Passage

(psi)
Helix Exit Loss (psi)
180" Bend Loss (psi)

Center Heturn Pipe & Exit
Loss {(p=i)

Total Hydraulic Loss (pui)
olo 3 s ol el gy oS ogame sl else 5l oK et CarS g lo
@led la ( Sy g (owaid S5 g 0atlS SUS e ylo 095 @le o515 dyze )l
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L >l o linbons ol @l 3,51 ey (85 500lS” a0l 5100l b lyie 1y my oozl

il 325 2% 4 515 (rl e 2l sl b 6 FgeelS sl 5l sl

3.25 1b/sec 9 Llb/sec

Winding Hot Spot Temperature Rise 295" 300'F

Winding Average Temperature Rise LT 165°F

o NaK Lo Ss slos 09,0 5V jlo SE3 Jgone sloo 5l Leo a5 aiaae Lis s oyl

g0 dle> i b sl (gl Cules )b ax 0 FYD ol

3.25 1b/sec 9 1b/sec

Winding Hot Spot Temperature 950"F 975" F

Winding Average Temperalure 845 F BAO7F
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3.25 1b/sec 8 lb/sec 8 lb/sec
(T=111 Duct)  (T-111 Duct) (316 S5 Duct)

Heat Load From Duct Through
Thermal Insulation, KW ! . 1.12

S 2 .
Winding (I R) Losses, KW . . 6.43
Iron Loss, KW . . 2.0

Tots]l Heat Load, KW . - .55
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o - 3413(@)
C.AT

Where

d; =hest load in kw

c, =specific heat of Nak in Bu
1bF

Q =Nak coolant flow rate in 1b/hr

Using a conservative value of 6 KW for the heat load, one calculates
Q—341—3(6)=1950]b/hr ~ 5gal / min

.21(50)
Cool gy LLasl gl amiloe Lo (ial3dl s olo,S L ol sl by JBlas lade oolime ol
O 99 2 )0 ime (6999 L Silse Gl ln ST 22 4B o B P, a0 00 (e
Sl g walys adds ;o (I8 Y des o 50 0l yr Blao S e 53 (295 9 LS Jue (2]
Dgds Al iz 2lo)S o o 5l S lzs cil 3.25 Ib/sec e )b

Area of coolant flow passage, A. =.25x.45 =.1125in?

_ 4(.1125)

Hydraulic diameter, D,, = =.322"

Velocity of coolant, V. = 323
1125

=8.54 ft/sec

2 2
. v A4(8.
Velocity head, oVe _ 49 4(8.54)
29  64.4x144
0V Dy
He

For this Reynolds number, the friction factor, AT , is approximately 0.005
which gives a pressure drop through one half the heat exchanger of

=.388psi

Reynolds number, N, = = 76,800

2
AP =45 Ve _ g 3psi
hc Zg

A obae 1, ,liad et s lo (olo)S Toue (25,5 5 (699,9 40 43d, Cewd 5 i W, Y Y (sl

PSI A JLad g aids o (LS & Jobao bz 45l olo)F Joe conlpl 035 a5 55 PSI
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5 aids 0 LS A Jolae SU > 45wl Lasine g 0 ploxl plie Slwlxe 35 4 ID/SEC

g salgs > 3.25 Ib/sec

3413(q, )
T, =t
CoQ;

q, =total heat generated in duct and fluid less heat conducted through thermal insulation
q, = kw,, +kwy, +kw, +kw, —kw;

q, =2.34+1.29+4.22+.52-.59=7.78kw

33178 o
181(3.25 x 3600)

EM oy ol (S )Se al sl p3Y Slolne 5 oo (Sl Jelos Jols 250 0

S an Judow ol calizee ise j0 1) VA JIY e aolye ol o0 3.25 ID/SEC ot jo5 oLl

‘2

il o o ypd alie ol a5 ol plxil 9 ID/SEC ay sl 55 Sl Slnslins

T=111 Duct 316 58 Duct

19.33 EW 16.97 KW

11.3°F 9.9%F
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o PR_350x2.019
01?2t T 2x.062
o@ = 5699 psi

The hoop stress is:
oh =20¢p =11,398 psi

dil> gy colite (G gez) oS e ) (AU jLed -7

\’&)&Md)yl_aoj_wksoow 4.0.17‘_;5))404.»»&4}’/”“ BN S wl:’wl.swﬁ.s

Elad olbul>

R
c=—(o, —Vo
E( h 1)

(D-2) ando,, = 20¢tthus
o=R/E(2-V)op

2.019x1.7
24.8x10° °°
op =14.451psi

o, = 28.902 psi

002 =




ol i IS  Stage U5l 56 Las -V
o dewlxe iz (SKiwgn U ,5las 12 sz o ayazgi by

rodds dild (355l polie

PRPA’D2 2PR’A°Et, D2 }
4D,(1+V)  Et,(1-1/2v) Et, + 2RD,*(1-V) |
{2 , 2RZD2 _ JE, J

D11+V) Et, +2D22°R(1-V)

(D-3) M, = {

Where:

_ 2
A= 4,/% —3.6331

3
D Et
12(1-v?)

D, = 283,883
D, =541.26

Substituting known values:

M, =18.8275in—-1b/in

2 3192
Vv, :M{Z/1+ 2RA Dz} PR®A?D,

D,(1+v) | 4D,(1+vV)

V,, =124.3351b/in

The stresses due to these reactions are:
Moment

ot = —Ma _ —29,387 psi

t2




2
o, = 2MoAR _ 16,185 psi
t

Force

193,

of === -+ =17,201psi

o, = VAR 9,420 psi
t

(D-9)

(D-10)

uwjdi@&ﬁu316;u)us-A

AY ez azg b plplo oS o0 (28 058 1) (Sgym pindigy > o 50y )0

M, =13.26inlb/in
Vo =-96.341b/in
And

_6(1—v2){\/_o+M
- PR LB

O}iVa¢

Substituting known quantities:
_ At OD At ID

o =—— -
—21 401 20 694

_ 21401 19,988

(5} Stross Summary - Duct Quter Wrappor

Helix Area
G
Pressure g,699

Shrink Fit 14,431

“h

11,398

28,802

6U24¢%¢?§lgQ@Q55+ks}&éukbgb.&Lﬁgu*S;LAAXMQLybAdegquécg

Dyl oo oS Lid




At End Cap
Og

Primary Pressure 5,699
Secondary Moment =20, 387
Secondary Force 17,201

Total -6,488

(Primary and Secondary)
Connector
At OD
%

Primary Pressure 5,699
Secondary Bending =20,694

Total =14 ,996
(Primary and Sccondary)

At ID
b4
Primary Pressure 5,699

Secondary Bending 20,694

Total 26,391
(Primary and Secondary)

Theooo stross valuos aro within acooptable limite.

adgl Las -

108ﬁ)ow@§ﬁ¢)ls)b gl oo Colas sl ad (g0 dao 4y by o Hlid polas oy
g wiple> cod 5 oy

—-3Pr? . r?
o, = W (3m + |) 1_r_2 (D'16)
0

And
(3m+i)—(m+3)ﬁ (D-17)

0




o, =0, =—1,062psi
attheplateOD, r =,
o, =0

o, =—2,996 psi

9 gy (Mg Ul (00 HLas-Y

S ol iz (1Sl

M, =18.8275in—-1b/in
V, =124.3351b/in

o, =0
o, =V, /t=249psi




(3)

Stress Summary - Duct End Cap

At Center

g
™

Primary Pressure =7 ,082

Secondary Moment -4582

Secondary Force 249

Total -7 ,265
(Primary and Secondary)

oD

Primary Pressure 0
Secondary Moment -452

Secondary Force 249 0
Total 203 -3,448

These stress values are within acceptable limits.

Intermediate Cylinder

(1) Primary Pressure Stress

5, . PR _ -240 x 1.308
2 =3¢~ 2x .06

g -2616 psi
Ut = 2 Jp = =5232 psi

(2) Stress Due to Bending of Separators

The moment caused by the bending of the separator is
M = 23.099 in-1b or 2.7476 in-1b/in
The stress in the cylinder due to this moment is, from Reference 10:

g = M, _ -6 x 2.7476

P

(h-19)
t (.UB}B

+ 4,579 psi




_2M 2R
t

_y2
2 \/—3(1 V) 2105

R?t?

(D-20)

Oy

(D-21)

4 2x2.7476x21.05%x1.308

= 2523 psi
.06 P

Oy,

sl pSly ¥

i b3 28 4 STy V0 g pe 4z g b el sloil L (ol gl j3 o>l Led

Lo STy cnl 5l o3b Led

M, =P/2p3% =-5.70in-1b/in (D-22)
V, =-P/p=52.306-1b/in

The stresses due to these reactions are:
At OD
Tg 9,500

g 9,814
L

(4) Stress Summary - Duct Intermediate Cylinder

Under Helix
- = =r'4 Uh
Pressure -5,232
Moment +7 ,¥55
Total -12, 287
At Ends - ID on

Primary Pressure

Secondary Bending
Total

At Ends - OD

og Tn
Primary Pressurec -2,616 -5,232

Secondary Bending +9, 500 +9. 814
Total 6,881 4,582

These stress values are within acceptable limits.




_ PR 240x.815

_PR_ — 1,834 psi
T o T 206 P

o, = 20¢ = 3,668 psi

2
f=1 % ~5.8128

M, =P/2p? =3.995in—1b/in

V, =P/ =-46.4491b/in

The stresses due to these reactions are:

At OD
g -6, 659

Op -6,879

Stress Summary - Duct Inner Cylinder

At OD ap
Primary Pressure
Secondary Bending
Total
At ID oy

Primary Pressure 1,834 3,668

Secondary Bending 6,659 6,435
Total 8,493 10,107

These stress values are within acceptable limits.

b (&
D1 dplg> zinl JAQ Jhad 4y oy all ) Clls o Sy o
Slelas ol JLolas Las

g oo 2 xSlas lade b (g sliad olwl cel jlad aib oo 4l sales Loll jlulos




_ pxlead 240x0.85
Length 13
Ap =15.692 psi

m=apal S et [ 2

M =15.6927(2.217)(.65)(:325) — 23.099in —1bs
C=t/2=.05/2=.025 in

| =bd®/12 = 1/12{{%}3} —1.4417x10°°

o= # = 27,211 psi

(1) Primary Pressure

o _ PR _350x.603 _ 968
o2t 2x.109

o, =20, =1936

(2) End Reaction

_y?2
B=1 3%{ Zt‘g ) _5.0138

M, =P/24% =6.9615in—1b/in
r,=—p/f=-69.8071b/in

(D-31)
(D-32)

(D-33)

Al 18 Jau8 LB oogae o polae oyl

To 19959 sladldl (o

(D-34)
(D-35)

(D-36)

(D-37)
(D-38)




The stresses due to these reactions are:
At op
Oy -3, 516
Op -3,727

Stress Summary - Duct Inlet/Outlet Pipes

At_OD
g

Primary Pressure

Secondary Bending

Total

At ID og o,

Primary Pressure o968 1,936
Secondary Bending 3,516 3,305
Tatal 4,484 5,241

These stress values are within acceptable limits.

2. Frame and Heat Exchanger
The maximum stress values used in this section are, based on 900°F

Material Omax GFI{.Eﬁ} Reference
Inconel 14,900 69,200 14 & 18

Hastelloy B 16, 600 39,300 16 & 17
9> HLad (I
o= ooy clad (r> 40 gdae p GBI sles o PST A-F Lid b Sle j5 b ey Lol

:A%TGA Cawds g ,Lad Colpd )0 a5 gdaw ool bo,S culp,Bas 0400 b8

T, (900 +460)
7 ((0+460)




P, = 23.2psia

g dalys i (b i s g0 Lid al (b 0 8 Gl s 0l ez

P = 25 p=si

b. Outer shell —Connection End-Inconel
_PR_25x53125 .,

TPt T 2x12s
o, =2, =1062
(2) Reaction at End shield

g2
A=1 3(; Zt\; ) 15774

3
D= E_t2
12(1-v?)
D, =34,341,D, = 4.293

PR*A’D, 2PRZAEt,D,
4D,(1+Vv) Et,(1-1/2V)[Et, + 2RD,*(1—V)]
2
5, 2RFD, _ }LEt;
D,(1+V) Et, +2D,*R(L-V)

(D-44) M, = {

Substituting known values

M, =56.201lin-1b/in

2RA%D, ]_ PR®A%D,
D,(1+v)) 4D,(1+vV)
V, =95.9681b/in

A =MO(ZV+

Moment
—-6M

op= e © —_21581
2M A

= =1834psi
2x.06




(D-49)

Hastelloy B Jjlasl o iaS1y -¥
Sgis ol glo S LS Dglite sl cy o oS LHaAStElIOY B g oSl Jlasl o sl )5 jLad

Dy Al i lagles Q;J

Ao =ATR(ea, —ay,) (D-50)
Ao =830x5.3125(8.2 - 6.6)10°
Ao =7.055x10"3inch

:Q,gb.gl.:.g QS W QL:B‘SCL?JJ Cuals o b sl Iy u,.:).wf 3 S EXHW Q,aJ 3 r:‘.xf).a:

o, = (ijss x107° =3.4696x10°
24 +24.8

o, =3.5854x107°

M, =24*Do = 73.825in—1b/in
Vo =2AM,, = -231.551b/in

The resultant stresses are:

Moment

o, =6M,/t* =-28373
o, =2M AR/t =15551

Force

o, = 1932V, =-18130

P ltz

o, = N AR/t =+31,046




(4) Stress Summary - Outer Connedtion End - Inconel

At End Shield

Uf Uh

Primary Pressure 1,062

Secondary Moment 11,886

Secondary Force -12,867
Total 81

Ai Hastelloy B

9g Oh
Primary Pressure 831 1,062
Thermal Moment -28,373 15,551
Thermal Force -18,150 31,046

Total -45,992 47,659
ga 38 Sogm i)l ol p BeSiul a8 e oo S JLié o Lass Hastelloy B Jlasl oYU Les

AiSae Joi |y Sy cplad iz Voo

¢. OQuter Shell - Hastelloy B

(1} Primary Pressure Stress

From Eguations (D-40) and (D-41):

o, =931psi
o, =1,062 psi
Fosal Jlasl jo GiaSTs -
ilion FoSul 7238 (5955 5 ysliiS Lz S 0 g plp jsliiS 5 550
g0 dalys Wlbre g (olae HLid ol HluSs yiwgn Cams g oole Cawlis 4SSl

M, = 73.825
V, =231.55




Since the material thicknesses and Poisson's ratios are the same, the
stresses will he equal, but opposite:

o, = 28,373
o, = —15551

Force

o, =18150
o, = -31,046

(3) Reaction at Heat Exchanger

For conservatism, the heat exchanger will be treated as fixed.
Thus,

g2
B= 41/(1R21’2 ) 15774

M, =P/28%=5.0239

V, =P/ B =-15.849

The resultant stresses are:

~ 6(1—v2)[\/_o+ Y

TR | o}iv%

o, =+6M,, /t?




Substituting known

Te
Oh

guantities:
At OD At ID
-1,929 1,929

-2,062 1,796

(4) Stress Summary - Outer Shell - Hastelloy B

At Inconel

Primary
Thermal
Thermal

Total

T
Pressure
Moment

Force

At Heat Exchanger

Primary

g

Pressure 531

Secondary Bending 1,929

Total

- ID 2,460

These stress values are within acceptable limits.

=0 8 g 5 0Ly LA L hgi oad Cules sle 4 goe axio ol jlad polie

—3pr2[
= "o | 3m+1)| 1-
o amt? ( )(

And

t

8mt?

51 o le oo sl Y -

QJ (D-62)
r

0

e (3Bm+1) - (m+3) :—2} (D-63)

0

At the plate center, the strésses aré a maximum, r = o




o, =0, =-13970psi

r

At the plate 0D, r = 14

o, =0
o, =-5,927 psi

{2) End Reaction

From before:

M, =56.201
V, =95.968

The resultant stresses are

Moment

=0, =6M /t* = -5395

O,

o, =0
o, =V, /t=384

{(3) 8Stress Summary - End Shield - Connection End - Inconel

At TID

Primary Pressure
Secondary Moment

Secondary Force
Total




"Jr Ut
Primary Pressure 0 -~ 5,927
Secondary Moment ~ 5,395 - 5,395

Secondary Force- 3s4 4]
Total - 5,011 -11,322

These stress values are within acceptable limits.

Outer Shell - Opposite Connection End

(1) Primary Pressure Stress

25x5.3125

x.125

,=PR/2t = 531

o, = 20¢ =1,062

_ 2
A =4,/—3(§Q zt‘g ) _15774

3
DZZ‘——EE—z—
12(1-v?)

D, 115,900, D, = 4,293

Using the same type analysis as before:

M, =32.149
V, =59.210

The resultant stresses are:
Momen t Force
qf 12,345 4,641

6,799 -7,939




(o}

O,

Oy

(3) Reaction at Hastelloy B Junction

These stresses will be identical with those at the connection

(4) Stress Summary - Outer Shell - Opposite Connection End

Og “h

Primary Pressure 531
Secondary Moment -12,345
Secondary Force 4,641
Total - 7,173
These stress values are within acceptable limits.
f. End Shield - Opposite Connection End

{1 Primary Pressure Stress

From Reference 14 the maximum stress is:

e sy lrd @m 1) (m— —mee? — a(m-+ o, /1 [0 - 68)

=0, =
Coamt?(r? -,

Substituting known values:
Opax = —12,260 psi

End Reactions

These reductions are:
My = 32.149
Vo 59.21

From 2.2, for moment

. BMgr
tz(ﬁf "ﬁz)

6M I’




Substituting known guantities:

At r = Ty

Q 1,375

1,929

Force
UI’ = ‘1"0/'1. = 158
O 0

Stress Summary - End Shield - GEPESEEE Connection Eﬂﬂ

At © = rg

o a
r t

Primary Pressure =12, 260 =12, 260
Secondary Moment 1,375 1,929

Secondary Force 158 (1]
Total -10,727

l'=‘1'1
Op

Primary Pressure
Secondary Moment 1]

Secondary Force 158

Total -12,102

These stresses are within acceptable limits.
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Assuming a AT Of 650°F, the differential expansion is:
Ao =RAT (e, —0;)

Ao =5.3125x650(6.5—5.95) x10° =1.9x10%in
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o= g(z o, (D-72)

Solving for GX

o, =15074psi
o, = 20(/, =30,148
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ceoliie oS e -1

o,=Eo/R(2-V)=6,030psi (D-73)
o, =12,060 psi

{2) Internal Pressure

o, = PR/ 2t =544
o, =20, =1,088

{3) End Reactions

Using the method of Refersnce 12:
B 1.558
Mg = 5.142
Vo = -16.034
The resulting stresses are:
At OD
-1,975

-2,110

Stress Summary - Heat Exchanger Wrapper

At ID
o
Primary Pressure

Secondary Bending
Total




%
544

%h

1,088

Primary Pressure

Secondary Bending -1,975

-1,431

-2,110

Total -1,023

These stress values are within acceptable limits,

E. Design Data and Physical Properties
{References 1-6, 15, 16, 18, 19 & 20)

900°F 1300°F

Potassium Properties
a. electrical resistivity, (K3 in)
b, density, (1b/£t3)

specific heat, {Btu/1b°F)
thermnl conductivity, {watts,/*F in)

viscosity, {1b/hr ft)

Duct Properties - T-111 alloy

a, electrical resistivity (i in)

b. density (1b/in%)

¢. thermal conductivity (w/°F in)

d. thermal coefficient of expansion
(in/in °F) (from room temperature)

Duct Properties - 316 stainless steel

a, electrical resistivity (£ in) 41 .2 42.6

b. demsity (1b/in?) 0.28 0.28

¢. thermal conductivity (w/°F in) 0.3086 0.317

d. thermal coefficient of expansion 9.3 x 107 9.4 x 107¢

{in/in°F) (from room temperature)




Winding Properties

a. effective electrical resistivity of 2.09 |L) in
conductor @ 880°F (Ni-clad Ag)

density of conductor 0.367 1b/in3

effective thermal conductivity of 8.15 w/°C in
conductor @ BEBO°F

effective thermal resistivity of 75 °C in/w
electrical insulation (ceramic

Magnetic Material Properties (Hiperco
density 0.285 1b/in3d
thermal resistivity 0.875 °C in/watt
core loss factor at 60 cps; .025" thick lamination 5 watts/1b

thermal coefficient of expansion (77°-800°F) 5.96 x 1079 in/in °F

Other Design Data and Properties
density of Inconel 0.31 1b/in?
density of Hastelloy B 0.32 1b/in3

electrical resistivity of Inconel can 41 Wl in
@ 900°F

thermal resistivity of foil thermal insulation 200°C in/watt

thermal coefficient of expansion of Hastelloy B 6.4 infin °F
(32°-600°F)

thermal coefficient of expansion of Inconel 7.5 x 10_6 in/in“F
(32°-6OU"F)

Properties (as coolant)
density @ TO0°F 49,4 lb/t3
specific hest & 700 °F 0.21 Etu/lh °F

viscosity @ 700 °F 0.53 lb/hr Tt
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Figure 2.2: Schematic of Cover Gas System

Dump tank #1: diameter: 0.222 m (8.75 in)
height: 0.584 m (23 in)

volume: 0.0224 m3 (1368in3)

Dump tank #2: diameter: 0.314 m (12.375 in)
height: 0.289 m (11.375in)

volume: 0.0227 m3 (1383 in3)
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Figure 2.6: Operational Principle of Electromagnetic Pump
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Figure 2.13: Schematic of Sodium Loop Electrical Circuit
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Figure 2.15: Wiring Diagram of Heater in Junction Box
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Figure 2.16: Location of Heaters on Dump Tanks, Surge Tank,

Cold Trap, Cold Trap Line, and Cooler.
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TABLE 2.1: HEATER DISTRIBUTION

Heater Circuit Wattage

Controlled by

Control TC

Dump tank 13.5 kW
Surge tank 7.5 kW
Cold trap 4 kW
Cold trap lines 3kw
Test Section 2 3.2kW
Test Section 1 9.8 kW
Frozen section 2.7TkwW
Cooler 25kW
Process & Economizer 13.8 kW

Controller #1
Controller #8
Controller #4
Controller #5
Variac

Controller #2
Controller #6
Controller #7
Controller #3

TC# 20
TC# 14
TC# 26
TC# 27
none

TC# 11
TC# 30
TC# 31
TC# 15

A diagram of heater location for process and economizer is presented in

S S e ol HY 98 el o sl Ltales Y-V S o

Process and Economizer

heaters

=
£

P1-Pi
pP2-pP2
P3-P3
P4-P4
P5-P5
P5-P6
P7-P7
Pa-pP8
PO-PO
P10-P10
P11-P11

:-‘:-"—O-—-—-—-o°._.
LWpoLLWDLUDODW

Total power=13.8 kw

The 10 heaters are
connected in parallel
and controlled by a
single conlroller,{#a)

Figure 2.17: Process and Economizer Heaters
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Figure 2.18: Heater Locations of Test Sections

and Frozen Section.
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Figure 2.19: Locations anc' Wiring of Thermocouples




TABLE 2.2: THERMOCOUPLES

T/C # Description TC connector # TC switch #

Pump cell outlet 11 11
Economizer cold inlet 2
Economizer 3
Economizer 18 18
Economizer cold outlet 5
Test Section 2 13 13
Test section 2 20 20
Test section 2 outlet 14 14
Test section 1 9 9
Test section 1 10 10
Test cell inlet

Test cell 12
Test cell outlet 6
Surge tank

Economizer hot inlet
 Economizer hot outlet 16
Cooler at bypass 17
Cooler outiet 8
Pump cell inlet 19
Dump tank #1 (tall)

Dump tank #2 (short) 21
Dump tanks connecting line 22
Test section 1 heater

Dump tank drain line 24
Cold trap inlet line 23
26* Cold trap
27" Cold trap outlet
28 By pass line at valve
29** Pump ceil

32* Frozen section
31" Cooler

QOANOOAWN =

AN

(4]

15

N

* Control thermocouple
** Connected to separate thermometer for continuous monitoring.
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Weld Sleeve Jointed Pipe

AMINHEHEEGTTLUHRLEER St

e A e e O N A A e U S A A A AN NN
AT

Figure 3.1: A Typical Sleeve Weld.
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Figure 3.2: A Typical Butt Weld.

Figure 3.3: Sodium Containment.
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i To Scrubber System
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Figure 3.4: Loop Enclosure Air Flow
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Figure 3.5: Loop Exhaust Handling System
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Figure 3.6: Electrical Circuit of the Auxiliary Scrubber System.
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Figure 3.7: Water Level in Primary Scrubber during Auxiliary Cycle
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clear;

% Data

LReal=0.4;,

UReal=0.00256;

byReal=0.03,

bzReal=0.03;,

nxR=75;

nyR=20;

nzR=20;

DhReal=2*byReal*bzReal/ (byReal+bzReal) ;

dt=0.0005,
nt=30000;
c=20;

% Properties
nu=2.56E-7;
rou=727.2;

% Non_Dimension
Re=UReal*DhReal/nu;
$Pin=PReal/ (rou*UReal”2) ;
L=LReal/DhReal;,
by=byReal/DhReal;
bz=bzReal/DhReal;,

Dh=1,

x=linspace (0,L,nxR-2) ;
y=linspace (0,by,nyR-2);
z=linspace (0,bz,nzR-2) ;

dx=x(2)-x(1);
dy=y(2)-y(1);
dz=z (2) -z (1),
nx=2*nxR-1,
ny=2*nyR-1;
nz=2*nzR-1;,

% ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
*

*
*
o

¢ Magnet

nx1=60;

nx2=90;

Fsv=2.4273E-5; % shetabe niruye hajmi (m/s"2)
'=Fsv*DhReal/UReal”2;




% Initial Value
for i=1:nz+1
u(:,:,i)=ones (nx,ny+1) ;
v(:,:,i)=zeros (nx,ny)
if i~=nz+1
w(:,:,i)=zeros (nx,ny+1)
P(:,:,i)=zeros (nx,ny)
end
end

% Balance

for i=nxl1:nx2
P(i,:,:)=F*(i-nx1+1) *dx/2;
end

o ok ok ok ok ok ok ok ok ok ok b ok ok b ok ok Sk ok ok Sk ok ok sk ok ok sk ok ok Sk ok ok Sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok Sk ok ok Sk ok ok Sk ok ok Sk ok ok Sk ok ok Sk ok ok ok ok ok ok &
* *

uOxy=-ones (nx,ny+1) ;
uOxz=-ones (nx,nz+1) ;
vOxy=zeros (nx,ny) ;
vOyz=zeros (ny,nz+1) ;
wOxz=zeros (nx,nz) ;
wO0yz=zeros (ny+1,nz) ;

unew=u,
vnew=v,
wnew=w,
Pnew=P;,

CBank={};,

handle=waitbar (0, 'Please wait...'),;

for t=1:nt

for i=1l:nxR-2
for j=1:nyR-1
for k=1:nzR-1

%**********************************************************
if (2*i+1>=nx1l) & (2*i+1<=nx2)
FTerm=F;
else
FTerm=0,
end




PTermX= (P (2*i+2,2*%j,2%k) -P (2*i,2%j,2%k) ) /dx;
CTermlX=((u(2*i+3,2%j,2%k)+u(2*i+1,2%5,2%k))*2/4-
(u(2*i+1,2%5,2%k)+. ..
u(2*%i-1,2%3,2%k))*2/4) /dx;
if j~=1

CTerm2X=((u (2*i+1,2*j,2%k)+u (2*i+1,2*j+2,2%k) ) * (v (2*i ,2%*j+1,2%k) +v (2*i+
2,2*%j+1,2*k)) /4-. ..
(u(2*i+1,2*%j,2%k)+u (2*i+1,2*j—-
2,2*%k) ) *(v(2*1i,2*j-1,2*k)+v (2*i+2,2*j-1,2*k) ) /4) /dy,
else

CTerm2X=((u(2*i+1,2*j,2%k)+u(2*i+1,2%j+2,2*k) ) * (v (2*i,2*j+1,2*k) +v (2*i+
2,2*%j+1,2*%k))/4-. ..

(u(2*i+1,2*j,2*%k) +ulxz (2*i+1,2%k) ) * (v (2*i, 2*j-
1,2%k)+v(2*i+2,2*5-1,2%k))/4) /dy;
end
if k~=1

CTerm3X=((u(2*i+1,2*j,2%k)+u(2*i+1,2*j,2*k+2) ) * (w(2*i , 2%, 2*%k+1) +w (2*i+
2,2*%5,2*%k+1)) /4. ..
(u(2*i+1,2*%5,2%k-
2)+u (2*i+1,2%5,2%k) ) *(w(2*i, 2% ,2*%k-1) +w(2*i+2,2*5,2*k-1))/4) /dz;
else

CTerm3X=((u(2*i+1,2%j,2%k)+u (2*i+1,2%j,2%k+2) ) * (w(2%i, 2%j,2*k+1) +w (2*i+
2,2%5,2%k+1) ) /4-. ..

(UOXy (2%i+1,2%5) +u (2*%i+1,2%F,2%k) ) * (w(2*1,2%,2%k-1) +w (2*i+2,2%F , 2%k~
1))/4)/dz;

end

STermlX=(u (2*i-1,2%*j,2%k) -
2%y (2*i+1,2%5,2%k)+u(2*i+3,2*5,2+*k) )/ (Re*dx"2) ;
if j~=1
STerm2X=(u (2*i+1,2*j-2,2*%k) -
2%y (2*i+1,2%5,2%k)+u(2*i+1,2*j+2,2*k) )/ (Re*dy*2) ;
else
STerm2X= (ulOxz (2*i+1,2*k) -
2*%u (2*i+1,2*j,2*k)+u (2*i+1,2*j+2,2*k) )/ (Re*dy*2) ;
end
if k~=1
STerm3X=(u (2*i+1,2%j,2%k-2) -
2%y (2*i+1,2*j,2*k)+u (2*i+1,2*j,2*k+2) ) / (Re*dz*2) ;
else
STerm3X=(uOxy (2*i+1,2%*j) -
2%y (2*i+1,2*j,2*k)+u (2*i+1,2*j,2*k+2) ) / (Re*dz*2) ;
end

%**********************************************************
unew (2*i+1,2*%j,2%k)=u (2*i+1,2*j,2%k) +dt* (-PTermX-
CTermlX-CTerm2X-CTerm3X+. . .
STermlX+STerm2X+STerm3X+FTerm) ;
end




end

end

if t/10==ceil(t/10);,
u(21,10,10)

end

for i=1:nxR-2
for j=1:nyR-2
for k=1:nzR-1
PTermY= (P (2*i , 2*j+2,2*k)-P (2*i ,2*j,2*k) ) /dy,
if i~=1

CTermlY=((u(2*i+1,2*j,2%k)+u(2*i+1,2*j+2,2%k) ) * (v (2*i , 2%*j+1 ,2%k) +v (2*i+
2,2*%j+1,2*k) ) /4-. ..
(u(2*i-1,2*j,2*%k)+u(2*i-
1,2*%j42,2%k)) *(v(2*i,2*j+1,2%k) +v (2*i-2,2*j+1,2%k) ) /4) /dx;
else

CTermlY=((u(2*i+1,2*j,2%k)+u(2*i+1,2*j+2,2%k) ) * (v (2*i, 2*j+1,2%k) +v (2*i+
2,2*%5+1,2*k) ) /4-. ..
(u(2*i-1,2*j,2*%k)+u(2*i-
1,2*%342,2%k)) *(v(2*i,2*j+1,2*k)+v0yz (2*j+1,2*k) ) /4) /dx;
end

CTerm2Y=( (v (2*i,2*j+3,2*k) +v (2*i, 2*j+1,2*k) ) *2/4-
(v(2*i,2*%j+1,2%k)+. ..
v(2*i,2*j-1,2%k))*2/4) /dy;

if k~=1

CTerm3Y=( (v (2*i,2%j+1,2%k)+v (2*i, 2%j+1,2%k+2) ) *(w(2*i, 2%j, 2*k+1)+w (2*i,
2*%5+2,2*k+1) ) /4-. ..
(v(2*i,2*%j+1,2%k-
2)+v(2*i,2%j+1,2%k) ) *(w(2*i, 2%, 2*%k-1)+w(2*i , 2*j+2,2*k-1))/4) /dz;
else

CTerm3Y=( (v (2%i,2*%j+1,2%k)+v (2*i,2%j+1,2%k+2) ) * (w(2%i, 2%j,2*%k+1) +w (2*i,
2%§+42,2%k+1) ) /4-. ..

(VOXy (2%i,2%j+1) +v (2%i,2%5+1,2%k) ) * (w(2*1,2%,2%k-1) +w (2*i,2%j+2, 2%k~
1))/4)/dz;

end

if i~=1
STermlY=(v (2*i-2,2*j+1,2*%k) -
2%y (2*1i,2*5+1,2%k) +v (2*i+2,2*j+1,2*k) )/ (Re*dx"2) ;
else
STermlY=(vOyz (2*j+1,2%k) -
2%y (2*1i,2*j+1,2*k) +v (2*i+2,2*j+1,2*k) ) / (Re*dx"2) ;
end

STerm2Y= (v (2*i,2*j-1,2%k) -
2%y (2%i,2%j+1,2%k) +v (2*i,2%§+3,2*k) ) / (Re*dy*2) ;

if k~=1




STerm3Y=(v (2*i, 2*j+1,2*%k-2) -
2*v (2*1i,2*j+1,2*k)+v (2*1i,2*j+1,2*k+2) ) / (Re*dz*2) ;
else
STerm3Y=(vOxy (2*i,2*j+1) -
2*v (2*1i,2*j+1,2*k)+v (2*1i,2*j+1,2*k+2) ) / (Re*dz"2) ;
end

vnew (2*i,2%*j+1,2%k)=v (2*i,2*j+1,2*k) +dt* (-PTermY—-
CTermlY-CTerm2Y-CTerm3Y+. . .
STermlY+STerm2Y+STerm3Y) ;
end
end
end

for i=1:nxR-2
for j=1:nyR-1
for k=1:nzR-2
PTermZ= (P (2*i, 2*j,2*k+2)-P (2*i , 2*j,2*k) ) /dz;
if i~=1

CTermlZ=((u(2*i+1,2*j,2%k)+u(2*i+1,2*j,2*k+2) ) * (w(2*%i, 2%, 2*%k+1) +w (2*i+
2,2*%5,2*%k+1)) /4. ..
(u(2*i-1,2*j,2%k)+u(2*%i-1,2*%5j,2*k+2) ) * (w(2*i-
2,2*%j,2*k+1)+w (2%i,2*j,2*k+1)) /4) /dx;
else

CTermlZ=((u(2*i+1,2*j,2%k)+u(2*i+1,2*j,2*k+2) ) * (w(2*i, 2%, 2*%k+1) +w (2*i+
2,2*%j,2*k+1))/4-. ..
(u(2*i-1,2*j,2*k)+u (2*i-
1,2%5,2*%k+2)) *(wOyz (2*j,2*k+1)+w(2*i,2*j,2*k+1) ) /4) /dx;
end

if j~=1

CTerm2Z=( (v (2*i,2%j+1,2%k)+v (2*i, 2%j+1,2%k+2) ) *(w(2*i, 2%j, 2*k+1)+w (2*i,
2*%j+2,2*k+1) ) /4-. ..
(v(2*i,2*%5-1,2*%k)+v(2%*1i,2%j-
1,2%k+2) ) *(w(2*i, 2%j-2,2%k+1)+w(2*i, 2%, 2*k+1))/4) /dy;
else

CTerm2Z=( (v (2*i,2%j+1,2%k)+v (2*i,2%j+1,2*k+2) ) * (w(2*i, 2%j, 2*k+1) +w(2*1i,
2*%j+2,2*k+1) ) /4-. ..
(v(2*i,2*%5-1,2*%k)+v (2*1i,2%-
1,2*%k+2) ) *(wOxz (2*1i,2*k+1)+w (2*i, 2*j,2*k+1)) /4)/dy,
end

CTerm3Z=((w(2%*i,2%7,2%k+1) +w (2%i,2%,2*k+3) ) "2/4-. ..
(w(2%i,2%j,2%k-1)+w (2%i,2%j,2%k+1) ) *2/4) /dz;

if i~=1
STermlZ=(w(2%*i-2,2%j,2%k+1) -
2*w(2*%1i,2%5 ,2%k+1) +w(2*i+2,2*,2*k+1) )/ (Re*dx"2) ;
else
STermlZ=(wOyz (2*j ,2*k+1) -
2*%w (2*%1,2*%j,2*k+1) +w (2*i+2,2*j,2*k+1) ) / (Re*dx"2) ;
end




if j~=1
STerm2Z=(w(2%*i, 2*j-2,2%k+1) -
2*w (2*%1i,2*%j,2*k+1)+w (2*1i,2*j+2,2*k+1) ) / (Re*dy*2) ;
else
STerm2Z=(wOxz (2%*i, 2*k+1) -
2*w(2*1i, 2%, 2*%k+1)+w(2*i,2*j+2,2*k+1) )/ (Re*dy*2) ;
end

STerm3Z=(w(2%i, 2*j,2*%k-1) -
2%w (2%i,2%5,2%k+1) +w (2%i, 2% ,2*k+3) ) / (Re*dz*2) ;

wnew (2*i,2*5j ,2*k+1)=w(2%i, 2%*j ,2*k+1) +dt* (-PTermzZ-
CTermlZ-CTerm2Z-CTerm3Z+. . .
STermlZ+STerm2Z+STerm3Z) ;
end
end
end

% BC

unew(1,:,:)=1;
unew (nx,:,:)=unew(nx-2,:,:);,

vOyz(:,:)=-vnew(2,:,:)
vnew (nx-1,:,:)=0;

wlyz(:,:)=-wnew(2,:,:);
wnew (nx-1,:,:)=0;
vnew(:,1,:)=0,

vnew(:,ny,:)=0;

uOxz(:,:)=-unew(:,2,:);
unew(:,ny+1,:)=-unew(:,ny-1,:);

wOxz (:,:)=-wnew(:,2,:),;
wnew(: ,ny+1l,:)=-wnew(:, ny-1,:);
wnew(:,:,1)=0,;

wnew(:,:,nz)=0,

ulOxy(:,:)=-unew(:,:,2);
unew(:,:,nz+l)=-unew(:,:,nz-1);

vOxy(:,:)=-vnew(:,:,2);
vnew(:,:,nz+l)=-vnew(:,:,nz-1);

% Improve
unew(: ,ny+1,nz+1)=unew(: ,ny-1,nz+1)




u=unew,
v=vnew,
w=wnew,

for i=l:nxR-1
for j=1:nyR-1
for k=1:nzR-1

Pnew (2*i,2%j,2%k)=P (2*i,2%j,2%k) -

dt* (cA2% (u(2*%i+1,2%§,2%k) -u (2*i-1,2%7,2%k) ) /dx+. . .
CA2* (v (2%i,2%j+1,2%k) -v (2%i,2%j-1,2%k) ) /dy+. . .
CA2% (w(2%1,2%5,2%k+1) -w(2*%i, 2%, 2*k-1)) /dz) ;

end
end
end
P=Pnew;,

ControlS=4000,
if nt>ControlS
if t/ControlS==ceil (t/ControlS)
CBankV={u,v,w,P};
CBank=[CBank,CBankV],
end
else
CBankV={u,v,w,P};
CBank=[CBank,;CBankV],
end
waitbar (t/nt,handle),

end
close (handle) ,;
save CMarker3 CBank




