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1. SUMMARY

One possible core-disruptive accident in Liquid Metal Cooled Fast
Breeder Reactor (LMFBR) operation is the boiling off of the primary
1iquid sodium. To better understand the consequences of this in
the full-scale 217-plus fuel assemblies, a theoretical study was made for
a 19-pin bundle. Given the maximum allowable pin surface temperature of
1644 K and various duct-wall temperatures of 589 to 808 K, temperature dis~
tributions were generated using the net radiat;on method for different
values of uniform pin power (100 to 20,000 W/m%).

It was found that the uniform-radiosity assumption led to poor re- .
sults. In considering nonuniform radiosity, dividing the pin bundle into
three concentric hexagons gave more realistic results than dividing the
individual pin surfaces into thirds.

Heat transfer rates were also determined for free and forced convec-
tion of the sodium vapor and fiow boiling of the liquid sodium. Radiative
heat transfer rates ranging to 0.10 kW/ft vere found to lie between free-
and forced-convection rates, but were at least three orders of magnitude
below that of flow-boiling heat transfer. It was found that at steady-state
conditions, fuel meltdown takes place only at the extreme conditions of full
power of 1.792 x 106 W/m? and liquid sodium temperatures above 1200 K.

2. INTRODUCTIOH
2.1 Background

One possible core-disruptive accident considered in the accident analysis
for a Liquid Metal Cooled Fast Breeder Reactor (LMFBR) is the boiling off of
the primary liquid sodium due to a blockage or rupture in the sodium
line or failure of the sodium pumps (see Fig. 1). With the subseguent
loss of forced convection cooling by the sodium Tiquid, first the fuel-pin
cladding (315 stainless steel) and then the Pu02-U0, fuel meltdowns would
result (4, 5, 7, 11). In the extreme case of both %1quid and gaseous sodium
being voided, radiation would be the only mode of heat transfer. To arrive
at this extreme case, transition regimes involving flow-boiling of the liquid
sodium and free and forced convection of the sodium vapor must be passed.

A 19-pin reactor-core bundie was developed to simulate the fuel assemblies
of the commercial-scale (217-pin) €1linch River Breeder Reactor (CRBR). Hence,
radiative heat transfer characteristics of this unit were examined. The
maximum temperature of the center pin surface was set at 2500°F, the melting
point of the 316 stainless steel cladding. This is in contrast to the maxi-
mum set by previous workers who assumed that pin failure occurs at 5072°F,
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2.2 Objectives

The objectives were:

1) to generate pin-surface temperature distributions as functions
of pin power, emissivity, and duct-wall temperature, where the
cladding temperature of the center pin is set at its melting
point of 1644°K (2500°F);

2) to determine the maximum allowable uniform pin power generation
when radiation is the only mode of heat transfer which will stil]l
avoid cladding mel tdown;

3) to determine the steady-state radial temperature distribution in
the center pin corresponding to normal LMFBR operation. This
steady~-state profile could then be used as the initial condition

in the transient problem to realistically assess a hypothetical
LMFBR accident.

3. PROCEDURE
3.1 Theory

The following classical assumptions were made in formulating the problem:

1) Each surface is isothermal.

2) The surfaces are gray, i.e., emissivities ¢ and absorptivities o
are independent of wavelength.

3) Radiation is diffusely reflected and emitted. Application of
Kirchoff's Law (18) then gives:

E = o = 1 -7 (1)

where €, a, and y are functions of the surface temperature only.
4) Radiosity is uniform for each surface.
The net radiation method (15, 17, 18, 19) was then used to calculate

the radiant exchange between the pins. The relevant equations are:

Q) = B, - H, (2)



n = 4_ )
9; 81(0 T Hi) (3)
N
N = L F.. B, (4)
i j=1 ij 73
N N
Q" = B, - L F = (1-F,)B, - } F..B (5)
1 1 j=1 1 7J 3=1 1JJ
4 _ - )
eicTN = BN (1 eN) i1 Bj F1J (6)

where N is the total number of surfaces in the 19-pin bundle and Ty is the
temperature of the duct wall. 1If q) and F,. are known, the radiosity Bj of
each of the pins can be found by using Eq.1(5). Equation (6) would be used
to find By. Then either Eq. (2) or (4) is used to calculate Hj. Finally,
Eq. (3) would be used to find the unknown Tj. Then g} can be found to keep
the center pin at or below the melting point of the c1adding. The values of
Ty are shown in Table 1.

Table 1. Values of Wall Temperature Used in Calculations

(°K) b (°F) Corresponds to Sodium Temperature at:
808.15 995 outlet of CRBR core
732.00 858 outlet of FFTF™ reactor core
661.00 730 inlet of CRBR core
589.00 600 inlet of FFTF reactor core

*
Fast Flux Test Facility at Richland, Washington

The view factors for the three radiosity configurations shown in Figs.
2 through 4 were determined by using Hottel's crossed-string method (17, 18).
Accordingly, if Ay and A2 are any two areas, as shown in Fig. 5, the view
factor Fy2 is given by the equation

_ dg *+ ae ~ abcd - efqg
Flz = oA (7)
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The Fi; for the three configurations are presented in Tables 6, 7, and 8
of Appendix 8.2.

Equations (5) and (6) can be stated as:

where for i # N,

Cii = 1 - Fyy (9)
Cij = - Fij , for i #J (10)
q" = constant ()
;
For i = N,
CNj = 1 - (1 ~ EN) FNJ’ for i = j (12)
CNj = (1 - €N) FNj’ for i # ] (13)
g = eaTy (14)

The computer program used in solving the above set of equations is listed
in Appendix 8.3.

3.2 Other Modes of Heat Transfer
Free-convection heat transfer rates of sodium vapor in the 19-pin
bundles were also calculated and plotted as a function of the temperature

difference between the pin surface temperature and of the sodium vapor by
using the following correlation (10):

Nu_ = 0.508 pri/2 (0.952 + pr) /4 (er)”4 er<<109 (15)

Forced convection by sodium vapor was determined by using the following
correlation (13) for the purpose of comparison:
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Nu = 6+ 0.027 Re0+8 p0-8 (16)

The flow boiling heat transfer for sodium liquid was also calculated using
the correlation developed by Labuntsov (9):

Nug = 0.125[(Re) (Pr)1%/° (17)
Appendix 8.4 presents the details of these calculations.
3.3 Radial Temperature Distribution of the Center Pin

The equations describing heat generation and conduction (2) in the
various parts of the fuel pin are (the subscripts F, H, and C denote fuel,
helium, and cladding, respectively; see Fig. 6§

Fuel
d dT
Kp -EF(r HF) + Qv = 0 0 <rc< re (18)
Helium Gap
K l-g—(r dTy . 0 (neglecting any convection) r. <r <vr, (19)
Hy dr'’ dr g F H

Type 316 Stainless Steel Cladding

K. 1 d ( dT)

¢ T 0 ry<r < (20)

The boundary conditions are:

at r =0,

dr _

7 - 0 (21)
at r = re

T(r=vrE) = T(r=rf) (22)

dT _ dT
ead - 7 a4 (23)
r=re ro=re
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at r

i
-

H’
Tr=rp) = T(r=ry) (24)
dT dT
e Ko 5= (25)
K ar r=rg. Cdr| _.F
at r = res
d1 -
Kear * h(T - TNa) = 0 (26)

The heat transfer coefficient in Eq. (26) includes both convective and
radiative effects.

4. RESULTS AND DISCUSSION
4.1 Pin Surface Temperature Distributions

Pin surface temperature distributions were calculated for the three
radiosity configurations for four duct-wall temperatures and for a range
of emissivities. These results are tabulated in Tables 3 through 5 in
Appendix 8.1. Pin surface temperature distributions for the two extreme
- duct-wall temperatures of 808 and 589 K are plotted in Figs. 7 through 12.
In these figures, distance from the center pin is defined as the length
from the center of the bundle to the centroid of the pin section. The
maximum allowable uniform pin power, q", is also tabulated for various
values of emissivity on each figure.

Comparing Figs. 7 and 8, 9 and 10, and 11 and 12, it is seen that the
temperature distribution and the maximum allowable uniform pin power gene-
ration rate do not vary significantly for the two duct-wall temperatures.
Figure 13 shows the maximum allowable uniform pin power generation rate
plotted versus duct temperature for various emissivity values. The flat
portions of Fig. 13 indicate that for a wide range of duct-wall tempera-
tures the pin surfaces behave as if they are surrounded by an "absolute
zero" environment. This can be explained by considering that the net
radiation exchange between two infinite, parallel black surfaces at temp-
eratures Ty and Ty is given by

net radiation = o(T] - To)aoTi, for T, < 0.5 T (27)

1
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A comparison of Figs. 7 and 8 with Figs. 9 through 12 shows that non-
uniform radiosity gives a smoother temperature change from pin to pin near
the wall. Also, the temperature difference between the coldest pin surface
and the duct wall is the least for the nonuniform cases. The range of g"
for uniform radicosity is also much higher than that for nonuniform radi-
osity. Physically, the assumption of uniform radiosity around the pin
surface is a poor one (except for the center pin) as can be explained
using Eq. (2). If B, is uniform, H; must also be uniform so the pin can
be uniformly irradiated around its surface. This is clearly inaccurate
since all the pins except the one at the center are surrounded by surfaces
at different temperatures.

4.2 Comparison of Radiative Heat Transfer
with Other Modes of Heat Transfer

Figures 14 and 15 show q" as a function of AT for the two extreme wall
temperatures, where AT is the temperature difference between the pin sur-
face and the duct wall. As the emissivity decreases from a perfect black
body to a gray body for a given g", the pin temperature increases. Based
on an emissivity of 0.3 (which realistically describes the surfaces of the
fuel element cladding), the capability for heat removal by radiation lies
between 2000 and 20,000 W/m?.

In a hypothetical core-disruptive accident, the boiling off of sodium
1iquid will be followed by simultaneous free and forced convection of
sodium vapor with radiation because sodium vapor is transparent to radia-
tion (13). Therefore radiative heat transfer behaves as an add-on cooling
mechanism.

Figure 16 is a combined graph of various modes of heat transfer, Free
convection (sodium vapor) heat transfer ranges from 2000 to 4000 W/m2
(0.011 to 0.022 kW/ft) for Reynolds' numbers ranging from 2000 to 10,000.
Forced convection (sodium vapor) heat transfer ranges from 20,000 to
400,000 W/m2 (0.112 and 2.24 kW/ft). Flow-boiling hsat transfer is natu-
rally larger, ranging from 100,000 to 80,000,000 W/m~ (0.56 to 447.5 kW/ft).
Radiative heat transfer falls between that of free and forced convection.

4.3 Radial Temperature Distribution of the Center Pin

The temperature profile in the fuel element (see Fig. 6) is given by:

2
Q,r K r K r 2K
v F r 2 F H F C F
T-Ty, = 77—l - () + 2 =1n(7) + 2 7~ In(5) + =1 (28)
Na 4KF re KH e KC rH rCh

For the helium gap (neglecting convection):
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2
Q.r r K. r K
F H H C H
T = Ty = s LIn(z0) + 52 In(2) + o] (29)
Na ZKH r KC "y rCh
Similarly for the cladding:
erg 'c KC
T-Tyy © EKF{M(F-—-) - FEEJ (30)

The thermal conductivities of the fuel, the 316 stainless steel, and the
helium are found in Refs. (1), (16), and (20). The temperature of the fuel
element at r=0 is given in Table 2 as a function of Ty, the temperature
of saturated sodium 1iquid, for pin powers ranging from 3.237 x 10° to
1.619 x 109 W/mé (2 to 10 kW/ft). The steady-state center temperature of
the fuel exceeds its melting point of 3073 K (5072°F) (1) only at the
?xtreme)conditions of full power and sodium temperatures near 1200 K
1700°F).

Table 2. Center-Pin Centerline Temperature for Various Values
of Sodium Temperature (Ty,)  and Pin Power (Eq. 29)

Pin Power = 106 W/mS (kW/ft)

Na 2 (344) 5 _(860) 7.(1204) 10 (1720)
°K (°F) °K (°F) °K (°F) °K (°F) K (CF)

734 (862) 1102 (1524) 1776  (2737) 2265
800 (981) 1176  (1657) 1796  (2773) 2302

3618) 2883 (4730)
3684) 2922 (4800)
1000 (1340) 1377 2019) 2007

1200 (1701) 1576 4197) 3125 (5166)

3794) 2733

(
(

3153) 2450  (3951) 3013 (4964)
(
(4460) 3265 (5418)
(

( (

(2377) 2185 (3474) 2587
1400  (2060) 1776  (2737) 2363
1600  (2421) 1975 - (3096) 2537 {

4107) 2886 4735) 3376 (5617)

*Sodium is assumed to be in the liquid state at all values of TNa‘
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5. CONCLUSIONS

. §d1at1ve heat transfer 1n a 19~pin bundle ranges from 2000 to
20, 000 W/me (0.017 to 0.095 kWéf Th1s 1135 between forced and free
convection of sodium vapor ( to 8x107 W/m? and 2000 to 10,000 W/me,

respectively).

2. The uniform-radiosity assumption results in unrealistically high
pin powers and temperature distributions that are not as gradual as those
calculated by using nonuniform-radiosity assumptions.

3. For nonuniforin radiosity, division of the pin bundle into three
concentric hexagons gives more realistic results than does the division
of each pin surface into thirds.

4. Pin surface temperature decreases with increasing emissivity.

5. The steady-state centerline temperature of the center fuel element
exceeds its melting point of 3073 K (5072°F) only in the extreme steady-
state conditions.

6. RECOMMENDATIONS

1. Extend this study to 217-pin bundles.

2. Investigate other divisions of pin surfaces for nonuniform radi-
osity calculations.

3. Examine the transient behavior of the center pin to determine
whether cladding or fuel melts first after a hypothetical LMFBR accident.
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APPENDIX

Additional Results

Pin surface temperatures for the three geometrical configurations

studied are given in Tables 3, 4, and 5 as a function of uniform pin

power generation rates and emissivities.
808, 732, 661, and 589 K, respectively.

Wall temperatures were set at

Table 3. Temperature Profiles for Uniform Radiosity
(See Fig. 2)

T, = 808.15°K = T,

T T, T3 T 0"
€ (°K (°k) (°K) (°K (W/m?)
0.1 1644 1637 1618 1624 9.144 x 10°
0.2 1644 1631 1593 1604 17.627 x 10°
0.3 1644 1625 1569 1586 25.519 x 10°
0.4 1644 1620 1546 1569 32.878 x 10°
0.5 1644 1614 1522 1551 39.758 x 10°
0.6 1644 1609 1500 1535 16.203 x 10°
0.7 1644 1605 1477 1518 52.253 x 10°
0.8 1644 1601 1455 1503 57.942 x 10°
0.9 1644 1596 1438 1487 63.305 x 10°
1.0 1644 1592 1412 1472 68.367 x 10°
Ty = 732.04°K = T,
0.1 1644 1637 1617 1624 9.329 x 10°
0.2 1644 1631 1592 1604 17.984 x 10°
0.3 1644 1625 1578 1585 26.036 x 10°
0.4 1644 1619 1543 1567 33.544 x 10°
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h
€ (2K)
0.5 1644
0.6 1644
0.7 1644
0.8 1644
0.9 1644
1.0 1644
T, = 660.93°K =
0.1 1644
0.2 1644
0.3 1644
0.4 1644
0.5 1644
0.6 1644
0.7 1644
0.8 1644
0.9 1644
1.0 1644
T, = 588.71°K =
0.1 1644
0.2 1644
0.3 1644
0.4 1644
0.5 1644

Ty

(°K)
1614
1609
1604
1600
1595
1591

1637
1631
1625
1619
1614
1609
1604
1599
15695
1591

1637
1631
1625
1619
1613

T3

(°K)
1520
1496
1473
1451
1428

1406

1617
1592
1566
1542
1518
1494
1470
1447
1425
1402

1617
1591
1566
1541

Ty

(°K)
1549
1532
1515
1499
1484

1468

1623
1603
1584
1566
1548
1530
1513
1497
1481
1465

1623
1603
1584
1565
1546

(W/m?)

40.
47.
53.
59.
64.
69.

18.
26.

34
41

47.
54.
59.
65.
70.

18.
26.
34.

41

563 x
138 x
317 x
117 x
589 x
753 x

.458 x

232 x
393 x

.005 x
.120 x

786 x
044 x
929 x
475 x
711 x

.552 x

413 x
656 X
343 x

.529 x

10
10
10
10
10
10

10
10
10
10
10
10
10
10
10
10

10
10
10
10
10
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Table 3 (Continued)

q

e (k) x) K K (W/m?)

0.6 1644 1608 1492 1529 48.261 x 103
0.7 1644 1603 1468 1512 54.581 x 103

0.8 1644 1599 1445 1495 60.525 x 10°
0.9 1644 1594 1422 1479 66.127 x 103

1.0 1644 1590 1399 1463 71.412 x 103

Table 4. Temperature Profiles for Non-Uniform Radiosity (Hexagons)

(see Fig. 3)
TN = 808.15°K = T8
N L T T, T T T v,

£ (°k) K)ok (k) (°k) (°K) (°K) (W/m™)
0.1 1644 1646 1601 1601 1604 1508 1510 6.879 x 103
0.2 1644 1647 1576 1575 1581 1410 1415 10.783 x ]03
0.3 1644 1648 1559 1557 1565 1335 1342 13.299 x 103
0.4 1644 1648 1547 1545 1554 1274 1283 15.055 x 103
0.5 1644 1649 1537 1535 1547 1223 1236 16.350 x 103
0.6 1644 1649 1530 1528 1539 1178 1190 17.345 x 103
0.7 1644 1649 1524 1522 1534 1139 1153 18.134 x 103
0.8 1644 1649 1519 1517 1529 1103 1120 18.774 x 103
0.9 1644 1649 1515 1512 1526 1072 1090 19.303 x 103
1.0 1644 1649 1512 1509 1522 1043 103

1063 19.749 x
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Table 4 (Continued)

8
I Ty T3 Ty Ts Ts Ty q"
(k) (°K). (CK)L (°K) (°K) (°K) (oK) (W/m2)

0.1 1644 1646 1601 1600 1664 1505 1507 7.019 x 103
0.2 1644 1647 1575 1573 1580 1405 1409 11.001 x 103
0.3 1644 1648 1557 1555 1564 1327 1334 13.568 x 103
0.4 1644 1648 1544 1543 1552 1263 1272 15.360 x 103
0.5 1644 1649 15356 1533 1543 1209 1220 16.682 x 103
0.6 1644 1649 1527 1525 1537 1161 1174 17.697 x 103
0.7 1644 1649 1521 1519 1531 1119 1134 18.501 x 103
0.8 1644 1649 1517 1514 1527 1081 1099 19.154 x 103
0.9 1644 1650 1512 1510 1523 1047 1067 19.695 x 103
1.0 1644 1650 1509 1506 1520 1014 1037 20.149 x 103
T, = 660.93°K = T8

0.1 1644 1646 1600 1599 1603 1503 1505 7.115 x 103
0.2 1644 1647 1574 1572 1579 1401 1405 11.153 x 103
0.3 1644 1648 1556 1554 1563 1321 1328 13.755 x 103
0.4 1644 1648 1543 1541 1551 1255 1264 15.571 x 103
0.5 1644 1649 1533 1531 1542 1198 1210 16.911 x 103
0.6 1644 1649 1526 1523 1535 1149 1163 17.940 x 103
0.7 1644 1649 1519 1517 1529 1105 1121 18.755 x 103
0.8 1644 1649 1515 1512 1525 1065 1083 19.417 x 103
0.9 1644 1649 1510 1507 1521 1028 1049 19.965 x 103
1.0 1644 1650 1507 1504 1518 993 1017 20.426 x 103
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Ty = 588.71°K = Tg
N T [N Ts T T a"

e (K (K (K (K K (K (5K) (W/m?)
0.1 1644 1646 1600 1599 1603 1501 1503 7.186 x 103
0.2 1644 1647 1573 1572 1578 1397 1402 11.263 x 103
0.3 1644 1648 1555 1553 1562 1316 1323 13.891 x 103
0.4 1644 1649 1542 1539 1550 1249 1258  15.725 x 10°
0.5 1644 1649 1532 1530 1541 1191 1203 17.079 x 103
0.6 1644 1649 1524 1522 1534 1140 1154 18.118 x 103
0.7 1644 1649 1518 1516 1528 1094 1111 18.941 x 103
0.8 1644 1649 1513 1510 1524 1052 1072 19.610 x 103
0.9 1644 1650 1509 1506 1520 1013 1036 20.163 x 103
1.0 1644 1650 1505 1502 1516 977 1002  20.629 x 10°

Table 5. Temperature Profiles for Non-Uniform Radiosity (Thirds)
(see Fig. 4)
T, = 808.15 = T,
T] T2 T3 T4 TS T6 T7 Q"

e (K (K (K (K (KL (K (%K) (W/m?)

0.1 1644 1647 1596 1581 1594 1535 1541 7.65 x 103

0.2 1644 1649 1561 1534 1558 1446 1458 12.813 x 103
0.3 1644 1650 1535 1497 1531 1369 1388 16.528 x 103
0.4 1644 1652 1514 1468 1509 1302 1328 19.331 x 103
0.5 1644 1653 1497 1443 1491 1241 1273 21.519 x ]03
0.6 1644 1653 1483 1423 1476 1185 1225  23.277 x 10°
0.7 1644 1654 1471 1405 1464 1132 1180  24.720 x 10°
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Table 5 (Continued)

B Ty T3 Ty Ts Ts Ty
(°K). (K} (cK) (k) (k) (k) (°K) (W/m?)
0.8 1644 1654 1461 1390 1453 1081 1138 25.924 x 103
0.9 1644 1655 1452 1377 1443 1031 1098 26.945 x 103
1.0 1644 1655 1444 1365 1436 982 1060 27.822 x 103
T, = 732.04 = T8
0.1 1644 1647 1595 1580 1593 1532 1539 7.807 x 103
0.2 1644 1649 1560 1532 1556 1447 1454 13.073 x 103
0.3 1644 1651 1532 1494 1528 1362 1381 16.863 x 103
0.4 1644 1652 1511 1464 1506 1292 1319 19.722 x 103
0.5 1644 1653 1493 1438 1487 1228 1262 21.956 x 103
0.6 1644 1653 1479 1417 1472 1168 1210 23.749 x 103
0.7 1644 1654 1468 1399 1459 1111 1163 25.220 X 103
0.8 1644 1654 1456 1383 1448 1056 1118 26.450 x 103
0.9 1644 1655 1447 1370 1439 1001 1075 27.491 x 103
1.0 1644 1655 1439 1357 1430 946 1034 28.386 x 103
T, = 660.93 = T8
0.1 1644 1647 1595 1579 1593 1531 1537 7.9 x 103
0.2 1644 1649 1558 1530 1555 1437 1450 13.252 x 103
0.3 1644 1651 1531 1492 1526 1357 1377 17.094 x 103
0.4 1644 1652 1509 1461 1503 1285 1312 19.993 x 103
0.5 1644 1653 1491 1435 1485 1219 1254 22.258 x 103
0.6 1644 1654 1476 1413 1469 1157 1201 24.076 x 103
0.7 1644 1654 1464 1395 1456 1097 1151 25.567 x 103
0.8 1644 1655 1453 1379 1445 1038 1103 26.812 x 103
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Table 5 (Continued)

T T, T, T, Te T T q"
£ CK) ek K (eR) K (K (k) (W/m?)

0.9 1644 1655 1443 1365 1435 979 1058 27.869 x 10

o Oy
~

1.0 1644 1655 1436 1352 1427 918 1014 .28.775 x ]03

Ty = 588.71 = T

N

. 1644 1647 1594 1578 1592 1529 1536 7.994 x 10
.2 1644 1649 1558 1529 1554 1435 1448 13.384 x 10
.3 1644 1651 1529 1490 1525 1353 1373 17.265 x 10
4 1644 1652 1507 1458 1502 1279 1307 20.192 x 10
1644 1653 1489 1432 1483 1212 1248 22.479 x 103
.6 1644 1654 1474 1410 1467 1147 1193 24.314 x 10
.7 1644 1654 1462 1392 1454 1086 1142 25.821 x 10
1644 1655 1451 1375 1442 1024 1093 27.079 x 103

o O o o O O o o ©
o

o W

1644 1655 1442 1361 1432 962 1046 28.146 x 103

—]

1644 1655 1433 1348 1424 897 999 29.062 x 10

8.2 View Factors

View factors for the three sets of surfaces examined are given in
Tables 6, 7, and 8 with the following set of notations:

U The corresponding v1ew factor is explicitly calculated for uniform-
radiosity . _
T The corresponding view factor is explicitly calculated for nonuniform-

radiosity (thirds).

H The corresponding view factor is explicitly calculated for nonuniform-
radiosity (concentric hexgaons).



Table 6. View Factors for Uniform Radiosity

{Fig. 2)
P Fog F3j fai Fsi
View View View View View
Factor Value  No. MNote Factor Value  No. Note Factor Value No. _Note  Facter Value No. _Mote  Factor Value _ Note
F]Z 0.136843 6 U F21 0.136849 1 REC F32 0.135849 1 REC F41 5.28598 1 REC FS? 0.000902 REC
FT& 0.028898 6 U FZZa 0.136849 2 F]Z,U F32a 0.028898 2 REC F42 0.136849 2 REC F52 0.010108 REC
F15 0.005518 1 REM F22b 0.028892 2 F14,U FBZb 0.000361 2 REC F%Zb 0.000361 2 REC F53 0.086608 REC
F23 3.136849 1 F]Z,U F34 0.136849 2 FIZ,U F43 0.136849 2 REC F54 0.059528 REC
F23a 0.028898 2 F14,U F34b 0.000361 2 F24C,U F43a 0.000361 2 REC FSS 0.061634 REM
F23b 0.000361 2 F24C,U Fanc 0.000056 2 U F43b 0.00005% 2 REC
an 0.136849 2 FYZ,U F35 0.530701 1 REM F44a 0.02889¢ 2 F]4a,U
F24C 0.000361 2 U F45 0.364354 ) REM
F 0.061870 1 REM

25

9¢
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Table 7. View Factors for Non-Uniform Radiosity (Hexagons)
(see Fig. 3)
Fl Fai Fas Fag
View View View View
Factor Value No. _Note Factor Value No. Note Factor Value No. Note Factor Value No. _Note
F]2 0.132366 6 F]Z,T F2] 0.397099 1 REC F31 0.006723 1 REC F“a n.004481 2 F24a,H
F”1 0.004432 6 2F|3,T F22a 0.167646 2 FZZa,T F32‘.j 0.018814 2 L’FZSa,H F43 0.397099 1 REC
FlS 0.028898 6 F]4,U F22b 0.072876 2 F22b,T F32b 0.003455 2 %F23b,H F43a 0.075322 2 2F34a,H
FIB 0.005522 1 REM ana 0.037627 2 F23a,T F33a 0.083823 2 F22a,H FAS 0.167646 2 FZZa,H
F23b  0.006909 2 F23C,T F34 0.198549 %F]Z.H F” 0.037627 2 FZ3a,H
F24a 0.004481 4 H F34a 0.037661 2 H F47a 0.001083 2 3F24C,U
F25 0.006723 2 H F35 0.198549 2 H F48 0.030583 1 REM
Foe, 0-002028 2w Fygp 0-000541 2 5.
FZGb 0.001083 2 3F24C,U F36 0.006723 1 %:1 1K
FZB 0.003355 1 REM F36a 0.002232 2 H
F37 0.003362 2 H
F38 0.03M3 1 REM
Fs; s Fri Fas »
FS] 0.057796 1 REC F62a 0.001214 2 ;iFZBa,H F73 0.004482 2 REC FB" 0.060902 1 REC
F52 0.004482 2 REC 62b 0.000541 2 %FZSb,H F74 0.025085 2 REC F82 0.000183 6 REC
F53 0.264733 2 REC F63 0.006723 1 REC F74b 0.000722 2 %F'Ua,H F83 0.009926 6 REC
FS}C 0.000722 2 2F24c,U F63a 0.002232 2 F36a F75a 0.004606 2 F57a F54 0.001666 6 REC
F54 0.111764 2 REC F65 0.018814 2  REC F76 0.11764 2 REC F85 0.001799 & REC
F55a 0.048584 2 %FZZb,H F65b 0.000085 2 %FSGd,H F78 0.706€82 1 REM F86 0.084942 6 REC
F56 0.025085 2 gjr23a,H F67 0.083823 2 liFZZa F87 0.057729 & REC
F56d 0.000113 2 2F34c,U F68 0.779859 1 RIM F88 0.061628 1 RfM
Fipa  0-000606 2 %,
F 0.022026 1 REM
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Table 8. View Factors for Non-Uniform Radiositv (Thirds)
{see Fig. 4)
I Faj ] Faj
View View View View
Factor Value =~ MNo. Note Factor Value No. _ Note Factor Value lo. Mote Factor Value No, Mote
Fl, 0.13236 6 T Fpy  0.397099 1 REC Fy,  0.006723 1 REC Fage 0006909 1 Fpy .
Filg  0.002241 12 T Fopa  0-167606 2 T Fioa 0-037627 1 Fy Fagg 0.001083 1 T
Flg  0.014480 12 WF, o Fp 0.072876 2 T Fapp 0006909 1 Fyo Fyy  0.037627 1 REC
Fig  0.005522 1 ReM Frg 0.037627 2 T Figa O0-167686 1 7,y Faz,  0.006903 1 Fpy o
Fpye 0.006905 2 T Fag 0037627 1 Fyo a3 0.072878 1 Fy
Fogp 0.006909 2 7 Fiag 0167616 1 Fo Fage 0167685 1y
Faag 0-001083 2 3F,, y Fyp 0.072876 1 Fpp Fage 0-341092 1 Fu o
Fog  0.006406 2 T Fage 0008903 1 Fp, iy 0006723 1 Fi 1
Frsp 0.000317 2 T Fysp 0-006723 1 T P 0000169 1 S
Fag  0.003355 1 ReM Fyp  0-31002 1 7 Fasg 0001083 1 3y
Fasc  0-0%6007 1 7 Faze  0-056007 1 Fy o
Fasg 0-001083 1 Forcy rpy 030876 1 Rem
Fag 0.091132 1 ReM
o Fs; g 7 Fe;
F, 0043347 1 REC Fosa  0.000317 2 Foo Frga 0-056007 2 Fo . Fo  0.000902 1 REC
Fg,  0.006406 1  REC Fe;  0.006006 2 F, Frea 0-000058 2 Feo o Fo,  0.000183 6 REC
Foge 0-000317 1 Fpo o P 0.986554 1 ReM Fjg  0.006406 2 REC Fgy  0.001963 12 REC
Fage 0001083 1 Fio o Frg 0.875058 1 REM Fgq  0.016440 12  REC
Foyp 0.006723 1 Fyo Fgs  0.00593 12 REC
Fopy 0.341092 1 Fu o Fog 0053728 6 REC
Foge 0056007 1 Fu Fgy  0.04765 6 REC
Fopg 0:000160 1 Fpo Fgg  0.061628 1 REM
Fogy 0.001083 1 Fpo.
Fogy 0006723 1 Fuo o
Fog 0-241092 1 Fpe
Fegp 0.00008 1 T
Fog; 0.000058 1 T
Fo, 0.086%62 1 T
Fage 0-000317 1 Fpe o
Fopg 0-000058 1 e,
F.. 0.109005 1 ReM
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fF, U The corresponding view factor is a fraction f of F, i3 from uniform

13 radiosity. Similarly for fF 3.7 and fF1J H

REC The corresponding view factor is calculated by reciprocity relationship:

]
> _=

Fji Fi'
j J

where F . has been previously calculated

REM The corresponding view factor is calculated as a remainder:
N-1

Fin = 1= 1 Py
J=1

8.3 Computer Program

The following computer program generates temperature distributicns
for a given set of uniform power generation rate and emissivity with the
center pin temperature kept below 1644 K:

%8 {A-H,0—2})
.

FORMAT (8F1
FORMAY (8£1
FORMAT (2F6
K=N—-1
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3a 20 P(I)=Cc(1)}

35 CALL COMATEQ{C +FshNsl 8}

36 DO 30 I=1sN

37 30 B(I)=P( 1)

28 DO 70 I=1,N

39 CO 70 J=1sN

a9 HOI)=R(I)+B{J)2F {1,J)

41 70 CHECK{I)=8B{I)~-+{T1)

a2 CHECK(N)}=B{N)—{1C—EPYHEH{N)
43 DO 80 I=1.K

44 80 TLINI={{{QUIV/EBI (1) )/S56EFE—~E)%%x 25
45 DO 90 [=14N

46 90 PRINT 100+1+sQU I +E{I)eT(1)oH(T)CHECK(T)
A7 100 FORMAT (T12+.5(3X4E12.63)

as PRINT ZZ0.EP

789 220 FORMAT{SXEL2€//27/7/)

<0 IF{T{1) «GT. TM) €CC TO 225
g2 Qa{1)=a(1)+QQ

3 DO 221 [=2.K

D4 221 a(1)=0G(1)

55 GO TO 8

56 225 IF (EP.GTe 09) CC TC 230
58 EP =FfPt+0al

59 DO 226 1I=1sK

&0 226 Q{1)=QQ

al GO 74O 8

€2 230 STOP

€3 END

8.4 Sample Heat Transfer Calculations

8.4.1 Free Convection of Sodium Vapor (10, 14)

For vertical laminar flow (er < 109), the local Nusselt number is

Nu, = 0.508 Pr'/? (0.952 + pr) M4 (e )"

Gr = Qfgﬂgél
X UZ

Thus the length-averaged Nusselt number is

L Nu
TR e
0

characteristic pin length, L = 3 ft
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Obtaining the length-averaged heat transfer coefficient and integrating
gives:

2
W o= 0.515 K Pri/2(0.952 + Pr)’]/4(9~§§él)]/4 (31)
u

For TNa = 1730°F, T. = 2500°F, Tfi]m = TNa + [(TC - TNa)/Z] = 2115°F,

B = 1/(2115 + 460) = 4.73 x 10°% °R-1, AT = 770°F, k = 0.485 Btu/hr-ft-°F,
Pr = 3.765, u = 0.05156 1b/hr-ft, p = 0.0251 1b/ft3, and g = 4.1472 x 108
ft/hre,

Gr, = 9.66 X 108

B = 14.76 Btu/hr-ft2-°F

Thus,

2 1

= 35,820 W/m = 2 x 10

hAT = 11,365 Btu/hr-ft

Y
A KW/ ft

8.4.2 Forced Convection of Sodium Vapor (8, 10, 14)

If it is assumed that Re = 10,000 and if the vapor properties of the
previous section are used:

Nu = 0.023 ReQ-8 pr0:% - 3275 (16)

hydraulic diameter, DH = 0.00995 ft

h = N%JS- = 1596.4 Btu/hr-ft2-°F
H
Thus,
%~ = hAT = 1,229,228 Btu/hr-ft® = 3,875,118 W/me = 21.7 kH/ft

8.4.3 Flow-Boiling Heat Transfer of Liquid Sodium

Labuntsov's equation (9) for flow-boiling heat transfer is:
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Q. Q + e
pePo0T + Cpop 0T
T A ~Pg R)ksaé s~ = 0.125 A Pg % sat (Prl)2/3
¢~ Leatlkgr e d ATpTvd _J
where:
Cp, i
Pr = ER £
2

Substituting tsat = 1730°F (boiling point of sodium), TC cladding temp-

. " o - [ = o 3
erature (°F), TSat 2190°R, sz = 0.3107 Btu/]bm— R, Oy 45.265 1by/ft-,
o = 0.007698 1bf/ft, k2 = 28.07 Btu/hr-ft-°R, X = 1641.65 Btu/]bm, o =
0.0275 ibm/ft3, Hy = 0.3601 1bm/ft—hr, vy = 0.00796 ftz/hr, J =778.2
ft~1bf/Btu, and Prl = 0.003986 gives

3
.% = [(3.274)(T_ - 1730)]

Q/A is obtained by varying T_ such that the temperature difference between
cladding and liquid sodium i§ less than 100°F. For T = 1740°F (10°F dif-
ference): ¢

L - 35,004 Btu/hr-ft? = 110,634 Wn’ = 0.62 Ki/ft

8.5 Nomenclature

A. surface area of 1, m2

B, radiosity of surface i, W/m2

C.. matrix of coefficients used in computer program
C specific heat, Btu/]bm—°F

specific heat of saturated liquid, Btu/]bm-°F

D hydraulic diameter, ft

EP  emissivity (computer program)

F.. view factor from surface i to surface j

8

2
g acceleration due to gravity, 4.1472 x 10~ ft/hr

Gr local Grashof number
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o 2
h heat transfer coefficient, Btu/hr-ft »fF

. . 2
h length-averaged heat transfer coefficient, Btu/hr-ft™-°F

H, irradiation to surface i, w/m2

J constant, 778.2 ft-lbf/Btu

K thermal conductivity, Btu/hr-ft-°F; KC = cladding, KF fuel, and
KH helium

L length of free convection heat transfer area, ft

N  number of unknown radicsities, Bj

Nu  Nusselt number

b boiling Nusselt number

Nu, Tocal Nusselt number

Nu Tength-averaged Nusselt number

P. 0.

; (computer program)

Pr  Prandtl number of saturated sodium vapor

Pr, Prandtl number of saturated sodium liquid

q pin power generation rate, W/m2

Qi constants used for pin power (computer program)
Q valumetric heat generation, W/m3

r radial position, in.; e cladding, e fuel, and oY helium
Re  Reynolds number of flowing vapor

Reb boiling Reynolds number

S pin pitch, in.

T temperature, °K

TNa temperature of Tiquid sodium, °K

T

temperature of saturated Na 1iquid as used in Labuntsov's equation, °R
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t temperature of saturated sodium vapor at 1.7 atm, 1730°F
T temperature of center pin cladding, °F

TN temperature of duct wall, °K

T, temperature of pin i, °K

v velocity of sodium vapor, fi/sec

Greek Symbols

a absorptivity, dimensionless

R volumetric expansion coefficient of sodium vapor, °F']
Y reflectivity, dimensionless

A difference operator, dimensionless

€ emissivity, dimensionless

A Tatent heat of vaporization of sodium, Btu/lbg

Uy viscosity of liquid sodium, 1bm/hr~ft

n viscosity of saturated sodium vapor, 1bm/hr—ft
v, kinematic viscosity of liquid sodium, ft°/hr
Py density of liquid sodium, 1bm/ft3

0 density of saturated sodium vapor, 1bm/ft3

G Stefan-Boltzman constant, 5.669 x 1078 w/m2(°K)4

o surface tension of sodium Tiquid-vapor interface, 1by/ft
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