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THE OAK RIDGE RESEARCH REACTOR - SAFETY ANALYSIS

F. T. Binford

'A." INTRODUCTION

In order to pr;vidé-édéquate bases for t;cﬂﬁicél specificé;ions it has
been found desirabie t6 expand the héat>fransfer analysis 6rigiﬂéily-presented
in the ORR Safety Analysis (ORNL 4169, Vol. II)., Moreover, the treatment in
that document tacitly assumed that the reactor fuel used in the ORR would be
of the well-known U-Al alloy plate-type. A large amount of experience with
this fuel in conditions similar to and more rigorous than those encountered
in the ORR was available, and so there was no reason to include an extensive
analysis of its limitations in ORNL 4169. It is now proposed to fabricate
ORR fuel using the U30g-Al dispersion technique which has been successfully
used in the HFIR since 1965.1°2 The experience with HFIR has demonstrated
conclusively that the U30g-Al elements are superior to the U-Al fuel elements
in virtually every respect. However, since it is also proposed to increase
the 235U content above 265 grams per element, which is the maximum weight
previously used in ORR, it appears prudent to examine the implications of

the change to oxide fuel,
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B. THE ESTABLISHMENT OF OPERATING PARAMETERS
ASSOCIATED WITH HEAT TRANSFER

Part I - Development of the Method

1. INTRODUCTION

The operetion of the ORR 1s conducted with restrictions imposed on
certain of the operating parameters. These restrictions are more than
adequate to prevent overheating of the reactor fuel, and therefore serve to
guarantee the integrity of the fuel cladding. The selection of limiting
values of these parameters 1s based upon a number of calculations,ls?s3
the'results of which have been supported by tests and measurements in the
reactor,415:6,7

The relevant parameters are heat flux, coolant velocity, and subcooling.
None of these quantities can be directly measured; however, they may be
inferred from a knowledge of the measurable parameters: reactor power,
primary coolant floﬁ, coolant temperatures, and pressure. The establish-
ment of a functional‘relationship among these quantities requires an under-
standing of the hydraulic conditions which exist in the core configuration
under cohsideratioﬁ, together with a knowledge of the spatial distribution
of the heat flux. - ’ _

The problem'was inveetigated by Webster! and others, and it is the
purpose of this stud&, which 1s largely an extension of Webster's work, to
‘summarize the methods to be follewed in establishing appropriate ranges of

values for the significant 6perating parameters.

2. ESTIMATION OF THE CRITICAL HEAT FLUX

The critical or "burnout" heat flux may be roughly defined as that
value of the heat flux at which, under the conditions considered, the tem-
perature of a heated surface begins to increase at a rapid and uncontrolled
rate.

There have been a number of empirical correlations developed to describe
the relation between critical heat flux, coolant velocity, and degree of
subcooling. Webster, in his work, determined that the correlation most

sultable for the conditions which prevail in the ORR is that of Labuntsov.?!*8



The data upon which this correlation is based fall within the range of
pressure, heat flux, and subcooling characteristic of ORR operation.
1/4 15C At

0.232v?2 sub
= 4.61 x 10%0(p) [1 + === + —P S0 1
b = 461 x 10%GI L+ BT 1+ BT ) )
where
¢, = critical heat flux (Btu/ft?hr) C_ = specific heat of coolant
P (Btu/1p°F) -
p = pressure (atm. abs:) A = heat of vaporization (Btu/1lb)
v = coolant velocity (ft/sec) p = critical pressure of
c
coolant (atm. abs.)
o(p) = 131/3(1--p/1:’c)"’/3 . t .y = saturation temperature (°F)
t, = inlet temp (°F) At = coolant temperature (°F)
= — — - °
At b toat £y At = subcooling (°F)

The pressure p and the-corresponding saturation temperature and heat of
vaporization will, of course, depend upon the preéSure drop through the
reactor, and this in turn depends upon the coolant velocity. Although the
pressure may be as high as 40 psia at the site of maximum heat flux, the
pressure has, both for simplicity and conservatism, been chosen to be
1.633 atm. (24 psia - the core exit pressure) for all the cases considered.
Moreover, the location of maximum heat flux (which actually occurs about
9 in. above the core exit) will be assumed to occur at the core exit. These
assumptions will result in an underestimate of thé critical heat flux
because they imply the minimum possible subcooling. .Bésed on these assump-
tions, p = 1.633 atm. abs., O(p) = 1.166, tg,y = 238°F, A = 953 Btu/lb,

Cp =1 Btu/1b°F, p, = 218 atm. abs. Thus, Eq. (1) becomes

1/4

- 5 2 ~2 : )
¢ = 5.38 x 10°(1 + 0.199v*)™' "(1 + 1.232 x 10 “at_ ) (2)

In order to obtain a relationship betweén ¢c and v it is necessary to
specify Atsub as a function of v. Normally the core inlet temperature, ti’
is about 120°F, A conservative value of 125°F will, however, be used.
Hence A3g-125— At

At = 113 - At
sub



1 >
A Flowranmg =4 173000 il
The mass floﬁ rate through an ORR fuel element is nominally
9,24 x 103v 1b/hr.* It has been found!>® that the ratio of maximum to
average heat flux in the axial direction is 1.44. The heat transfer
area of an ORR fuel element is 14.96 ft2, so 1if ¢ is the maximum heat
flux in the reactor, the heat input to the hottest element becomes

14.96¢max/l.44 = 10.38¢max Btu/hr. Thus, for the hotéf;t channel
-3 . ' ) WC
At = 1.123 x 1073 __ /v (°F)
The width of an individual fuel channel may be only 90% of the nominal

width, hence the temperature rise is increased by the corresponding amount
and . .
a T3 °
At = 1,248 x 10 ¢max/v (°F) (3)
Thus

= - -3
.Atsub 113 - 1.248 x 10 ¢max/v (4)

Setting S ax = ¢c and putting this result into Eq. (2) we obtain

= 5,38 x 105(1 + 0.199v2)1/%(2,392 - 1.53 ~5
¢c x 10°( 9v4) (2.39 1.538 x 107 >¢c/v) s Iy

which may be solved for ¢ to yield _ Q?c” ZJKY}Da

L 1.287 x 105v@1 + 0. 199v2)
v + 8,279(1 + 0. 199v4)

(Btu/£t2hr) (5)

This relation,'which’gives the critical heat flux in an ORR core as
a function of coolant velocity, holds for heat fluxes between 4 x 10° and
1.5 x 107 Btu/ft2hr for pressures above one atmosphere, and for values of
Atsub greater than zero. It contains the following explicit conservative
assumptions:
(1) The maximum heat flux occurs at the poiht of lowest pressure
and highest coolant temperature.
(1) The width of the hottest channel is 90% of the nominal width,
thus reducing the mass flow rate thereby 10%.
(1i1i) The inlet temperature is 125°F,

3. THE ONSET OF NUCLEATE BOILING

The power level at which the onset of boiling is observed;%s deter-

mined as a function of primary coolant flow in a series of experiments



performed in the ORR.® For flows in the turbulent region (above about

1500 gpm) it was found that
q = 0.0244 FTofa (6)

where Qb is the power level (MW) at which boiling begins when the total
core flow is Fr (gpm). These tests were performedAusing a core containing
26 fuel elements and 4 shim-safety rods. The coolant inlet temperature

was 120°F.

4, ESTIMATION OF THE '"BURNOUTI' POWER LEVEL
In order to express Eq. (5) in terms of directly observable quantities,

it is necessary to establish a relationship between the maximum heat flux ¢,

and power level Q and between total primary coolant flow Fp and the coolant
velocity v. Both of these depend upon the core configuration.

For a given configuration the average velocity through a fuel channel is
proportional to the flow through the reactor core. It may be deduced from
data obtained_during a serles of hydraulic tests® that the average velocity
through a fuel element may be related to the pressure drop through the core
by the equation ' ‘ |

v = 5.04p0.56
Because the velocity 1in an outer fuel chanhel may be only 857 of the

average,"

the relationship to be used is .
| v = 4.25 ppl.56 . (7)
During a recent seriles of experiments10 it was found that the flow
through the reactor core F, may be expressed as a function of the pressure
drop by the relation A
Fo = 94.1 n Ap?:°8 | (8)
where n 1g the number of core elements and F. 1s the primary coolant flow

through the core expresséd in gallons per minute. Thus

- -2 Fc
v 4,52 x 10 = )

The heat transfer area of a fuel element is 14.96 ft? and that of a
shim-safety rod is 10.80 ft2. The shim rods are assumed halfway withdrawn
so the total heat transfer area becomes 14.96nf + 5.4ns, where n_ 1s the

_ f
number of fuel elements and ng the number of shim-safety rods. The average



heat flux therefore becomes

¢ = 3.413 x 106Q/(14.96ng + 5.4ng)  (Btu/ft?hr) (10)
where Q 1s the reactor thermél power in MW.
Let K be the ratio of maximum to average heat flux. Then the peak heat
flux is K¢. Upon setting K¢ = 3.413 x lOsKQ/(14.96nf + 5.4ng) equal to the
critical heat flux in Eq. (5) and upon using Eq. (9) and (10) we obtain

K 1.112 x 10728(1 + 4,059 x 1074g2)1/%
2,770, + ng  5.46 x 10738 + (1 + 4,059 x 1074g2)1/4

(11)

where here for convenience we have set
B = Fo/n, (12)
the nominal average flow through an ORR core element, and Q. is the power
level which will produce ¢, somewhere in the core.
The geometrical and vélocity uncertainties have already been accounted
for in this formulation. An additional hot channel factor of 1.1 is included
to take care of other contingencies. Hence, the minimum burnout power is

estimated by the relation - .

KQ - /
o _ _1.01 x 10728(1 + 4.059 x 1074g2)1'u - ¥(8) (13)

2.77n, +n,  5.46 x 10798 +(1 + 4.059 x 104g2)1’¥

It should be noted that two more conservative assumptions have been
incorporated:

(iv) The maximum heat flux occurs in an outside channel where the

velocity 1is only 857 of the average.

(v) The burnout power has been arbitrarily reduced by a factor of

0.91 to cover other contingencies.

Another element of conservatism which exists, but which is not speci-
fically included, is the fact that during operation at high power some of
the heat (1 or 2%) is lost to the reactor pool water and does not contribute
to the primary coolant temperature rise. For this reason, the At values
calculated in this report are slightly higher than those actually observed.

Values of ¥ (B) have been tabulated as a function of 8 and are given

in Table 1.



Table 1. Values of Y (B)
B Y (B) B Y (B)
10 9.53200E-2 510 2.7595
20 0.182778 520 2.80081
30 0.263128 530 2.84186
40 0.333723 540 2.38248
S0 0.410856 550 2.92325
60 0.480363 560 2.9A359
70 0.547776 570 3.00371
80 0.613445 530 3.0434
90 0.677609 590 3.03327
100 0.740439 600 3.12272
110 0.802067 510 3.156196
120 0.862595 620 - 3.20099
130 0.922108 6530 3.23982
140 0.9805676 640 © 3.27345
150 1.03836 650 3.2316383
150 1.0%521 560 3.235511
170 1.15128 570 3.393M\5
180 1.2065% 630 3.43102
190 l.26122 690 3.46369
200 1.31517 700 . 3.50613
210 1.36847 710 - 3.54349
220 1.42117 720 3.58063
230 1.47327 730 3.61759
240 1.52431 740 3.65433
- 250 157581 750 3.69101
250 1.62629 750 3.72747
270 1.67626 770 3.76376
280 1.72576 780 3.7999
290 1.77478 . 790 3.833533.
300 1.82336 800 3.8717
310 1.8715 810 3.90737
320 1.91921 320 3.94233
330 1.96652 830 . 3.97825
340 2.01343 840 4.01347
350 2.0599% 850 "h.04355
360 2.1061 860 4.08348
370 2.15139 870 4.11827
330 2.19732 380 4.15292
330 2.2424 830 4:18743
400 2.28715 900 4.22181
4190 2.33158 910 4.25605
420, 2.37549 920 - 4.29016
430 2.41943 930 4.32414
~Anl 2.46237 940 4.35799
450 2.50617 350 4.33172
460 2.54908 960 4,/42531
470 2.5917 970 4.05379
430 2.63405 980 4.89214
490 2.67613 990 4.52537
500 2.7179%. 1000 4.55347




Some of the total primary coolant flow, FT’ is diverted to demineral-
izers, to cool experimental facilities, and for other purposes. This bypass
flow, FB’ has been found!® to follow the relation .

Fp = 293 + 5.65 4p0-28 (14)

Since F, = F. + Fp, the relationship between the total (measured)
primary flow and the flow through the core, nf = Fc, can be found by com-
bining Eq. 7, 8, 9, and 14, so that

Fp = 293 + 8 (n + 1,987 x 10-3g0:75) (15)
Values of B versus Fp for several values of n are given in Table 2%,

The value of K, the peak to average heat flux ratio, reﬁains to be
determined. In general, this ratio will depend upon the core configuration
and must be determined for each loading.

To a-first appro#imation K will be equal to K”“, the ratio of peak to
average fissioning density. Actually, the value should be somewhat less
than this because not all of the energy is deposited at the fission site
and some of the heat 1s conducted in directions normal to the fuel-coolant
interface. (The total area available for heat transfer in a standard ORR
fuel element is 18.77 ftz of which 14.96 ft? or 80% directly covers fuel.)
Examination of a number of core loadings11 produces the following values of
K” for cores contaihing more than 24 core elements:

K” = 4.47 - 0.2n + 0.0046n> (16)
as a function of n, the number of core elements. Estimates of the actual
peak to average heat flux which occurred during the boiling experiments®
using a method developed by Bergles and Rohsenow!? lead to values about
two-thirds of this. Hence K will be taken to be 80% of K”, that is

K= 3.58 - 0.16n + 0.0037n? (17)

It must be emphasized that this holds only for '"normal" core con-
figurations, and that core loadings which contain experimental configurations
which may significantly skew the heat flux must be investigated on a case

by case basis.

*A useful approximation in the range'of interest is 8 n 0.948FTn—°'99-8.
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Table 2. Values of FT (gpm) as A Function of B and n

25 27 29 31 33 35
0 293 293 - 293 293 ° 293 . 293
10 543.112 5634112 5834112 603,112 §23.112 : 643112
20 793376, 833.376. 873.376 913.376 953.376 993.376
30 1043.76 1103.76 = 1163.76 1223.76 1283.76 1343.76
40 1294.26 1374426 1454.26 1534.26 1614.26 1694.26
50 1544.87 1644.87 1744.817 1844.47 1944.87 2044.87
60 1795457 . 1915457  2035.57 2155.57 2275.57 2395.57
70 2046.37 2186437 2326437 20466¢37T 2606.37 2746437
80 2297.25  2457.25 2617.25 2777.25 2937.25 3097.2S
90 2548.23 2728.23 . 2908.23 3088.23  3268.23 3448.23
100 2799.28 2999.28 3199.28 3399.28 3599,28 3799 .28
110, 3050.42 3270.42 3490.42  3710.42 3930.42 4150.42 -
120 3301.65 3541.65 3781.65 4021.65 4261465 4501.64
130 3552.94 3812.94 . 4072.94 4332.94 4592.94 4852.94
140. 3804.32 4084.32 4364432 4644432 . 4924.32 5204.32
150 4055.77 435577  4655¢77  4955.77 5255.77 5555477
160 43073 46273 4947.3 52673 5587.3 5907.3
170 4558 .9 4898 .9 5238 .9 5578 9 '5918.9 6258 .9
180 4810.58 5170.58 5530.58 5890.58 6250.58 6610.58
190 5062.32 5442432 5822.32 6202.32 6582.32 696232
200 5314.13 5714.13 6114.13 6514.13  6914.13 7314.+13
210 '5566.02 5986.02 6406.02 6826.02 7246.02 7666.02"
220 5817.97 625797 6697+97  7137.97  7577.97 8017.97
230 6069 .99 6529.99 6989.99 7449 .99 7909.99 8369.99
240 6322.08 6802.08 7282.08 7762.08 8242.08 8722.08
250 6574623 707423 7574.23 807423 8574.23 9074.23
260 6826445 7346.45 7866+.45 8386+45 8906.45 9426+45
270 7078.73 761873 815873 8698.73 9238.73 9778.73
280 7331.08 7891.08 8451.08 9011.08 9571.08 10131.1
290 7583.49 816349 © 8743.49 9323.49 9903.49 10483.5
300 7835.97 843597 9035.97 9635.97 10236 10836,
310 8088-51 8708.51 9328.51 994851 - 10568.5 11188.5
320 8341.11 8981.11 9621.11 1026141 109011 11541.1
330 8593.77 9253.77 9913.77 10573.8 11233.8 11893.8
340 8846.49 9526.49 102065 ‘1088645 115665 1224645
350 9099.28  9799.28 10499.3 11199.3 11899.3 12599.3
360 9352.12 10072.1 10792.1 1151241 12232.1 12952.1
370 9605.02 10345. 1108S. 11825, 12565 13305.
380 9857.99 10618, 11378, 12138. 12898 ¢ 13658
390 10111, 10891 - 11671, 12451« 13231 14011
400 - 10364.1 11164.1 . 11964.1 12764.1 13564.1 14364.1
410 - 10617.2 11437.2 - 12257.2 13077.2 13897.2 14717.2
420 10870.4 11710.4 12550.4 13390.4 14230.4 15070.4
430 11123.7 11983.7 12843.7 137037 145637 15423.7
a40 11377. 12257, 13137. 14017, 14897« 15777«
450 11630.4 12530.4 13430.4 14330.4 15230.4 16130.4
460 11883.8 12803.8 13723.8 14643.8 15563.8 16483.8
470  12137.3 13077.3 14017.3. 14957.3 15897.3 168373
480 '12390.8 13350.8 14310.8 °  15270.8 16230.8 17190.8
- 490 12644.4 13624.4 ' 14604.4 |5584.4 16564.4 17544.4
500 12898. 13898. 14898. 15898. 16898, ° 17898 .



Table 2 - continued

11

B 25 27 29 31 33 35
510 13151.8 14171.8 -15191.8 16211.8 17231.8 18251.8
520 13405.5 14445.5 15485.5 16525.5 175655 18605.5
530 13659.3 14719.3 15779 .3 16839.3 17899.3 18959.3
540 13913.2 14993.2 16073.2 17153.2 18233.2 19313.2
550 14167.1 152671 16367.1 17467.1 18567.1 "19667.1
560 144211 155411 16661+1 17781.1 18901.1 20021.1
570 14675.1 15815.1 1695541 18095.1 19235.1 203751
5840 14929.2 16089.2 17249 ,2 18409.2 19569 .2 0(0729.2
590 15183.3 16363.3 17543.3 18723.3 199033 21083.3
600 15437.5 1663745 178375 - 1903745 202375 21437.5
610 15691.8 16911.8 18131 .8 19351.8 20571.6 21791.8
620 15946.1 171861 1B426.1 -19666.1 20906.1 .22146.1
630 16200.4 17460.4 18720.4 1998044 2124004 22500.4
640 - 16454.8 17734.8 19014.8 20294.8 21574.8 22854.8
650 16709.3 18009.3 19309.3 20609.3, 21909.3 232093
660 - 16963.8 18283.8  19603.8 . 20923.8 22243.8 23563.8
670 172183 18558 .3 19898.3 21238.3 2257843 23918.3
680 17472.9 . 18832.9 2019249 21552.9 22912.9 24272.9
690 17727.6 191076 20487 .6 218676 . 2324746 28627 6
700 17982.3 - 19382.3 20782.3 22182,.,3 2358243 24982.3
710 18237. 19657 . 21077 20497, 23917. 25337,
720 18491.9 19931.9 21371.9 22811.9 242519 25691.9
730 18746.7 20206.7 21666+7 23126.7 245867 2604647
- 740 19001.6 20481.6 21961+6 23441.6 24921.6 264016
750 19256.6 20756.6 2225646 2375646 25256.6 2675646
760 19511.6 21031.6 22551.6 24071.6 2559166 27111.6
770 19766.6 2130646 2284646 2438646 25926.6 27466.6
780 20021.8 21581.8 23141.8 24701.8 262618 27821.8
790 2027649 2185649 23436.9 25016.9 2659649 9817649
800 20532.1 . 22132.1 23732.1 25332.1 26932.1 28532.1
B10 20787.4 224074 24027.4 256474 27267+4 28887 .4
820 21042.7 2268247 24322.7 25962.7 27602.7 29242.7
830 21298. 22958 24618 . 26278 :'27933. 29598,
840 21553.4 23233.4 24913.4. 26593.4 28273.4 29953.4
850 21808,.9 23508.9 25208 .9 26908.9 28608.9 3030849
860 22064.4 23784.4 25504.4 27224.4 28944.4 30664.4
870 - 22319.9 24059.9 . 25799.9 27539.9 | 29279.9  31019.9
880 2257545 . 2433545 260955 27855.% 296155 313755
890 22831.2 24611.2 26391.2 28171.2 29951,2 31731.2
900 . 23086.8 24886.8 26686.8 28486.8 30286.8 32086.8
910 - 23342.6 25162.6 26982.6 28802.6 30622.6 3244266
920 23598.4 2543874 27278 .4 29118.4 30958.4 32798 .4
930 23854.2 25714.2 275742 29434.2 31294.2 33154.2
940 24110.1 2599 0.1 27870.1 29750.1 31630.1 33510.1
950 24366, 26266 28166+ - 30066, 31966 33866
960 24622, . 26542 28462 30382. 32302, 34222,
970 24878« 26818. 28758 30698. 32638 34578 «
980 25134.1 27094.1 29054.1 31014.1 32974.1 . 349341
990 25390.2 273706.2 29350.2 31330.2 33310.2 35290.2
1000 2564643 27646.3 A29646-3 _31646,3 33646.3 356463
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As an example of the use of these methods, consider a 30-element core
which contains 26 fuel elements and 4 shim-safety rods and for which the
total coolant flow is 17,300 gpm. From Table 2, 8 = 563.2 gpm. 2.77ng + ng =
76.02 and K = 2.11. From Table 1, ¥y (563.2) = 2.9764, hence Qpo = 107 MW
which is somewhat lower than Webster's original estimate of 138 MW. The
difference may be attributed to the conservatism-added by assuming that the
peak heat flux occurs at the core exit.

It should be nofed that in the range under consideration the burnout
power decreases as the number of core elements is increased, e.g., for
17,300 gpm and a 35-element core Qbo = 91 MW, This is because the combi-
nation of increase in peaking factor and decrease in velocity has a greater

effect than the decrease in average heat flux,

5. THE POWER LEVEL AT THE ONSET OF NUCLEATE BOILING

Equation (6) can be modified in a manner similar to that set forth above
in order to accommodate cores other than the 30-element core to which the
original data applied. - Since the data are experimental, the appropriate

peaking factor is already present in the 30-M{ case. Thus

Kan

2.77nf + nS

= “2q0.8
1.029 x 10 “g (18)

A word of caution is in order here: because Eq. (6) is based on direct
measurements of flow and power at the observed onset of boiling, the heat
flux peaking factor K, whatever its value, is already present. 4C1early the
use of a value of K higher than that which, in fact,rexisted in order to
estimate the heat flux at the onset of boiling would predict a higher value
than is actually required to cause boiling. Thus, Eq. (18) should not be
used to estimate the boiling heat flux unless the peaking factor is well
known. Equation (18) retains the variation in K with the number of fuel
elements, but its absolute value is based upon the observed behavior of a

30-element core.
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PART II - APPLICATION

1. INTRODUCTION

The ORR is normally operated at a power level of 30 MW with a total
primary coolant flow of about 18,000 gpm and an inlet temperature of 120°F.
Although the number of core elements may vary depending upon the experiment
requirements, the reactor usually contains 6 shim-safety rods and about 25
fuel elements. Under these conditions, the temperature rise through the
core* 1s 11.8°F, and the average heat flux is 2.52 x 105 Btu/ft2hr. The
temperature rise through the hottest channel is 21.4°F and the peak heat
flux is about 5.5 x 103 Btu/ft2hr. ' _

‘ Using the conservative methods outlined above, the critical heat flux
for this flow and configuration is about 2.39 x 10€ Btu/ft?hr and corresponds
to a burnout power of about 104 MW. The onset of nucleate boiling would be
expected to occur at about 59 MW.

Because the ORR is a research tool, it is necessary to retain as much
flexibility as possible in the operation. Thus at times it is desirable to
operate the reactor at power levels other than 30 MW and at flows other than
18,000 gpm. Moreover, the number of fuel elements may be varied. A listing
calculated by the methods of Part I of the values of the parameters of impor-
tance to safety.for three "nérmal" configurations and for various primary
system flows 1s presented in Table 3, It should be noted that in some cases
of low flow, the results of Eq. (13) imply a negative subcobling in the hot
channel, a condition for which the Labuntsov equation (Eq. 1) is invalid.

In these cases, the critical heat flux and corresponding burnout power level
has been estimated for the velocities under consideration by using Eq. (1)

and requiring a non-negative subcooling at the channel exit.

2. REACTOR PROTECTION

The reactor is equipped with a number of devices which can be preset to
initiate protective action when they detect that one of the parameters which
they are designed to measure has exceeded the predetermined limits estab-

lished for this parameter. The parameters which are utilized to control the

#Neglects heat loss to reactor pool,
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reactor are coolant flow, inlet temperature, exit temperature, coolant tem-
perature rise (At), inlet pressure, exit pressure, core pressure drop (Ap),
and, indirectly, reactor power. The reactor power is determined calori-
metrically by comparing the coolant flow and the temperature rise across the
core. This value is used to calibrate a radiation detection instrument which
in turn provides a direct indication of power level. Because of 1its rapid
response, the radiation detection instrument is used to directly initiate
protective action when it detects an abnormal power increase,
In addition, protective action is automatically initiated by the instru-
ments which measure coolant flow, the core exit temperature, core AT and
core AP. During startup protective action is also initiated by radiation
detection instruments which measure the rate of power increase.
There are several levels of protective action which may occur. These
are related to the magnitude of the anomaly detected and are as follows:
(a) "Alarms," which alert the operator by means of an audible and
' visible signal.
" (b) "Set-backs," which produce an automatic reduction of power by
means of the servo-system until either the condition causing
the set-back has cleared or the reactor power has been reduced
to 1% of full power,

' which are automatic motor-driven insertions of all

(¢) '"Reverses,'

the shim-safety rods to shut the reactor dowm.

(d) "Scrams," which cause the shim-safety rods to be released and

to fall into the reactor under gravity, thus initiating an almost
instantaneous shutdown.

The sequence of these actions is that given above, although an alarm
always accompanies the other three actions. The instrumentation provides
the protection actions described above. However, alarms, set-backs, and
reverses are initiated by the '"control" system, whereas 'fast scrams"
originate in the reactor '"safety" system. The latter system is designed
with adequate redundancy to provide maximum reliability and 1s completely
independent of the control system. - Its function 1s to seize control of
the reactor and immediately shut it down should this become necessary.

Although there have been numerous instances of automatic control

system action, the safety system has never been required to scram the reactor
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during normal power operation because a reactor scram trip point was actually

exceeded,*

3. THE ESTABLISHMENT OF OPERATING PARAMETERS

The remainder of this part 1s devoted to developing a rationale for
establishing limitations on the operating parameters which guarantee safe
and orderly operation, but which at the same time do not inhibit the flexi-
bility which 1is required of a research reactor such as the ORR.

The parameters of importance are coolant velocity, heat flux, and
subcooling in the hot channel. However, as was pointed out previously,
none of these can be directly measured. Thus, 1t becomes necessary to infer
these values from the measurable bulk temperatures, pressures, flows, and
the derived power level using a scheme such as that proposed in Part I.

The general philosophy followed 1s to first establish 'safety limits"
for these parameters which delineate a region within which there 1is con-
fidence that no serious consequences (in this case loss of fuel cladding
integrity) can occur. Second "limiting safety system settings' (LSSS) are
established. These limits define a region within which the operation can
be carried on in an orderly fashion, which is bounded by scram trip points,
and which is within the safety limit region such that the scrams will pre-
vent any safety limit from being exceeded. Third, control system settings
(CSS) are established which provide for alarms, set-backs, reverses, and
slow scrams and which are designed to prevent the necessity for safety
system action. These define the region in which normal operations are
carried on, and this region is contained within that .defined by the LSSS.

This philosophy 1s generally conmsistent with the DOE approach;13 how-
ever, in that case no credit is taken for the control system protective
actions. Although the control system‘has proven to be a formidable pro-
tective device to prevent parameter excursions up to and beyond the safety
s¢ram trip points, it will not be considered further here. Nevertheless,

the protective actions of the control system will be continued in operation

*In some cases, experimental rigs are tied into the safety system to scram
the reactor in order to prevent damage to the.experiment should it, itself,
malfunction. There have been one or two scrams for this cause.
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at the present or at a higher state of reliability. Because of this, it is
expected that the safety system trip points will seldom, if ever, be reached.
To accomplish this, éome "head room" is required between the LSSS and the
normal operating level in order to accommodate the control system set points.
The three important parameters, primary coolant flow (FT), feactor

thermal power (Q), and core temperature rise (AT), are physically related
such that .

AT % 6.92 x 103 Q/Fp  (°F) (19)

Thus, if a limiting relationship is established between any two of
these quantities this relationship defines the value of the third. 1In estab-
lishing such a relationship, two conditions are of interest: those condi-
tions which could result in burnout and those conditions which represent
the onset of incipient boiling. Curves showing the felationship between
total primary system flow and thermal power level for these two conditions
for three core configurations are shown in Fig. 1. The corresponding values
of AT for both the core and the hot channel are given in Table 3.

| The Safety Limit corresponding to these curves should be set somewhere
below the burnout conditions since it is required that the burnout be pre-
vented. Once safety limits on flow and power are established, the corre-
sponding safety limit on core AT follows automatically as a result of the
relationship given in Eq. (19).

With respect to the flow-power safety limits, it is suggested that the
following criterion i1s adequate for "normal" cores which contain between 25
and 35 core elements (21-31 fuel elements, 4-6 shim-safety rods). The flow-
power safety limit shall consist of a curve for which the power level is 0,925,
that calculated for the burnout of a 35-element core. Because of the conser-
vative assumption that the maximum heat £lux occurs at the core exit rather
than near the core center where the saturation temperature is higher, the
actual margin provided is neared to 1.3 than the 1.08 margin implied and is
judged adequate. The Safety Limit curve is shown as Curve A in Fig. 2 and
the data, including the AT safety limits, are given in Table 4.

Based upbn an inlet temperature of 125°F, the core exit temperature

safety limits are just 125° + AT, and these values are also given in Table 4.
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Table 4. Safety Limits and Limiting
Safety System Settings on Flow Power and AT

S % 8w W W
2,500 12.9 40.6 8.7 27.4 7.0
5,000 27.6  40.6 18.6 27.4 15.0
7,500 42.2 40.6 - 28.5 27.4 22.8

10,000 54.3 38.9 36.6 26.2 30.8 .

12,500 65.0 37.0 43.9 25.0 38.6

15,000 75.3 35.6 50.8 24,0 46.5

17,500 84.9 . 34.3 57.3 23.2 54,6

20,000 94.1 33.2 63.5  22.4 62.3

22,500 103.0 - 32.3 69.5 21.8 70.3

*Implied value based on AT = 22°F,

The limiting safety system settings on flow and power are chosen to pro-
vide a margin of 1.6 below the calculated 35-element burnout curve. This is
adequate to prevent any anticipated transient from exceeding the safety limits.
The LSSS on flow and power are shown as Curve B in Fig._2 and the data are |
given in Table 4. A corresponding set of AT and core exit temperature LSSS
could also be established; however, in this case it is convenient to estab-
lish a single value of AT for all flows and power levels. A value of 22°F
has been selected. This results in a power-flow curve which is always below
that dictated by the flow-power LSSS and 1s, therefore, more restrictive.

The curve implied by the 22°F AT 1s shown as Curve C in Fig. 2 and the data
are presented in Table 4. The corresponding LSSS for core exit temperature
is 147°F.. '

Safety limits and LSSS values may also be placed upon core pressure drop.
Since the pressure drop is a strong function of the number of elements in the
core, these must be determined experimentally for each core configuratipn.10
Basically the AP measurement is a confirmation of the flow measurement and
its value lies in its ability to detect anomalies such as bypassed flow or
malfunction of the flow measuring device.

Because the inlet temperature does not give a direct measure of the

conditions in the reéctor, it is not used as a parameter to effect safety
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system action. It is, however, an important control variable. It is impor-
tant because the core exit temperature is the sum tex = ty, + AT. Thus, a
lowered inlet temperature could result in a higher AT even though t,, were
below the LSSS. 1In fact, the foregoing calculations were performed using a
value of 125°F for ty, whereas the reactor is normally operated at a tjp of
120°F. This was done because the higher inlet temperature results in a
lower (more conservative) value for the critical heat flux. Since, as
implied above, a value of AT exceeding the LSSS must be accompanied by .
either a flow or power level anomaly, and since the subcooling is controlled
by the fixed exit temperature LSSS of 147°F, there is ample protection against
lowered inlet temperature.

If it is desired to correct for an inlet temperature of 120°F, it is
simply necessary to reduce the core exit temperature safety limit and LSSS
values by 5°F, while leaving the AT's unchanged. This increases the con-
servatism in the flow-power level curves by about 6%,

As a practical matter the safety-system trip points should be set below
the LSSS. The actﬁal values of the settings are governed by two factors:
(1) the settings should be determined with regard to the accuracy of the
measuring instrument to make sure that the parameters meésured are indeed
below the LSSS; (2) the trip points should be as far below the LSSS as is
practical to permit orderly 6peration at the power level contemplated; how-
ever, sufficient headroom between the scram trip points and the operating
level shoﬁld be provided in order to pérmit the use of the control system

protective devices,

4. CONCLUSION

The foregoing scheme for establishing safety limits and limiting safety
system settings 1is believed to provide an adequate and extremely conservative
procedure for all '"normal" ORR cores. It must, however, be emphasized that
in every case where this procedure is applied it must be verified that the
heat flux peaking factor and the coolant velocity indeed satisfy, or are
more favorable than, the values indicated by the relations developed above.
That 1is, cores which depart significantly in configuration from those used
in the past and which provided the experimental information used for the

basis of the foregoing analysis must be analyzed on a case-by-case basis,
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Moreover, as additional information concerning the relationships among
the measurable and deduced parameters becomes available, an improved and

more realistic set of values for the safety limits and LSSS may be developed.
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C. THE USE OF U0y CERMET FUEL

1. INTRODUCTION

The original ORR fuel elements were of thé‘alloy type and were assem-
bled by a brazing technique which was at that time (éircé 1958) the only
method available. Later the assembly procedure was'improved and the roll-
swaging method curréntly in use was initiated. The HFIR fuel elements first
producéd in the éarly 1960's were fabricated using U30g cores. This method
waé chosen because the new technique was available and because it was found
that this procedure permitted better process control and produced a fuel
element which was supérior in quality to that produced by the alloy process.

Since August 1965 we have ﬁsed about 80,000‘U§03 plates in the HFIR
with outstanding success. During this period, on only two occasions has a
fuel element developed a fission-product leak or suspected leak. In one
‘case the problem was diagnosed as minor surface contamination, and the
element was operated to depletion. In the other case the élement was
removed after 1500 MWD operation,¥ primarily as a concession to conservatism.

Despite the excellent performance of U3z0g elements in the HFIR, no

change was made in the ORR elements, This was because there was no economic
incentive to do so and because the alloy elements had given very satisfactory
service in the somewhat less rigorous ORR environment. Since its startup
in April 1958 about 40,000 alloy plates have been uséd'in the ORR., During
this period, there have been four fission-product leaks or suspected leaks.
All of these elements were identified and discarded prior to depletion.
In only one case, the meltdown which occurred on July 1, 1963,2 were there
ahy significant consequences. This iﬁcident, which was caused by an almost
totally blocked fuel element, resulted in the partial melting of two of the
fuel plates as the power 1e§e1 was being raised from 12 to 24 MW.

A comparison of the physical cﬁaracteristics of the two types of plates
reveals that the 6061 Al cladding of the oxide plate has about 2 1/2 times
the ultimate strength of the 1100 Al cladding of the alloy plate at tem-
peratures between 200 and 300°F. The oxide core is not as strong but is

more malleable than the alloy core. This is a distinct advantage in
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manufacture bécause it eliminated the ''dog bone" problem* and because the
resultant uniform cladding thickness together with the greater strength of
the 6061 Al cladding actually produces a stronger element and one whicﬁ is
lesa likely to leak.

2, GENERAL CONSIDERATIONS
| -The Uz0g currently used to fabricate fuel is a high;fired oxide which
ié calcined at 1350 to 1400°C. The material is supplied at -100 +325 mesh
with 257 fines and is blended with aluminum powder to yield the required
235y content. The blended powder is compacted at approximately 22,5 TSI,
vacﬁum degassed, and then inserted into an aluminum picture frame. The
~aluminum covers are welded on and the assembly is hot rolled to produce
the fuel plate. |

The d;mensions and configuration of the oxide plates can be made
identical to those of fuel plates made by the alloy process. Hence, there
are no basic differences in the overall thermal performance relative to
heat removal at the surface. Because of the better process control which
can be exercised during the manufacture of oxide fuel, these fuel cores
are more homogeneous and are less likely to exhibit significant areas of
non-bonding at the fuel~cladding interface than are alloy cores.

McElroy3 has measured values of the thermal conductivity for several
U30g-Al cores, and these are presented in Table 1. The thermal conductivity
of several U-Al alloys 1is shown in Fig. 1.

*Dog boneing'" is the thickening of the fuel core at the ends during the
plate rolling operation. This results in the thinning of the clad at that
point. The problem is particularly bothersome when high U alloy is used.
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Table 1. Thermal Characteristics of U30g-Al Fuel Cores
U30g-Al Cermet Cores
Volume % Weight 7% Cermet Density g U per K2 cb .
U30g U30g g/cm3 W/em®C Joules/g°C
Burned Oxide '
13.45 31.91 3.203 0.865 1.72 0.72
19.49 43.26 3.424 1.254 1.45 0.60
Hi-Fired Oxide

12.45 30.82 3.316 0.865 1.77 0.73
18.05 41.28 3.590 1.254 1.59

0.62

aMeasured values.?3

bCalculated based on weight fractions.

No

THERMAL CONDUCTIVITY,

te:

WATTS CM g™

0.65 g U per cm3 corresponds to a standard (0.051 x 6.10 x 60 cm)
fuel plate core loaded to about 16 g U per plate, and 1.254 g U per

cm3 corresponds to about 23.3 g U per plate.
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As can be seen, the thermal conductivity of the cermet fuel is as good
as or better than that of alloy containing the same amount éf uranium.
Through June 1977, 148 reactor cores have been consumed in the HFIR.
They contained a .total of 25,308 plates containing730.2 wt% U30g and
~ 54,612 plates  containing 40.1 wt% U30g. The performance of these plates
in a thermal and hydraulic environment considerably more rigorous than that
found in the ORR has been highly satisfactory. Since operation began in
1965 only one fission product leak has been detected.

3. SAFETY' CONSIDERATTONS
There are three areas of interest related to safety: (a) the physical
behavior of the Uj30g cermet under irradiation conditions; (b) the possibility
of exothermic chemical_reactions; and (c) the potential for fission product
release under accident conditioms.
(a) Physical ﬁehavior
‘Experimental results obtained by Martin et al.’, indicate
that dispersions of U30g perform quite well to burnup levels of
1,5 x 1021 to 2.4 x 1021 fissions/cm3 at irradiation tempera-
tures df 60 to 120°C. They found that radiation-induced swelling
. was duite small and actually decreased with increésed U305 loading.
Post-irradiation examination showed no indication of blister, core-
cladding separation, matrix cracking, or other types of structural
defects. Operating conditions in the HFIR would imply én average
burnup of about 5.3 x 1020 fissions/cm3 with a peak of about n
1.9 x 1021 The temperatures involved range from 114 to :
Burnup in the ORR is expected to vary from 1 x 102! to 1,7 x 1021
_ fissiong/cm3.
(b) Chemical Reactions
' An exothermic reaction involving U30g and Al to produce UC,,
U-Al solutions, and Al,03 is thermodynamically possibie. This
reaétion‘has been studied by a number of investigators.® It was
found that no éignificant reaction occurs at temperatures below
about 950°C. The energy release may be as high as 800 joules per
gram of U30g; however, high energy releases occur only when the
U30g loading is of the order of 60 to 75 wt %Z. At 30 wt % the
self-heating was found to be negligible.
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In a later series of experiments performed in the TREAT
facility7 and which simulated actual accident conditions in the
HFiR, the results indicated that even with 41 wt % HFIR fuel the
U30g-Al reaction is not an important energy source. )

The highest weight fuel elements so far used in the ORR con-
tain 265 g 235U and correspond to about 28.5 wt % U3Og. Even at
350 g 235U the wt % U30g would be well below the 41% material
tested in TREAT (see Fig., 2). It may be concluded that the possi-
bility of this reaction does not present a safety problem.
Fission Product Release

There have been very few studies of the release of fission
products from oxide-aluminum fuels. Creek® melted trace-irradiated
U0,-Al in air and obtained an average release of 5,67 of the rare
gases and 0.003% of the iodine. Experiments reported by Parker
and Barton® for U-Al alloy samples held above the melting tem-
perature for 10-17 minutes in steam-air mixtures indicate a
release of virtually all of the rare gases and from 27 to 97%
of the iodines depending upon the maximum temperature achieved.

Because these two investigations were conducted under quite
different conditions, it_is not possible to definitely conclude
that the fission product release from oxide cores will be less
than that from U-Al alloy under accident conditions. However,
the alloy melts at about 850°C, whereas the U3z0g melting point
is 1250°C. In either case, the aluminum cladding melts at about
650°cC.

Although, except in cases of complete flow blockage at high
power or violent transients, none of these temperatures are
expected to be approached, it 1is the disruption of the cladding
which could result in the dispersal of fission produéts into the
cooling system, This will take place only when the cladding
fails, which occurs at about the same temperature in either case.
Moreover, the type of events which could produce such elevated
temperatures are characterized by essentially complete insula-
tion of the fuel by film blanketing. Hence, the rate of tempera-

ture rise is of the order of several hundred degrees per second,
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and melting in the case of alloy core would occur only a few milli-
seconds later than that of the aluminum portion of the oxide-type
core, .

The design-basis accident for the ORR which was specified by
the ACRS® 1s a 100% core meltdown accompanied by a 100% release
of noble gas and a 50% release of iodine inventories from the core.
In the original analysis only minimal credit (a factor of three)
was taken for the retention of iodine in the primafy water. It
is now known that this factor should be much higher (of the order
of 100). Hence, although we do not believe that for any given
situation the fission-product release would be significantly
different in the case of oxide from that in the case of alloy,
the consequences of the design-basis accident would certainly
not exceed those already analyzed.

The operating conditions of the HFIR are considerably more
rigorous than those of the ORR, as is illustrated in Table 2.
This table also gives information on the NASA-converted 265-g
elements which have already been used in the ORR as well as the
estimated conditions for a 300-g element. It follows that the
failure of an oxide element in the ORR is less likely than is
the case in the HFIR.
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Table 2; Characteristics of Various Fuel Elements

ORR 240 g ORR 265 g ORR 300 g HFIR HFIR
(Standard) (NASA Conv.) (Proposed) Inner Outer .
Number of plates 19 18 19 171 369
235y per plate (g) 12.63 14.72 15.79 15.20 18.34
Inner plate thickness (mils) 50 60 60 50 50
Outer plate thickness (mils) 65 66 65 - -
Meat thickness (mils) 20 20 20 20 avg 18 avg
Meat length (in.) 23 5/8 23 5/8 23 5/8 20 20
Meat width (in.) 2.40" 2.40 2.40 3.10 2.80
Channel width (mils) 116 113 116 50 50
Meatvvolumé/plate (cm®) 18.666 18.666 18.666 20.995 17.206
Loading (g/cm3) 0.6766 0.7889 0.8459 0.7240 1.0711
Avg heat flux (Btu/ft2hr) 1.65 x 10° 1.65 x 10% 1.65 x 10° 7.7 x 10°
Max heat flux (Btu/ft2hr) 7.2 x 105 <7 x 108 <7 x 105 2.5 x 108
Max plate temperature (°F) 210 NA NA 300
Avg fission density (f/cm3) 6.9 x 10208 8.9 x 1020> 1,04 x 1021¢  5.64 x 1020  6.08 x 10204
Peak fission demsity (f/cm3) 1.2 x 102le 1.5 x 1021® 1,7 x 102l® 1.9 x 10214

2\ ssumes 50% burnup.

b55.5% burnup.
c

d

Assumes 60% burnup. .

®Calculated using ORR fuel code.

Based on 2300 MWD core life; total burnup 30.6% (65.6% outer, 34.4% inner).

1€
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4, TINCREASES IN FUEL WEIGHT

Several yeafs ago the ORR fuel welght was increased from 200 to 240 g.
This change resulted in a reduction of annual usage from about 150" elements
to 100 elements. Recent experience using 265-g elements leads us ﬁo;believe

that an additional increase in weight could result in further fuel savings.

Our estimates are shown in Table 3.

Table 3. Estimated Fuel Savings

Inifial Fuel Weight Annual Fuel Usage

(Elements)
240 g 100
260 g 89
280 g 80
300 g - 74

Before implementing an increase.in fuel weightfbeyond that which has
already been used, it is intended to mount a development programl° to deter-
mine the feasiﬁility of reducing the fuel element usage by such a weight
increese. There are two aspects of this problem which require investiga—
tion. The first is purely operational and is simply that of determining
what beginning fuel weight will result in tne'most ecornomical qperation
and at the same time will provide a suitable reactor environment in tenms
of neutron flux distribution and fuel cycle to satisfy the needs of the
experimenters. The second is to ensure that the restrictions on’pewer
density implied in Part B above can be satisfied. | :‘

Increases in fuel contént up to the 40 &t % Us0g (410 g 235U'nervdRR
element) already in use in the HFIR have been evaluated in connection with
that reactor as noted above. This, together with the highly satisfactory
performance of the HFIR fuel, leads to the conclusion that there are no
previously unreviewed safety questions associated with an increase in fuel
content up to the HFIR value. o ‘

It is unlikely that -fuel loadings as high as 410 g will be required,
and a value of 350 g 235y (35.6.wt % U30g) has been eelected as a conser-
vative upper limit. 1In this connection, it is worth noting that the

Brookhaven High Flux Beam Reactor (HFBR) is currently using 351-g elements
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(36.4 wt % U30g) fabricated in a manner quite similar to that proposed for

" the ORR.

Nevertheless, the results of the development program will be evaluated
and reviewed by the appropriate agencies prior to operation of the ORR at
power with fuel containing greater amounts of 235U than that previously

used.

5. CONCLUSIONS
It may be concluded that there is no significant increase in the con-

sequences of the accidents heretofore considered. We find no possibility

that the proposed change can create an accident or malfunction of a different

type than those previously evaluated. Moreover, the probability of a fuel
failure is, if anything, reduced because of the greater strength and uni-
formity of the oxide element. Consequently, the change to oxide fuel does

not present us with a previously unreviewed safety question.
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