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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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2.

Sumary: - ;
It has been ‘suggested by Kasten and others(l) that the HRR be shut down by .
partially dumping the fuel solution and allowing the remaining fission product

decay heat to keep the high pressure system at temperature during shutdown. An
investigation of the technical feasibility of this suggestion is the subject of

this report.

The results of this preliminary study indicate that such an idea is feasible
if the high pressure system is kept at-an equilibrium temperature in the range

"350 390°F during shutdown. A fuel solution holdup of 9,600-11,900 liters (7.7-

9.5 kg) is required. A minimum of 9.5 Kg will make the reactor go critical at
390°F, about 8.7 Kg at 350 OF. Most .of-the fuel solution will be in the return
pipes to the reactor. The possibility of an incident which will transfer fuel

. to the reactor and establish a new critical geometry with a smaller fluid and

'\

fissionable material inventory is extremely remote. A detailed- muclear study
1s required; however;, to select the safest equilibrium temperature.

For initial design of the HRR, an equilibrium temperature of 190°C (374°F).
is selected. A fuel holdup of about 11,000 liters (8.8 Kg) is required (critical
mass, 9.3 Kg). The maximum heat demand on the system two days after shutdown is
about 240 Kw; 207 Kw direct heat losses and 33 Kw evaporation requirements for.
gas dilution. A D.0 make up of 6800 liters is required during & two day shutdown
to maintain constant fuel concentration. With e gas dilution to*5 mole percent
D,, and subsequent venting, there should be no explosion hazard. Removal of heat
in excess of the requirements for venting and heat losses can be accomplished by
controlled boiling at ‘& lower pressure in one or more of the heat exchangers.

’Introduction. _

1

If the HRR 1s to be subcritical for all conceivable situations during shut-
down, some limitation on fissionable material holdup in the high pressure system
is required. A nuclear study of this problem has not been made. For the pur-
poses of this initial study, it is assume@ that if the holdup of fissionable
material is less than required for “reactor criticality at the holdup temperature,
the system can be considered adequately safe. 'The question of technical feasibility
then becomes that of determining if the amount of fuel solution holdup required
to make up heat losses and venting’ requirements is consistent. with restrictions
on fissionable ‘material inventory.:

Heat Losses:

Heat losses from the high pressure-system of the HRR are due to natural
convection and radiation from the reactor, piping, pressurizer and heat exchangers.
The piping, pressurizer, and heat excliangers are insulated (90% effective).
the final design, the reactor may b&-covered by a blast shield, but it is assumed
that cooling of a blast shield will produce the same net loss from the reactor
vessel as combined natural convection and‘radiation. An ambient'’ ‘air temperature
of 150°F (610°R) around the system is assumed. In the Pinal design, space coolers
or cooling coils in the concrete walls may be required to maintain this-tempera-
ture. Unless the air velocity is markedly increased, this will not alter the-
convection coefficients.

i

433 002



3.

The average heat transfer coefficient for natural convection from large
pipes is obtained by assuming the upper half cylinder to be a horizontsl plate

"facing upward and the lower half cylinder a horizontal plate facing dovnward.

This yields about the same average coefficient as obtained by assuming half
cylinders taken about & vertical axis to be short vertical plates. This coeffi-
cient obtained by this method is somewhat higher than obtained from empirical
equations which correlate pipe diameter to the natural convection loss. However,
these equations are not conSidered accurate for very large pipe diameters.

The natural convection coefficient for the reactor sphere is obtained by
assuming the upper hemisphere a horizontal plate facing upward and the lower
hemisphere a horizontal plate facing downward. This yields a slightly larger

%coefficient than obtained assuming hemispheres taken about a vertical axis to

be’ long vertical plates°

“~The heat transfer coeffécient for losses by radiation from the high pressure
system can be expressed as:

I
hr = O.l73€[k;oo + - 1001” .

radiation heat transfer coefficient, B/hr £t2 °F

emissivity of hot surface

™o

temperature of hot surface,loR

H
[
1]

bra
i}

temperature of enclosure (ambient), °R

The emissivity of Type 347 stainless steel piping in th? temperature range
300-5007F is estimated on the basis of data given by McAdams to be 0.50.
emissivity of the carbon steel reactor vessel is purposely made high since cooling
of the outside wall is desired. A value of 0.8 is used. A value of 0.6 is used
for the ‘carbon steel shells and drums on the heat exchangers.

The average heat transfer coefficient for losses by natural convection can
be expressed as:

0.29 (T 0.25

hc A s R T2)

hc natural convection heat transfer coefficient, B/hr ft2 °

Tl”and Té = defined previously

" On the basis of these equations the following heat transfer coefficients
are obtained '
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Wall Temp;‘ Natural - Radiation (br)

"‘OFF'T'.' ‘Cdgie¢F19?,(hc), ,-5552223 ' 252125_ Heat Exchsnge:
366) | 1.oé i.81 : 1.13 - L.36 o
350 1.09 ' 2.03 1.27 1.52
100 , 1.16 é°e7. i.he I.70
150 121 2.52 1.58 1.90
w2 1.2k : 2.71 1.69 2.03

The total heat loss, Q(B/hr), from any component of the hlgh bressure system
can be expressed as: .

Q= (nc + mr)a (T, - T,)

* where A = area of hot surface, £t2

The following areas represent the best estimate now available for the high

pressure system.’ The reactor pressurizer is 1ncluded in the piping area.

. A

Reactor 520 ft
Piping 2300 f£t°
Heat Exchangersl(6) : 3100 ft2

The: total heat loss from the high pressure system with the piping and heat

exchangers insulated

is estimated to be:

Wall Temp.‘_ Reactor Piping Heat Exch.
°F ©. . B/ar  B/hr(108) B/hr(10%)
x10° x10° x10°
300 2,21 0,12 1,10
350 ‘3.2L 1.06 1.61
b0 - k.16 1.50 2.20
k50 5.8 1.88 2,87
482 6.81 2.18 - 3 3h

thal Heat loss

KW

118
174
239,
310

360



The amount of available decay hLeat in the HRR - fuel solution after shutdown
from the shortest contemplated operating cycle of two weeks, and after shutdown
from an infinite time at full pover, is.

Time After Shutdown . Decay Heat, (MW)
- : Tuo Vhs.  Iofinite
10 sec. 8.4 20.5
100 séc. _' 1.0 13.0
iOOO sec. . 6.0 8.
y " 1how 4.3 6.3
1 day oLk 3
2 days 1.0 2.9
4 days | : 0.8 '_2.5

Gas.Production°

%%7 production rate (v ) in & reactor operat1ng at a power ‘level of -
P MW is .

= 3.5 x 105 P, che(STP)/seﬁ.

' This gas production is due primarily to fission product recoils (G = 1.67
molecules/lOO ev.). After reactor shutdown the gas production is due mostly
to betas and gammas (G = 0.45 molecules/100 ev). Therefore, the gas production

‘rate (v) due to a dgcay pover level of P MW after reattor shutdown is:

d.

¥
L

<
[]

9h0.Pd e ﬁzk(STP)/sgq.\

9.22 x 107 By 1b-moles D,/sec.

,The_radiolyticdgaseé are éoﬁing off in stoichiometric propoftipns. &

V4

‘Data supplied by D. R. Gilfillan.



Gas Dilution:

} According to the best available estimates*, if the radiolytic gases coming
from the fuel solution are. diluted with vapor phase to about 5 mole percent D,
the mixture should be nonexplosive. In order to maintain this dilution rate and
purge the radiolytic gases from the high pressure system at all times, it is ‘
. necessary to vaporize part of ‘the holdup solution for venting to the dump tanks.

The: amount of vapor required is calculated on the basis of gas generation from

decay heat after two weeks of operation at power. Since gas generatlon rate 1is
directly proportional 'to available decay heat, the time of reactor operation is
not. important. Heat losses due to conduction and convection govern the choice

of short-time operation as a worst condition..

Time After ShutdownA | Gas Generation Vapor Required
' L lb-moles D2/5ec. 16/hr

X 18j§ : -
10. sec. 169 2430

. 100 sec. . 101 L 150
1000 sec. | 55 | 792
| '1:hour S ko . - 576
Clay 12,9 186
,..rié;days : : o0 153

Average O to 2 days 250 1b/hr

The average vapor: requirement of 250 lb/hr results in an average D,0O loss
of 142 Iiters/hr or 6800 liters in & two day period. This loss 1s made“up.by
condensate -feed from the low pressure system. After shutdown from an infinite
period of operation at full power, an average vapor rate of 506 lb/hr is required
(13,800 ‘Titers D 0 in two days).

"Since’ the heat of vaporization is highest at the lowest temperature, the hegt
required to:supply a given amount of gas dilution vapor will be a maximum at 300 F.
The percentage of available heat required for gas dilution remains about constant
‘with time after shutdown. Therefore, as & worst condition, the heat required for
gas dilution prior to reactor startup (2 days after shutdown) is:

I. Spiewak,lpersonsl communication.
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Equilibrium Heat for Gas Dilution

Temg;rature KW
300 36
350 | 3h
400 ' oy
uso 30

482 ' 29

Critical Mass:

The amoynt of fissionable material (U-235) required to make the HRR go
critical is: N . .

- Critical Temperature  Critical Mass Reactor Loading -

Op g(U4235/li§er Kg (15,000 liters)
300 0.5 8.1
L ‘ 350 - - 0,58 8.7
) wo 0.6k 9.6
450 0.72 . 10.8
482 - . 0.80 | - 12.0

Holdup Requirements :

The decay heat available from the entire fuel solution is 1 MW (.0217
,Kw/liter) after a maximum shutdown time of two days following a reactor .
. operating period of two weeks. If decay heat from holdup in the high pressure
system is to maintain a given equilibrium temperature and supply the venting
heat requirements, the following minimum holdup volumes are necessary:

Equilibrium Heat '~ Minimum  Fissionable
Témgerature Required Holdup -Material Holdup
F KW liters Kg
300 15k 00 5.7
350 208 9600 7.7
400 - 271 - 12500 10.0
450 30 15600 - 12.5
~N . oo ) :
\ : 482 389 17900 1.4

Data supplied by D. R. Gilfillan and C. W. Nestor, Jr. -
: 433 007
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