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PREFACE

This report was originally prepared as a technical note to document

the work performed in a specific contract activity as soon as the work

was completed. The technical editing was limited in order to meet the

objective of timely reporting. The report was issued for USAEC-ANL

use only, and the intent was to update and consolidate the information

from all technical notes in a comprehensive phase report before final

publication for public distribution at the end of Phase II.

This plan was changed when the contract was terminated in October

1970 for the convenience of the government. Instead, a final summary

report will be prepared, and the previously issued technical notes will

be published as formal topical reports. In accordance  with the modified

plan, this technical note is being published in its original form without

further editing or modification except for minor technical corrections

and  change s  in the title  and  date  of  is sue. Even without updating  and
technical editing, the report provides detailed  information that should

be helpful in evaluating and resolving LMFBR safety questions in related

areas.

M. W. Croft
Lynchburg, Virginia
November 15, 1970
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ABSTRACT

Candidate systems for emergency decay heat removal were

identified and developed to the extent required for an initial screening

of questionable systems. These systems were based on anticipated

requirements which were arbitrarily imposed pending results from

other activities which will establish the functional requirements for the

emergency decay heat removal system.
The pos sibility of containing molten  fuel was examined along  with

various ways of cooling it. This investigation covered: (a) meltdown

pan features and requirements to determine the 'possibility of containing

molten fuel from a hypothetical seven-fuel assembly meltdown inside

the core vessel, (b) a sodium-cooled pan located outside the primary
tank to accommodate the entire molten core as a last-ditch cooling

system, and (c) characteristics governing the potential for natural

circulation of primary sodium under a range  of  the rmal duties.

Based on a simplified melt-through model, the results of a

transient  the rmal analysis indicate  that  for a hypothetical seven-fuel

asser]hbly meltdown, melt-through can be reasonably precluded as long
as  the pony motors are operable and provide  5% of the total flow rate.

In the event of a total core meltdown, the transient-temperature analysis
indicate that natural convection cooling is a very effective means in

preventing melt-through.
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1.     IN TRODUC TION

1.1. Background

Babcock & Wilcox is performing work on the Accident Analysis
and Safety System design study under ANI, Contract No. 31-109-38-2339.

Various utility companies are participating in the work on a cost-shar-

ing basis, under separate agreements with B&W. The Study is being
conducted primarily to gain a better, understanding of the influence of

safety requirements on large LMFBR designs.

Although B&W's 1000-MWe Follow-On Study provided first-step

information on conceptual LMFBR designs favored by the industry, the

scope of the study was not sufficient to provide in-depth resolution of

many safety-oriented problems or to provide detailed guidance for

specific research and development requirements. Therefore, B&W is
now analyzing the accidents that determine the design bases for certain

protective systems and safety features and preparing conceptual designs

for these protective systems and engineered safety features.  The ref-

erence design of the Follow-On Study has been selected to form the

basis for these studies. A comprehensive plan has been developed

which divides the total effort  into a series of parallel and sequential                       -- -
work activities. This activity is entitled, "The Identification of

Candidate Emergency Decay Heat Removal Systems. "
The general design criterion for the 1000-MWe reference design

stipulates that systems and components es sential  to the p'revention of

accidents that could affect the public's health and safety or to the

mitigation of their consequences shall be identified and then designed,

fabricated, and erected to quality standards reflecting the importance

of the safety function to be performed. Owing to the vital nature of

these requirements, the reference concept must be examined closer.
Although the design of the post-DBA decay heat removal system did

incorporate some of the basic features known to be required at the
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time, subsequent considerations indicate that certain deficiencies still
exist. Therefore, under this activity, we have reexamined the ref-

erence design in an attempt to correct these deficiencies based on

additionally as sumed requirements.

1.2. Objective

The objective was to identify and develop possible features and

systems that could remove fission-product decay heat from a portion
or all of a disassembled core and transfer it to the ultimate sink.

This  is the first part of a series of activities. The subsequent effort.

will cover the development of functional requirements, the selection
of reference systems  from the candidate systems, the conceptual

design of the reference systems, and the estlblishment of research

and development requirements.

1.3. Reference Design

The emergency decay heat removal system of the reference

design was coupled to the normal decay heat removal system.  It
consisted of two identical heat transport systems, each being capable
of removing normal decay heat and post-accident decay heat. Normal

decay heat was removed by an NaK circuit connected to a heat exchanger
in the primary tank.  The same NaK circuit was used with the post-
accident decay heat removal system, but in conjunction with the cool-

ing coils located outside the liner of the primary tank cavity. To switch

from the normal decay heat removal mode to the post-accident mode
required the actuation of appropriate valves to isolate the heat exchang-
er and place the cooling coils in the circuit.  Because the primary

system provides such a large heat sink, the time required to switch to

the emergency conditions did not present a problem. The point of

concern is whether  or  not the valves would  ope rate properly  when

required.

It would have been better to separate the normal and the emer-

gency decay heat removal functions and thus eliminate the need for

switching operations. In addition, it would have been desirable  to
<assign the emergency circuit the function of continuously removing

heat from the biological shield. This would have ensured the capability
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of the system to perform its function and would have eliminated the
i need for periodic testing.

The reference design included forced circulation of the NaK by

electromagnetic pumps. Increased reliability should have been possible
by designing this system to operate with natural circulation.

1 The considerations given to meltdown accommodations for the

fuel were not adequate. Further examination of this problem should
provide some insight into the provisions required to contain fuel melt.

Other areas in which the referehce design Was deficient include

accommodations for bottom cooling of the primary tank and blast

protection for the cooling coils behind the cavity liner.
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2. SUMMARY

2.1. General

' The study was primarily directed toward defining emergency

decay heat removal systems that could remove decay heat from a

portion or all of a disassembled core and transfer it to the ultimate

sink. The scope of the effort is shown in Figure 1. To perform this

task,  it was necessary to  ( 1) establish a range of accident conditions

as a primary step in the design of the emergency cooling system,

(2) establish major assumptions, and (3) survey what others have done

relative  to the objective.

2.2.  Assumptions

The major assumptions were as follows:

1.  An accident limited to seven fuel assemblies will not destroy
the  capabilities  of the normal  DHRS.

2. Meltdown accommodations for seven fuel assemblies must

be provided inside the core vessel.

3. Meltdown accommodations for more than seven fuel assemblies

will be provided outside the primary tank.

4. Under conditions requiring use of the outside meltdown

accommodations, primary sodium will be present.

5.  Pans or catchers fabricated from an appropriate material

will be used to accommodate molten fuel outside the primary tank.

2.3. Post-DBA Cooling Survey

Emergency DHRSs of fast reactors (EBR-II, FERMI, PFR, and
the proposed LMFBRs) were surveyed to determine new requirements,

ideas, and design features that might be applicable. In general, there

is  not much information available.    As an example,  none  of the older
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fast reactor designs (EBR-II, FERMI,  etc.) incorporate post-DBA

cooling systems based on removing heat from large quantities of molten                  '

fuel.  Among the later designs, the PFR has provisions for the use of sea
water as a last-ditch means of cooling the primary tank complex.
Some of the 1000-MWe studies mention cooling coils attached to the

cavity liner surrounding the reactor vessel. One conceptual design                      :

had several layers of natural-convection-cooled meltdown trays below

the core support structure.· Details of how or why these systems are

expected to work are not available.  The FFTF has considered the

effect of a blast on the reactor vessel, and some work has been done

on meltdown, but it has not been decided whether an external cooling
systernis required.

2.4. Seven-Fuel-Assembly Meltdown

The pos sibility of containing molten fuel resulting  from  a  hypo-

thetical meltdowh of seven fuel assemblies was examined along with

various ways oi cooling the fuel. A simplified model consisting of the

meltdown  pan and molten debris  was  set up for the analysis.    The

results of the calculations showed that it is reasonable to expect pre-

clusion of melt-through as long as the pony motors are operable and

can provide 5% of the total flow rate. Cases with poorer cooling

capabilities,   such as natural convection and radiation,  were  not

considered.

2.5. Total Core Meltdown

In the event of a total core meltdown, a last-ditch cooling system

consisting of a sodium-cooled pan with a large heat-transfer area will

be provided outside the primary tank. The transient thermal

analysis of the pan indicated that natural convection cooling provided at

the upper and lower surfaces is effective in preventing melt-through.

2.6. Candidate Systems

Two candidate systems for a total core meltdown resulted from

this study: Na-NaK-air, and Na-organic coolant-water.  In the Na-NaK-

air concept, the results indicated that natural circulation of the sodium                   I
and the NaK may be feasible, but that forced air flow may be essential                    I

to avoid excessively large NaK--to-air heat exchangers.
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In the second concept, Biphenyl (C12Hlo) was considered at first

because its physical and chemical properties appeared to be suitable as

a heat transfer agent for cooling the sodium and transferring the heat

to cooling water.  A more promising organic fluid is Dowtherm A,

which has a lower melting point than does Biphenyl (54 versus 160 F).

A potential advantage lies in the possibility of using this system to

cool the biological shield during normal operation.
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Figure 1. Candidate Systerns and Possible Alternates for
Emergency Decay Heat Remor-al
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3. DESCRLPTION OF WORK

3. 1. Post-DBA Cooling Survey.

The problems associated with core cooling following a design basis
accident were surveyed to reveal the philosophies of others on core

meltdown and to extract solutions that were applicable to this activity.

Both light water reactors and sodium-cooled fast breeders were ex-

amined.

The approach taken by the light water reactor industry seems to

preclude core melting through the use of engineered safety systems.  In

1967 an advisory task forcel concluded as follows:

The description of the events that could take place subse-
quent to the postulated meltdown of large portions of a core
is at present indeterminate and quite speculative. Reliable
and practical methods of containing the large molten masses
of fuel that would probably result from such a meltdown do
not exist today.

The authors of the report supported the philosophy of emphasizing the

integrity of the primary system and the availability of reliable,  fast-

acting, abundant supplies of emergency cooling water.    In a later work

conducted by BMI2 (1969), the major conclusions were:

"1. Crumbled cores  are not always uncoolable,  and core
crumbling during a loss-of-coolant accident may not
necessarily lead to more serious consequences such
as pressure-vessel melt-through.

"2.  Quenching of a hot, dry, fixed bed may be possible. "

Emergency cooling systems for existent and planned fast reactor

plants were surveyed to determine what others have done to provide

post-DBA core cooling. In general,  not much information is available.

None of the older fast reactor designs (such as FERMI, EBR-II,

DOUNREAY, etc. ) provide post-DBA cooling in the event that the ge-

ometry  of the  core were seriously disrupted. Among the later designs,
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the PFR utilizes sea water as a last-ditch means of cooling the primary
tank complex. Special provisions,  in the form of a specially cooled
structure below the core support plates,  have been made to hold a dis-

rupted or partly melted core within the primary system vessel in the

unlikely event  of the circumstance.    In the PHENIX design, cooling
tubes embedded in the concrete surrounding the reactor vessel would

remove fission product decay heat over long periods of time.

Among the 1000-MWe studies, Atomics International proposed

cooling coils attached to the cavity liner surrounding the reactor ves-

sel.   In a conceptual design with a pool-type. primary system, General

Electric proposed the use of several layers of natural-convection-

cooled, stainless steel meltdown trays within the primary system's
tank core support structure and the blast shield, but details on the use
of this system  are not available. The effect  of a blast  on the FFTF3
reactor vessel has been considered, and some work has been done on

meltdown, but it has not been decided whether an external cooling sys-
tem is required. Emergency cooling systems4 for several fast reactor

designs are compared in Table 1.

Table 1. Comparison of Post-DBA Heat Removal for
Several Reactor Designs

Reactor Post-DBA decay heat removal

FERMI None

EBR-II Non'e

DOUNREAY None

BN 350 None

BOR None

PHENIX Cooling coils outside reactor tank
PFR Specially cooled receptacle below core

support plate but within reactor tank
SNR Cooling of containment wall

CE Not established

AI Cavity liner cooling system
GE N one

W                               Normal and /or auxiliary coolant loops
B&W In the event of failure of the heat ex-

change equipment in the pool, heat is
rernoved through coils in the biological
shield
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3.2. Analytical Studies

3.2.1. General

A  study was undertaken to examine the problem s  of cool-
ing and containing molten fuel in the event of a core meltdown. Because

 

the physical state, geometry, and behavior of the molten fuel are not
known, once melting has begun, it is necessary to establish some basic

ground rules. The first and most obvious of these is that a bonafied

candidate system must accommodate fuel from a portion of one element
all the way up to and including fuel from a total core.

An examination of the reference design indicated that it

would be difficult to ensure that heat removal equipnhent inside thd pri-
mary tank would survive a disturbance resulting in a total core melt-

down.  As a result, the meltdown and cooling accommodations for the

total core have been located outside the primary tank. Although this
may be a satisfactory arrangement for a total core meltdown, it is not
desirable for the meltdown of a single fuel assembly. For example,
it would not be logical to allow the molten fuel to melt through the core
vessel and the primary tank before it reached the area in which cooling
would occur. The obvious solution to the total problem was to provide

split accommodations for any eventuality; i.e. for minor accidents, re-
tain the molten fuel inside the core vessel,  and for larger accidents,
retain the fuel outside the primary tank.

A meltdown of seven fuel assemblies was selected as the

design criterion for the meltdown pan iriside the core vessel.  The se-

lection was arbitrary but seemed reasonable on these bases:  (1) if not
more than seven assemblies melted, then the normal decay heat re-
moval system probably would not be damaged; (2) the removal of heat

from a seven-assembly accident did not appear to be formidable; and

(3) if more than seven assemblies melted, then the whole core would
probably be endangered. Based on this reasoning, two major assump-
tions were made:

1.  For a hypothetical meltdown of seven fuel assemblies,
the normal decay heat removal capability will not be incapacitated;

therefore, accommodations will be provided inside the core vessel.
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2.  In the unlikely event of a total core meltdown, accommo-

dations will be provided outside the primary tank.

3.2.2. Seven-Fuel-Assembly Meltdown

This  investigation was primarily directed toward  exam -

ining the problems of containing molten fuel resulting from a hypotheti-

cal meltdown of seven fuel assemblies. The molten fuel debris was as-
surned to be collected on the meltdown pan in a spread-out configuration.

A debris layer with various heat sink and heat transfer mechanisms was

considered. The melt-through model consisted of several layers as
shown in Figure 2. The 2-inch-thick meltdown pan, which was arbi-

trarily selected, had thermal properties of stainless steel. The thick-

ness of the debris layer was fixed so that the volume of the debris was

equal to the volume of seven fuel assemblies. Because of a lack of

better data, the thermal properties of the various layers were approxi-

mated and/or averaged in the temperature range under consideration.

Figure 2. Seven-Fuel Assembly Meltdown Model
(Steady State)

q radiation

c = 0.2

Ts\ .         1

Boiling Temp ] 'I.3 - 6200'1 ir '«\ Mol-te *92ag..1
4 - H/Molten Steel/& Reference x3 = 0;

dt/dx = 0
of Fuel    J
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3.2. 2.1. Steady-State Analysis

Several assumptions were made for the steady-
state analysis:

1.  The upper surface of the debris layer was
assumed to be in contact with a large volume of sodium. (Although

I boiling is likely to occur in the immediate vicinity of the surface,  it

i was not considered in this study.)

2.  The decay heat was assumed to be generated

uniformly in the debris layer of the fuel.

3.  The time variation of the decay heat source

was assumed to be that for fission product decay;5 i. e.,  for any given
time t (seconds),

Q =  0.18t- '8- 0.07t-0 2 + 36.9[1 - exp(-1.283 X 10-s t)] + 21  X 106 Btu. (1)

A composite slab of molten fuel is shoT.7 in

Figure 2. Since the decay heat can be removed from either the top or

the  bottom  of the  slab, it follows  that a plane must exist where  the  tem -

perature gradient is zero, i. e., dt/dx = 0. Below this surface the heat

is transferred to the sodium by conduction through the bottom of the

steel pan.  The heat transfer rate through the steel pan is

(Tl - To)
qc = Ki                                                  (2)

LI

where Ll is the thickness of the pan. The decay heat generated above
the zero-temperature-gradient surface goes to the upper heat sink by

radiation  at the  top  of the molten steel layer.    The heat transfer  rate

by thermal radiation is

q; = 9 FeFACT: - T:).                                (3)

The  decay  heat  rate   in  Btu /h is obtained by differentiating equation   1

and applying the equation to seven fuel assemblies out of 288:
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Figure 3. Seven-Fuel Aus sembly Meltdown
Model                                      (Transient Case)

k ») Molten Steel

Molten Fuel   /q
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O Bulk Sodium (800 F)

Case 1: Upper Surface Insulated;
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Case 2: Upper Surface Heat Trans-
fer Coefficient,
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Lower Boundary -
Free Convection.
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q =dQ/dt = (0.144t-0·2 + 0.014t-1.2) x 3600 X 106 X 7/288 Btu/h      (4)

A balance of decay heat with the upper and
lower heat sinks is tabulated as follows:

Heat balance,  Btu/h

Approx rate Decay heat
Location and heat Heat flux, capacity of rate (7 fuel

transfer mechanism Area, fti Btu/h-ftz heat sinks assy)

Bottom of debris; conduc- Tr/4(12.75)2 = 127.67 1.944  x 105 24.82 x 106 2.445 x 106
tion through molten and ( 1  h  a fte r
solid fuel and steel slab shutdown)

Top of debris; radiation Tr/4(12.75)2 = 127.67 0.296 x 105 3.78 x 106

Total:  28.6 X 106 > 2.445 x 106

The summation of heat dissipation through the heat sinks is greater than

the decay heat generated by the fuel assemblies for a decay time of 1
hour after shutdown. This indicates that a debris up to seven fuel as-

semblie s  will  not melt through the bottom  of the  pan.

3.2.2.2.  Transient Heat Transfer Analysis

The information presented in the steady-state

case   study  is inc omplete   in many aspects. To obtain more meaningful

results, a transient-temperature analysis of the pan was performed
using the TIGER heat transfer computer code.6 A model similar to the

steady state model was set up, as shown in Figure 3, with the addition

of two more composite slabs,  i. e., sodium below the meltdown pan and

the 1.5-inch steel core vessel. The fuel and the structural debris were

assumed to be molten initially. Two cases were examined:

Case 1 - It was assumed that all the primary
pumps were shut down and that the upper surface of the debris was not

allowed to lose heat. Clearly, this situation does not reflect any real

condition that could exist in the core vessel, for it would not be possible

to insulate the top layer of debris, and design requirements in the 1000-
MWe Follow-On study dictate that after shutdown the core would be
cooled by operating the primary pumps with pony motors.  The only

reason for running this case was to determine whether melt-through

was a possibility.
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Figure 4. Transient-Temperature Response, Seven-Fuel-
Assembly Meltdown (Case 2)
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The model was based on pure conduction heat
transfer through the sodium located between the pan and the core vessel.

Making the same assumptions asinthe steady-state case, it was then
assumed that the core failure occurredinstantaneously. This repre-
sents the worst condition that could be seen by the pan because the de-

cay heat generation rate is at its maximum. The program was termi-

nated  when the sodium close st to the pan approached the boiling point.
Information beyon-d this point would·have no value.

The calculated steel temperatures at the end
of 3 hours were about 2·050 F,  and they were still rising when the cal-
culations were terminated. The temperature of the sodium closest to

the pan (1524 F) was approaching the boiling point (1618 F at 1 atmo-

sphere). Hence, the investigation was terminated at this point.  It
appears that melt-through would probably occur under these severe

conditions.

Case 2 - It was assumed that the pony motors

were in operation and capable of providing  5%  of the total  flow  rate.

This  situation was simulated  by as signing  a heat transfer coefficient  of

440  Btu/h-ftz-  °F  to the upper surface   of the debris layer in contact  with

flowing sodium. The value   of  440  Btu/h-ftz-°F was computed using  heat
transfer correlations for forced convection cooling with turbulent flow

(see Appendix A). The transient-temperature results are shown in

Figure  4.     When the investigation was terminated (3 hours),   the  tem -

perature profile of the pan was about 920 F and just starting to come
to steady- state.    Thus, it appears  that the forced convection cooling

with 5% of the total flow rate is sufficient to preclude melt-through.

3.2.2.3. Conclusion

The results of the seven-fuel-assembly melt-

down study indicate that melt-through can be precluded as long as the

pony motors are operable and capable of providing 5% of the total flow

rate.    Cases with poorer cooling capabilities,  such as natural convec-

tion and radiation, were not considered.
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Figure 5. Emergency Deciy Heat Removal Concept
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3.2.3. Total Core Meltdown

Under conditions resulting in a meltdown of more than

seven fuel assemblies, an additional engineered safeguard system is
required to accommodate the core debris and provide a means to cool

it. Using natural convection cooling and a large surface-to-mass ratio

as the design approach, we identified and evaluated a possible candidate

system for containing and cooling the molten core.

The conceptual layout of the emergehcy decay heat re-

moval system is shown in Figure 5. The concept provides a sodium-

cooled pan with a large heat transfer area below the primary tank.

The  meltdown  pan has sufficient thickness  and  the rmal conductance  to

prevent melt-thrpugh as long as the subcritical accumulation is sur-

rounded by the sodium coolant.

In general, the physical state and the geometric config-
uration of the core debris during and after core meltdown and migration
are not known. In order to analyze the situation, we had to make as-

sumptians  and then proceed ·with the transient-temperature analysis  of
the pan. The assumptions are as follows:

1.  All of the fuel and structural debris from the core

melts and falls down into the pan, including all the materials below the

core; i. e., the lower grid plate, the meltdown pan inside the core ves-

sel, the bottom-head of the core vessel, and the bottom-head of the re-

actor vessel.  The pan is located far enough below the reactor vessel

to protect itself from the effects of any shock or blast energies asso-
ciated  with  the   DBA.

2.  Since the time at which significant quantities of core

material can reach the pan is unknown, a decay time of 800 seconds in

one case and 20 seconds in the second case was arbitrarily assumed.

3.  When all of the debris is collected in the pan, it will

be distributed into a spread-out configuration forming two layers con-

sisting of molten steel on top of the fuel. The distribution can probably
be aided by providing an inverted funnel at the midportion of the pan
similar in construction to that used in FERMI (see Figure 5).
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4.  The decay heat is generated'uniformly in the debris

layer.  The time variation of the decay heat source is that for fission
product decays as given by

q = (0.144t-0# + 0.014t:1.2) X 3600 X 106 Btu/h,

where t = seconds. This assumption is made on the basis that the stored

energy and the excursion energy associated with the initial accident have

already been dissipated to the sodium,  and that the 24Na decay heat gen-

eration is insignificant in relation to the fission-product decay heat gen-
eration.

5. Heat transfer in the axial direction represents only
a fair approximation of the true situation.

6.   The following thermal properties7-9 of the fuel debris
and molten steel are valid estimates:

Fuel Steel

Melting  temp, F 5080 2600

Boiling temp, F 6200 5500

Conductivity, Btu/h-ft- °F 2.9 (molten) 12 (800 °F)
2 (solid) 18 (2300 °F)

Specific heat, Btu/lb- °F 0.10545 0.17

Density, lb/in.3 0.3334 0.276

Since the TIGER code has no provision for varying the thermal conduc-

tivity as a function of temperature, a constant value of 2.45 Btu/h-ftz- OF
is used. This value is probably low and should pr.ovide a certain degree
of conservatism in the calculations. Decreasing the debris conductivity

decreases the capability of diffusing heat within the debris layer,  re-

sulting  in a higher maximum temperature  in the debris. This would

represent a worse condition than a higher debris conductivity.

The following procedure was used in the transient-tem-

perature analysis of the pan: A simplified model consisting of three

slabs was set up. The lowest slab represents the meltdown pan, which
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was assumed to be 40 feet in diameter and 1-foot thick. The middle

portion represents a layer of molten fuel debris,  and the upper  slab

represents a layer of structural debris (see Appendix B).  The size

and geometry of the fuel and structural debris were fixed so that the

volumes of each were equal to the volume of the fuel in the core and

all structural materials that melted with it as it flowed downward to

the meltdown pan. The upper surface of the debris layer and the bot-

tom surface of the pan were assumed to be in contact with sodium.

A series of transient conditions was analyzed using the
TIGER computer code. Heat transfer coefficients at the upper and
lower surfaces were varied for each case. The analysis was divided

into four cases; the values assigned  for the coefficients  are as follows:

Heat transfer coefficient,
Btu/h-ftz- °F

Heat transfer mechanismhhCase No. upper lower at surface

1 733 183 Natural convection

(A T   =  2 0   °F)

2 600 150 Natural convection

(AT = 10 °F)
3          60 15 Arbitrarily assigned, which

may represent radiation

4.1 30                ' 1.3 1.  Radiation from the upper
(0 S t i.2 0 (0 St 520 surface, free convection
m in) min) for the lower surface for

0 S t 5 2 0 min

4.2 733 183 2. Natural convection
(t > 20 min) (t > 20 min) (AT = 20 °F) for

t > 20 min

In the first three cases a decay time of 800 seconds was used as the

time at which significant quantities of core material could reach the

pan, and in the fourth case a decay time of 20 seconds was used.

The results of calculations for cases 1 through 4 are

shown in Figures 6 through 9, respectively. Cases 1 and 2 simulate ,

conditions under which the core debris is cooled by natural convection,

depending on the AT, while transferring heat to an isothermal sink.
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The heat transfer coefficients for case 3 were arbitrarily assigned and
would probably include the effect of radiation. The cooling coefficients

used in case 4 would repnesent radiation from the top surface of the

debris,  and free convection at the bottom  of the pan facing downward;

after 20 minutes,  it was assumed that both surfaces were cooled by
natural convection of sodium.

Figure 6 is the result of a typical transient response for
case 1. Upon contact with the hot molten fuel, the temperature of the
steel pan close·st to the fuel-pan interface increases to a maximum tem-

perature of 2400 F at 1200 seconds. The temperature at the bottom of

the steel pan increases slightly up to 360 seconds. Atthis time, sodium
is available to cool the external surfaces by natural convection.  In this

/

way the lower surface of the pan is cooled d6wn to a steady-state value.
In like manner, the temperature  of the molten structural debris, which

is directly in contact with sodium, slightljr increases at first. After

360 seconds, the temperature drops rapidly and the structural debris
solidifies owing to the effective cooling at its upper surface. Since the

heat transfer at the upper surface is greater than that at the lower sur-

face, the temperature  of the structural debris drops below the temper-

ature at the bottom of the pan at 3400 seconds. The temperature at the

center of the molten fuel increases slightly at first. Because of the de-

creasing temperatures of the structural debris and the pan, the fuel                         

debris freezes at 700 seconds.

For all cases, the results  show that natural-convection

cooling at the external surfaces is a very effective means of retarding

or preventing melt-through. It seems likely that the pan will not fail

even with low heat-transfer coefficients (i. e., case 3 with 60 and 15

Btu/h-ftz- °F) and delayed natural convection cooling (case 4).
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Figure 6. External Meltdown Pan Transient-Temperature
Response (Case 1)
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Figure 7. External Meltdown Pan Transient-Temperature
Response (Case 2)
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Figure 8. External Meltdown Pan Transient-Temperature
Response (Case 3)
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Figure 9. External Meltdown Pan Transient-Temperature
Response (Case 4)
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3.3. System Requirements

3.3.1. -Identification of Follow-On Reference
Requirements

The primary function of the emergency DHRS is to re-
move fission-product decay heat from the reactor after any accident

up to and including a design basis accident (DBA). During post-DBA

decay heat removal operations, the decay heat loop should be capable
P                    of transferring and rejecting the heat generated by the damaged core.

Additional requirements are .as follows:

1.  After a DBA, the system should be capable of pro-
viding sufficient coolant flow in the decay heat loop to permit heat ex-

change.

2.  The heat rejection system should be arranged so that
no sodium leak, including leaks resulting from the DBA, will make

emergency cooling impossible.

3.  The system must be completely reliable and should

not require expensive installation that is useless during normal opera-
tion of the reactor.

4. Provisions should be included for testing the full

operational sequence that would bring the emergency heat removal

mechanisms into operation.

5.  The system should be designed so that the compo-
nents, including heat exchangers, pumps, fans, valves, and intercon-

necting piping,  can be removed and replaced.

-         6.   The primary system components,  such as pipes and
heat exchangers, should be protected from radiation during normal

operation and from possible damage resulting  from a vessel rupture.

7.    The  volume  of the primary decay heat loop should

be chosen sothat, if it is filled with sodium, the level inprimary tank
will  not fall below the top  of the  core.
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3.3.1.1.  Identification of Important Features

In the reference Follow-On design, the emer-

gency DHRS removes decay heat after a DBA. The important features

associated  with the design are summarized as follows:

1.  The system contains two separate and similar decay
heat removal loops which can be operated independently.

2.  The systern shares the same components with the nor-

mal decay heat removal system.

3. Electromagnetic purnps circulate the NaK through the
circumferential biological shield cooling coils.

4.  In the NaK-to-air heat exchinger, forced-air cooling
with fans is used.

5.  If the reactor vessel does not fail after a DBA, action

will be taken to dump sodium from the intermediate loop into this void.
This ensures thermal communication between the cooling coils and the

decay heat source.

6.   When the reactor is on line, the system is in a standby

condition.

3.3.1.2.  Identification of Reference Design
Limitations

In the Follow-On design described in section

2.2, the decay heat is removed through NaK cooling coils in the bio-

logical shield.  Some of the disadvantages associated with this design
are:

1.  There is no provision, except perhaps the reactor pit

liner, to protect the coils after  a  DBA.

2.  The system has added complications because the normal·

and post-DBA cooling are combined.

3.  There is no post-DBA cooling under the reactor.

4.  The entire system cannot be operated periodically to

ensure its operability when the need arises.
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5.  There is no insulation between the reactor vessel and

the concrete shielding. Therefore, aconsiderable amount of heat has

to be removed to cool the concrete during normal operation.

3.3.2.   identification of fotential Requirements

In addition to the requirements developed during the
Follow-On Studies, the following requirements and conditions  are as-

sumed:

1.  Use natural circulation throughput.
2.  Separate the post-DBA system from the nor-

mal decay heat removal system.
3.  Protect the system from the effects of nu-

clear accidents.

4.  Design so that an accident limited to seven
fuel assemblies will not destroy the capa-
bilities  of the normal  DHRS.

5. Provide meltdown accommodations for seven
assemblies inside the core vessel.

6. Provide meltdown accommodations for more
then seven fuel assemblies outside the pri-
rnary tank.

7. Have primary sodium available under condi-
tions requiring use of the outside meltdown
accommodations.

8.  Use pans or catchers fabricated from an ap-
propriate material to accommodate molten
fuel  outside the primary  tank.

3.4. Candidate Emergency Decay Heat
Removal Systems

3.4.1.    General

Based on the requirements and conditions delineated in

section 3.3, candidate systems were developed to meet these require-
ments. The emergency DHRS has been divided into three subsystems

as follows:

1. Primary Decay Heat Removal Subsystem (PDHRS)-covers
features that are needed to remove heat from the disassembled core and

transfer it to the primary sodium.
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Figure 10. Primary Sodium Flow Vs Hot-Leg Temperature
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2. Secondary Decay Heat Removal Subsystem (SDHRS)-

covers features that are needed to remove heat from the primary so-

dium and transfer  it  to the secondary heat transfer fluid.

3.  Heat Sink Subsystem (HSS)-covers features considered

necessary to transfer heat to the final heat sink.

The results of investigations on these subsystems are discussed in the

following sections.

3.4.2.  . Primary Decay Heat Removal Subsystem

Figure 5 shows a section of a conceptual layout of the

channels connecting the annulus with the heat sink, the seven-fuel-as-

sembly meltdown pan inside the core vessel, and the core catcher for

total core meltdown outside the primary tank.    In this concept, sodium

flows upward as it is being heated and circulates naturally through the

channels leading to a heat exchanger in tlie biological shield.  Heat from

the sodium is transferred to the secondary fluid flowing countercurrent

in the tubeside of the heat exchanger. The cooled sodium then flows by

gravity through passageways leading to the bottom of the annulus sur-

rounding the reactor vessel, thereby completing the loop.

3.4.2.1. Natural Circulation of Primary
Sodium After DBA

The path for natural circulation is shown in

Figure 10.   The head for natural circulation is provided by the differ-

ence in height between the center of the active zone and the heat ex-

changer,  and the difference in density between the heat source  (in this

case, the fuel debris) and the heat exchanger.

Using assumed values for the dimensions of

the pipes and channels, the flow rate resulting from natural circulation

may be expressed as a function of the difference in density between the

hot and cold legs. Since neither hot- nor cold-leg temperatures were

known, a parametric analysis was made to determine the minimum hot-

leg temperature that would initiate natural circulation for different in-

ternal generation levels, holding the cold-leg temperature constant

(see Appendix C). Figure 10 shows the effects of these parameters on

the primary system flow rate.  Thus, for a decay heat rate of 136 X 106
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Btu/h (corresponding to decay heat level 800 seconds after reactor shut-

down), the hot-leg temperature must be at least 1140 F in order to ini-
tiate natural circulation with the cold-leg temperature at 450 F.

As a result of this investigation, one can rea-
sonably conclude that natural circulation of primary sodium can reliably

provide emergency cooling of the core debris collected at the bottom of

the external meltdown pan.  It is recognized that some thermal stress

problems could arise in the heat exchanger equipment.

3.4.2.2.   Volume of Primary,Decay Heat
Removal Subsystem

Calculations were made to determine the vol-
ume of the emergency decay heat removal loop,  i. e., the volumes of
the annular region,  the heat exchangers, interconnecting pipes,  and
channels. The length, size, number,  and geometry of connecting chan-
nels were assumed in order to make pressure-drop calculations.  The

re sults indicate   that this volume   can be filled without unc overing  the
core.

3.4.2.3. Possible Alternate

As an alternate to active systems that will
mitigate the effects of a core meltdown, BNWL is performing an anal-
ysis of the "China Syndrome. " The history of the fuel,  core, and struc-

tural material after a meltdown is being estimated with special emphasis
on the downward progress of the molten material and on the heat trans-

fer to the concrete floor. The results of this study will determine the

size of the molten pool formed by dissolution of the concrete floor in

contact with the molten core as a function of time. This approach may

be applicable to power plants of larger size.

3.4.3. Secondary Decay Heat Removal Subsystem

This subsystem covers features that are needed to re-

m ov€ heat from the primary sodium and transfer it to the secondary
heat transfer fluiR.   B &W' s reference design provided circumferential

biological shield cooling coils to remove heat from the primary sodium

following a DBA. This feature has an inherent weakness: it would be

difficult to ensure that the coils were protected after  a core disturbance,

h

3-24



and that a heat transfer path existed between the primary sodium and

the NaK  in the coils.
An alternate concept that would overcome   s ome   of  the

difficulty was investigated.    Here, ,the heat exchangers that will remove

heat from the primary sodium can be positioned deep inside the biologi-

cal  shield,  and the connecting channels between the heat exchanger  and

the annulus can be offset and redundant to virtually ensure that shearing

or blockage does not interfere with their intended operation.
The primary sodium on the shell side of the heat ex-

changer gives up its heat to the countercurrent secondary fluid in the

tubes.  The heat is transported to an ultimate sink located outside the

reactor containment. Given an effective heat sink, natural circulation

of the secondary fluid is essentially assured, since the difference in

height between  the heat addition r€gions  in  the heat exchanger  and  ulti -

mate heat sink is about 100 feet. The piping can be made large enough

so that the flow resistance will be small. The general considerations

for the secondary heat transfer fluids include:

1.  Compatibility with sodium and heat sink
fluid.

2. Design approach, i.e., single ormulti-
purpose system.

Two candidate heat exchanger concepts were considered:

(1) Na-to-NaK heat exchanger,  and (2) Na-to-organic coolant.

3.4.3.1.  Na-NaK Heat Exchanger

A simple shell-and-tube heat exchanger with

counterflow and single-pass arrangement was selected. Typical value s

taken from the 1000-MWe reference design were used in the heat trans-

fer and pressure drop calculations (see Appendix D).  In the design

studies, minimizing the size of the component was emphasized by as-

suming a larger temperature rise in the primary side and by minimizing
-

the flow rates. Table 2 shows the results of the Na-NaK heat exchanger

inve stigations.



Table 2. Comparison of Na-NaK and Na -C 12H10
Heat Exchangers

1

Na-NaK Na -Cl Hl 0

Temperature, F Na:   t.  = 800(a) Na: t.  = 800(a)
ln ln

t     450                 t     450
Out Out

(b)                            (b)NaK: t. 800 C12Hlo  t 200
in                             in

t    700                t    450Out Out

Flow  rate, lb/h W 0.788 x 106           w     0.788 x 106Na Na
W 1.113 X 106 0.72  x  1 0 6

NaK                         wc 12Hlo
Heat transfer                h      4737                    h      4953Na Na
coefficient,
Btu /h - ft2 - °F hWaK CAH10

2481             h        129

h    2477                  h    2477m m
U = 983 U  119

LMTD, °F 72.2 297

Heat transfer A 1196 A  2407
area, ftz
Effective length, ft L  = 6.2 L = 12.5

Ca)Shell side.
(b)Tube side.

3.4.3.2. Na-Organic Coolant Heat Exchanger

A secondary system using Biphenyl (C12Hlo)
as the heat transfer medium was examined. Table 2 compares the Na-

Biphenyl  and the Na-NaK heat exchangers.

The physical and chemical properties of
Biphenyllo indicate that it is suitable as a heat transfer agent for cool-
ing the sodium and transferring the heat to,cooling water. However,
keeping in mind that the post-DBA heat removal system might be op-
erated onacontinuous basis (i.e., the system removes heat from the

biological shield under normal operating conditions),  the high freezing
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point of Bipheriyl (156 F) makes it unsuitable as a heat transfer medium

because  of the danger of freezing. Hence, the physical and chemical

proper.ties of various fluids  were inve stigated briefly. The results  of

the  survey  seem to sugge st that Dowtherm  A  is  the best candidate.    It

has about the same characteristics as Biphenyl, but in addition it freezes

at a lower temperature (56 F) and can be operated over a wider range of

temperatures. Some of the important properties of NaK, Biphenyl, and
Dowtherm A are compared in Table 3.

Table 3. Comparison of Secondary Heat Transfer Fluidsll

Biphenyl
NaK (C 12Hlo) Dowtherm A

Melting point, F 66.2 160 53.6

Boiling point, F 1518 489 495.8

Relative capital cost 2.35 0.11 0.23

Specific heat, Btu/lb- °F 0.28 0.40 - 0.56 0.63 - 0.69

(liquid) (liquid)
(150 - 500 F) (500 - 750 F)

Decomposition Stable Stable up to Stable up to
approx  700 F 705 F

3.4.4. Heat Sink Subsystem

This subsystem covers the features considered necessary
to transfer heat to the final heat sink.  Some of the considerations and

assumptions established for the system are as follows:

1.  Compatability of the heat transfer fluid with
both the sodium  and  the  heat sink fluid.

2. Natural circulation in all circuits with an op-
tion to provide forced circulation as indicated
by more detailed evaluations.

3. Separate fluid systems from those involved
with normal decay heat, if possible.

4.  Possibility of using heat removal capabilities
to cool the biological shield during normal
operation.

5. Other functional requirements as listed in
section 3.3.1.
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Table 4. Comparison of Force'd-Convection and Free-Convection
NaK-Air Heat Exchangers

/

Free-Convection Air-to-NaK Forced Air-to-NaK
Air

Outlet (-NaKy
Air

Inlet

ru C
L." -    i

1 laK _,.  (                             Off-      -          4                  AiIn                     GE -t      11 -foutiet
NaK

-'.-af r-' 2  1
out                                                                 1 0                       1

\ / NaK NaK
Outiet Inlet

'illil FIL.Ital NaK· vpflow and Downflow
(two passes unmixed);

Air Area Air Crossflow (mixed)
Inlet

NaK Flow (two passes unmixed);
Air Crossflow (mixed)

Forced Natural
convection convection

Tubing OD, in. 1.024 1.024

Tubing wall thickness, in. 0.049 0.049

No. of cooling fins per inch of
tubing length 8.8 8.8

Cooling fin diameter, in. 1.7 37 1.737

Material of construction 304 SS 304 SS

Total air flow rate.  c fm 414.300        --

Approximate NaK AP, psi 0.779                      --

Shaft hp 322           --

Tube array dirnensions (length/
width), ft 20/12          --

No. of tube rows                             8                   --

Air side heat transfer coefficient
based on fin side,  Btuth-ftz- 'F 20.3            5

Air flow frontal area, ftz (a) 240 2177

(a)Fbr the same size tubes ana cooling fins,  as well as  iniet
and outlet temperatures, the natural-convection scheme
would require an air frontal.area of 2177 ftz, while forced
convection would require  240 ftz-a factor  of 9 difference.
The obvious conclusion is that it may be difficult and ex-
pensive to obtain enough heat transfer surface
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Two candidate systems were evaluated in an effort to

determine the magnitude  of the problem involved in meeting the require -
ments for an ultimate heat sink.

3.4.4.1. Na-NaK-Air System

1 In the Na-NaK natural convection system,  both
free and forced convection of air were considered. Preliminary results

are   shown. in Table   4  for the free-convection and forced-convection  NaK -

air heat exchanger concepts. The results show that forced air flow

utilizing motor-driven fans is essential to avoid excessively large heat

exchangers. Heat transfer and pressure drop calculations are shown

in Appendix E.

3.4.4.2. Na-Organic Cool=nt-Water System

The two different configurations of heat ex-
C

changers were considered for the organic coolant-water system:  sub-

merged pipe coil, and bundle-in-column. 12 The submerged pipe coil
is  one  of the simple st and cheapest methods of obtaining cooling  sur-
face. A series of pipes is connected by standard fittings and submerged

in a trough with water circulating about the pipes. The organic coolant

in the tube side can be arranged for a single pass or for a multiple pass

through pipes  that are connected by return elbows. The results  of cal-

culations  for the latter arrangement  show that approximately 7563  ft2
of heat transfer area is needed to remove 85.5 X 106 lb/h.

The bundle-in-column heat exchanger consists

of a bundle of tubes submerged in a column of water. The tubes,  ar-

ranged fortwo passes„ have headers attached at both ends.  From a

heat-transfer standpoint, approximately 7600 ft2 of heat-transfer area
is  needed to remove   85.5  X  106  Btu/h.

Table 5 shows some pertinent results for the

organic coolant-to-water heat exchangers. No attempt  was  made  to
compare the individual concepts  on the basis of economics.

The bundle- in-column heat exchanger  is  not

practical in size because the tubes are too long. To decrease the length
of the tubes, the diameter of the bundle, and consequently the heat trans-

fer area, has to be increased. Hence, from a practical viewpoint, the

submerged pipe coil exchanger is better than the bundle-in-column ex-

changer.

3-29



Table 5. Comparison of Biphenyl-to-Water Heat
Exchangers

Submerged Pipe Coil Bundle-in-Column

Hot fluid .     \ Hot fluid

-               = 1 ,
Water

ou>   .--2---, 3       7

1

M 2:)--*&2
Fl Total volume     J

5·10 minutes1\                                                      holdup
L1

L              1.0-1in r-

FRONT ELEVATION SIDE ELEVATION Boffoms

Submerged pipe coil Bundle-in-column

Temperature,  F

Biphenyl, t 450 450
in

Biphenyl t 200 200
Out

Wate r, t. 80 80
ln

Wate r, t 150 150
Out

Tube diameter, in.                      6                   2
Overall heat transfer co-
efficient (U), Btu/h-ftz-°F             62                  56.3
Heat transfer area (A), ft2 7010 7723

Length  of tube s, ft 24                   97

N o.    of  tube s 182 152

3.4.5. Additional Alternate Systems

-              One important consideration in selecting potential candi-

dates for the emergency decay heat removal system is that the system
must be completely reliable and should not require an expensive installa-

tion that is useless during normal operation of the reactor. This brings
up the possibility of using the DHRS to remove heat from the biological
shield during normal operation of the plant.

A brief study was conducted to determine the feasibility

of coupling the biological shield's normal heat removal functions with
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functions of the standby emergency decay heat removal equipment.
Some of the considerations that were evaluated are as follows:

1.  Examination of the primary tank cavity for
insulation requirements during normal opera-.
tion relative to the location and characteris-
tics of the insulation.

2.  Circulation of argon gas through the primary
decay heat loop.

3.  Addition of extended surfaces to the heat ex-
changer for heat removal from the biological
shield during normal operation.

3.4.5.1. Insulation Requirements for Primary
Tank Cavity During Normal Operating
Conditions

To prevent the biological shield from being ex-
posed to high temperatures for prolonged periods of time without re-

moving excessive amounts of heat, it was necessary to install insulation

between the primary tank and the shield's liner. Mirror insulation was

selected from a series of candidates. . The choice and location of insula-
tion were based on the following requirements:

1.  It should be located away from the primary tank to allow

for possible inspection requirements of the vessel.

2.  Its properties should permit it to perform as required
during normal operation, but offer little resistance to heat transfer to

permit emergency core cooling when the annulus is filled with sodium.

3.    It  should have good structural' integrity to prevent slump-

ing.

Mirror insulation  is a thermal reflective rriate -

rial consisting of concentric sheets of stainless steel spaced to allow

for a gas gap between the sheets. During normal operation, the insula-

tion is effective to yield a desired heat loss when the inside surface

temperature and 'the outside gas temperature are known. Past exper-

ience has indicated  that  a  heat   loss   of appr oximately 80 Btu/h-ftz  is   not
unreasonable for temperature drops of five- to six-hundred degrees.

To provide for emergency core cooling where

the annulus is filled with sodium, offset holes are punc}led inthe sheets.
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These holes allow the sodium to circulate through the concentric gas
spaces  to the outer surface  with only slight heat loss penal.ties during
normal operation.

3.4.5.2. Argon Cooling System

By providing insulation between the primary
tank  and the biological shield,  the heat removal  rate  to cool the biologi-
cal  shield is reduced  to appr oximately  5.0  X   105  Btu/h.     This  heat  loss
can be removed by circulating 100,800 lb/h of,argon gas through the

primary decay heat loop with hot- and cold-leg temperatures of 150 F
and  110 F, respectively. Heat transfer calculations are shown in Ap-

pendix F.

3.4.5.3. Argon-NaK-Air System

The.possibility of using an argon-NaK heat

exchanger with extended surfaces was examined. Heat transfer cal-

culations were performed using the Na-NaK heat exchanger and in-
corporating extended surfaces. The results indicate that a heat trans-

fer area of 3100 ft2 is required, a factor of 2.25 times the heat transfer

area required for the Na-NaK heat exchanger without extended surfaces.

It appears that a heat exchanger of tliis size could be accommodated in

the biological shield.
Table 6 compares the emergency DHRS operat-

ing as a standby unit with that operating under normal conditions with

argon gas to cool the biological shield.
The potential for natural circulation in both

primary  and secondary loops  was  not  exam ined. However, it seems

likely that forced circulation of the argon will be required in the pri-

mary loop.
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Table 6. Comparison of Na-NaK-Air and Argon-
NaK-Air Systems

Systern operating System operating  unde r
Heat exchanger as standby unit normal conditions

Na-NaK        A    = 1375 ft2 A              =   3 1 0 0   ft2HT HT
(with extended surfaces and
argon in the primary side)

NaK-air        A    = 1480 ft2     A    = 1480 ft2HT HT
(requires only 582 fti of surface
area, during normal operation
with argon-NaK-air concept)

3-33



4. RESULTS AND CONCLUSIONS

The systems required to remove heat from the primary sodium

following an accident in the core depend on the character and magnitude

of the accident. The rnechanisms that describe the consequences of the

accidents for which candidate systems are provided have not been fully

explored.

The major problem areas considered at the outset of this activity

were:

1.  Transport of core debris frpm its initial
location to its final destination.

2. Core debris configuration at the location
where it is to be cooled.

3.  Mechanisms and systems for cooling the
core debris.

4.  Systems for rejecting the heat to the ulti-
mate heat sink.

Although it was recognized that items one and two are of major signifi-

cance to the development of satisfactory candidate systems, these points

could only be treated lightly because of a lack of quantitative information.

The majority of the effort for this activity was focused on items three

and four.

In the investigation of the Primary Decay Heat Removal Subsys-

tem  (PDHRS), two major assumptions were established as a starting

point:

1.   For a hypothetical meltdown of seven fuel assemblies,

accommodations will be provided inside the core vessel; the premise

here is that the consequences of such an accident will not incapacitate

normal decay heat removal systems.

2.  In the event of a total core meltdown the same premise

cannot be made. Therefore, accommodations will be provided outside

the primary tank.
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The major limitations associated with the analysis of the PDHRS
are as follows:

1.   The models used for the heat transfer analysis of the

meltdown pans were simplified one-dimensional representations of the

processes involved. The physical properties of the materials involved

did not change as a function of temperature.  In some cases heat trans-

fer   coefficients  were appr oximated and allowed to remain constant   ove r

a selected time interval.

2.   In the present analysis, no attempt,was made to deter-

mine the effects of varying the depth and conductivity of the debris or
the effects of varying the thickness of the meltdown pan.         «

3. Internal convection and mass transfer within the molten

debris were not considered.

4.  The total core meltdown analysis was centered around
one ideal case assumption: 'that an inverted funnel compelled all of the
molten materials in the core to spread uniformly throughout the bottom

surface of the pan. The possibility that molten debris could solidify

upon contact with the cold surface of the funnel, thus tending to accumu-

late larger and larger amounts of fuel in a configuration that yields an

increasing heat flux, has not been eliminated. This possibility could

lead to temperatures that might cause melt-through of the pan.   No

attempt was made to treat this condition.

Based on the foregoing assumptions and limitations, the following

conclusions were made:

1.  For the case of seven fuel assemblies melting down, it
appears that melt-through can be precluded if sufficieht flow (approxi-
mately 5% of the total) is provided by the pony motors on the primary
punips Cases with poorer cooling capabilities, such as'natural con-

vection, were not considered.

2.  For the total core rneltdown, natural-convection cooling

provided at the upper surface of the debris and the bottom surface of the

pan appeared to be very effective in preventing melt-through.  The so-

dium-cooled pan consisted of a large heat transfer area and an inverted
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funnel at the center of the pan to prevent a supercritical configuration
from forming following a core meltdown.

Candidate systems for emergency decay heat removal were iden-
tified and developed to the extent required for an initial screening of

questionable systems. These systems were based on "candidate" re-

quirements, which were arbitrarily imposed pending the results  from

Activity 232.
Some of the important features incorporated with the candidate

systems are summarized as follows:

1.  Circulation by natural convection in both the PDHRS

and the SDHRS.

2.  Separation of the post-DBA system from the normal

decay heat removal system.

3.  Relocation of the heat exchange equipment that will re-
move the heat from the primary systems to better protect them from
core disturbances.

4.  Incorporation of redundant and offset primary coolant

channels to the heat exchangers located within the biological shields to

ensure that blocking or shearing will not interfere with the heat re-

moval operation.

5.  Combination of the post-DBA heat removal system with
a normal operating heat removal function (shield cooling) to ensure

availability.

6.  Incorporation of bottom cooling for the primary tank to

prevent breeching of the secondary containment by core debris.
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APPENDIX A

Meltdown of Seven Fuel Assemblies
Transient Thermal Analysis
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The magnitude of the heat transfer coefficient for the condition

where the flow is 5% of the total flow rate was obtained by considering
the  relationships for forced-convection cooling along a heated plate.
An appr oximate relationship  for the Nusselt's number is given  by
Yevick13 as follows:

Nu  = 0.38 Peo•65 f(jr turbulent  flow,

Nu  =   1.1[(1 - Pro•333)Pe]os for laminar  flow,

where
Pe (Peclet No.) = Pr X Re,

CU
Pr (Prandtl No.) = _EL.

k

The heat transfer coefficient was then calculated from the relation

h= NukD.

The Reynolds and Nusselt numbers are based on plate diameter.

Calculation of Heat Transfer Coefficient

All thermal properties of sodium14 were evaluated at 800 °F.

p   =   5 3.0 5   lb/f 

B = 0.6437 lb/ft-h

k = 40.6 Btu/h-ft- °F

Pr = 0.00482

w = 4.6 X 106 lb/h (5% of the total flow rate)
D = diameter of plate = 12.75 ft

A = free-flow area = 49.46 fte.
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Reynolds No.:

VD
- WDRe = -r= - =  1.842 X 106.-B_ AB

We can therefore say that the flow is turbulent.

Pe = Pr X Re = 8879,

Nu = 0.38(Pe)0·65 = 140.6,

h = N k = 447.9 Btu/h-ftz- OF.

Use

h = 440 Btu/h-ftz- 0F.
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APPENDIX B

Total Core Meltdown Transient
Thermal Analysis
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The melt-through model for the transient thermal analysis of the

external meltdown pan is shown below:

. 16 (Sodium)
13                      Material I - Meltdown Pan (SS 304)

n                                   -
C   = 0.17 Btu/lb- 'F

•12
3.2" p = 0.276 lb/in.3

III
• 11

Structural                                                           k = 18 Btu/h-ft- 'F
-

Steel-to-Fuel • 10
Interface .9 Material II - Molteil Fuel

II                 2.4"

:8  --       .                 P
C  = 0.1054

Fuel-to-Pan                                                  
p = 0.3334Interface •6
k = 2.45

•5
Material III - Structural Steel

Both Sides
Insulated C  = 0.17

.4             P
I 12" p  =  0.27 6

•3 k = 18

One-Dim. Internal Nodes: 1- 12
Unit Depth •2 Surface Nodes: 13 - 14

Boundary Nodes:   15 - 16.1
Internal Generation: All Fuel Nodes

C 14                                       (i.e. Nodes 7- 10)

• 15 (Sodium)

A few points in this setup are worthy of further discussion.

Example:  Case No. 1 - Total Core Meltdown

1. Initial Temperature Distribution

For this case it was assumed that the earliest time at which

significant quantities of core material can reach the pan is 800 seconds.

During this time, the sodium surrounding the pan would be heated to

approximately  1140 F. Hence, the initial temperature  of the meltdown

pan was assumed to be 1140 F. The initial temperature of the fuel nodes

was set at 5640 F, which is the average temperature of boiling and melt-

ing fuel  (6200 F and  5080 F, respectively).    For the molten structural

debris,  the node closest to the fuel interface was arbitrarily set at
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5080 F (near the boiling temperature of steel, which is 5500 F), and the

middle node at 4050 F (average of melting and boiling temperatures).
The surface node exposed to sodium was arbitrarily set at 2600 F (melt-

ing temperature of steel).

2.  Internal Heat Generation Library

The total volume of fuel in the core is 248 ft3. The internal

heat generation in Btu/h-in.3 is expressed as a function of time after

shutdown:

q"' = (0.144t.-0.2 + 0.014t-1.2) x Btu/h-in.3. 3600 x 106
248  X  1728

where t is time, in seconds, after reactor shutdown.

The initial internal generation level at t = 800 seconds is

3600 x 106q"' = [0.144(800)-0'2 + 0.014(800)-1.2] =  317   Btu/h-in.3
248 X 1728

3. Boundary Temperature Library

The initial temperature of the sodium at 800 seconds after

shutdown, is 1140 F. There is a certain delay time for the sodium to

naturally circulate. Since this is not known, the time to initiate natural

circulation of the sodium from the primary tank annulus through the

biological shield channels  and heat exchanger,  and then back to the  pri-
mary tank, was assumed tobe 5 minutes. Hence, the temperature of

the sodium surrounding the core debris was allowed to decrease linearly
from   1140  F  to  450 F  at  a  real time  of 5 minutes.    Then, the inlet tem -

perature was held constant at 450 F after 5 minutes.

4. Heat Transfer Coefficient at Surface

For the cooling of a hot plate of diameter D on the bottom of

a pool facing up, 13 the following equation is applicable:

Nu = 0.0785 (Gr X Pr) 0.32
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where the diameter of the cold spot is the characteristic length.  Ther-

mal properties of sodium will be evaluated at 800 F.

Pr = 0.00482

p   =   5 3.0 5   lb/ft3

0 = 1.5634 X 10-4/°F

B = 0.6437 lb/ft-h

g   =   3 2.2   f t/s z   =   4 1 7.3   x   1 0 6   ft/hz

D = diameter of plate = 40 ft.

Grashop's No.:

Gr = - 2.836 X 1013 aT.L3P2gpaT
B2

Nu = 0.0785(Gr x Pr)O.32 = 286.9(AT)O·32

Nuk
h= D =286.9(AT)0·32

where AT = difference between the coolant temperature at the wall and
far   fr om   the   wall.

If AT  =  1000 F,  then

h = 286.9 (1000) 0.32 = 2619.4 Btu/h-ftz- 0F.

If aT = 20 F, then

h = 286.9 (20)0·32 = 748.

If AT  =  10 F,  then

h = 286.9 (10)0·32 = 600.

Arbitrarily choose h = 733 Btu/h-ftz- °F (conservative assumption) for
AT = 20 F.
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The heat transfer coefficient at the lower surface of the pan
was   assumed  to be approximately   24.9%  of the coefficient  at  the  uppe r

surface, based on the flow geometry in the plenum surrounding the pan
and core debris. Hence,

h = 733 (0.249) = 183 Btu/h-ft2- 0F.lowe r

The investigation was started at 0.1 second (corresponding to

800 seconds after reactor shutdown) and terminated at 180 minutes.

Printout times were selected arbitrarily.
The temperature distribution solution by the TIGER program

is shown below for Case No. 1. The pertinent results are plotted in

Figure 6.

B-5
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E- -- . - -,= 13 .., ......,. .- .- r,-"-, 522.90- .._«.73.3.OJO:«._- -5..3438E+L'*_---.--- -,-16...----._
K      f: 14 --    2  ..I--:-  621.42.   _-. 6-- 183.000- 2  3.1369E+04 ·,13-,--=1  --15 --  S.
AE-MPERA-PURES-OF-8OUNDARY NODES- ----6-
NODE TEMP NODE TEMP

15 456.JO 16 450.Ou

2 THIS INVESTIGATION IS 99.4536 PERCENT COMPLETE
2-PRESE-N-T-T-iME---1-7-9·,-5-1,66·-MI-NUT[ S     -' '    --'--'-52 --:--=6.-

TEMPERATURE CHANGE RATE OF EACH INTERNAL NODE,DEG/MIN

IBOOE-: .....RATE ··-I:.NODE··- -RA- TE· 4: -·:  NODE ..: RATE --s -i NOOE--66.RATE-------:NODE:.-- *ATE - ':i
Fi. ...1.....Ii„ .-.40 ..  .  ..2:,f.'.2.2-; .-. 75--:.,--- -2  3·1.-9.7,-1.0 09.--.:,f:.  4. i. -2.i;*1.40 -r-.-2.-3..5 -€t5 . -1.68
-'-=0'      -  '--1.92    - 7 .... 8 --»" 2.30   - 9   -' 1.09------10--I»-«'--1. 33 - L . 4- U

11 -.64 12 -.26

r-+EMPERA-T-URE-OF--EA·GH-NODE  , ..- .-= ---_, . -_ ,-----.-                     _.-- _-_..._._-.---              .-.---  -
R,   . NODE       T EMP  :,    -- 2  NODE  .    ..TEMP-.--4     _.-NODE'-2.»= -T EMP f-Efl-,-9-1. Aobr-3  TEMP
-=-       .1   -.:736.27--_---.----  .-2-,-  .. 995.91-1     -.1.3   ..1249.92.i--- .132-=.  a4----2,1495.78

5 -         17 3 1.i S -     6-  -1053.01 ---    '- -7-  --'2287.74 a..'--a- --.=-8'- 4--2406.05
9 2183.17 lu 1620.22 11 1006.50 12 676.58

13 51u.99 14 604.97 15 450.00 16 450.00
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APPENDIX C

Potential for Natural Circulation
in the Primary Loop
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A schematic diagram of the natural circulation path is shown be-

low.

w/2- ...-Q

1

Sink

w         h, aT

1Source -wiz
Q'-

1.  The driving head for natural circulation is

APN· c.    =    »pdx  =  h (P c  -   PH)

2.  The total pressure drop losses are due to friction in the flow

area of the primary tank's annulus, the interconnecting pipes and chan-

nels,  contraction and expansion losses,  and heat exchanger pressure
drop losses.

a.       Annulu s

2

ap fL  (  w   
a  =  PDhA   \1  X  105/

lif = 4 [542 - 522] = 166.5 ft2

D= = 2 t = 2 ft or D     =  24  inche s.h    W. P.                             h

L - 33 ft

Assume f = 0.029, then

APa = -1.43 X 10-16   0
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j

b.  Receptacle and Eight Pipes Below Primary Tank

98.6% of the total flow rate flows through the receptacle,

and the remaining 1.4% flows through eight pipes, 6 inches in diameter

and 3 feet long. The receptacle is assumed to be 12 feet in diameter

and  L  =  3  ft.

Af =  ( 12)2.

4Af
D,  = ... - =   12  ft  = 144 inche s.n         w.  M.

Assume f = 0.029, then

AP = 4.59 X 10-19.1 .
r                        PH

The pressure drop losses for the eight 6-inch-diameter pipes are as
follows:

Af =   (0.5)2.

D = 6 in.h

L = 3 ft

Assume f =.0.029, then

AP     =  7.0 4  x   1 0-1 5   -1.
a                      PH

Other pipe losses consist of a 6-inch-diameter, 7-foot

pipe inthe hot leg; two 6-inch-diameter, 2-foot pipes inthe cold leg;
and 6-inch-diameter, 31-foot-long pipe in the cold leg. Assume f =

0

0.026:
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AP =  0.1967 -1 + O.1124
Et + 0.8711 E_  X 10-10.

PH        PC        PC]

c. Other Losses

From this it was determined that contraction and expansion

losses and bend losses can be neglected.

d. Heat Exchanger Losses

The pressure drop losses will consist of entrance and exit
losses and friction in the flow area between the tubes and the inside shell

diameter:

Ap = AP. +Ap +Ap +Ap
Hx in            fr out othe r '

k. wz
ap. =

in

in   12 pAt X 1010

kin = 0.5.

Assume a 6-inch-diameter inlet  pipe:

Af = 4 (0.5)2.

AP.   = 0.27 X 10-10 .1.
1n                       PH

kout= 0.8.

Assume a 6-inch-diameter outlet  pipe:

ap = 0.432 x 10-low-out                        Pc
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fLwz

APfriction   =  ·PDplA   X   1010

Assume

f = 0.028,

L  =6 2 ft,e ff

Af = 4   32 - (0.04391)2 1347  = 6.414 fti

4 x Af
Dll W. P =   1.57   inche s.

Detailed information on the heat exchanger is given in Table 2.

..2

ap = 0.000672 X 10-1011.
frp

Other losses are assumed to be negligible.

Total AP =I- + 1
-.

/O.21 0.000672   0.432  wz
Hx     PH        F         PC   1010

Combining like terms and neglecting higher-order terms, we get

...2                                                                           W 2
Total AP = 0.4667 x 10-10 T. + 1.4155 X 10-10-

PH              PC

Equating driving head to AP
losses'

 0.4667   1.4155 i X 10-10 w2,h (PC  -   PH)   =   I
( PH   PC  

h  =  40  ft.
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If we assume a constant cold-leg temperature of 450 F

(PC   =  55.93  lb/ft3), and solving  for  the  flow  rate, we obtain,

 0.2777(55.93 - PH)w =

4
0.4667 x   105   lb/h.

+ 0.0253
PH

Figure 10 shows the effect of varying the hot-leg temperature on the
'

primary system  flow rate.
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APPENDIX D

Na-NaK Heat Exchanger Design
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Assume a simple shell-and-tube heat exchanger with counterflow

and single-pass arrangement. The basic steps in the design are as
follows:

1.  Given a heat load (Q = 85.5 x 106 Btu/h ); assume inlet and

outlet temperatures  of both fluids  in the shell  side  and the  tube  side.

The  flow  rate s  are then calculated  from  the heat balance equation.
Assume Na in the shell side with

T.  = 800 F
ln

T    = 450 F
Out

and NaK in the tube side with

T.  = 400 F
in

T    = 700 F.
Out

w            -      0       =  1.1 1 3  x  1 0 6  l b/h,NaK E AT
P

co             =   0.7 8 8   x   1 0 6   l b/h,Na

whe r e
c  = 0.2559 for NaK at 550 F,
P

c  = 0.31 for Na at 625 F.
P

2.   Seldct tube size, pitch (triangular or square), wall thickness

and BWG number. From available tables, select15

-----

*
Value taken. from B&W 1000-MWe Reference Design.
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Tube OD 0.625 inch,

Wall thickness = 0.049 inch,

Tube ID 0.527   inch,

BWG 18

Triangular pitch    7 /8 inch.

3.    Assume an appFoximate shell diameter,  and use empirical
equations to calculate the number of tubes,  or vice versa.

Say that the shell diameter 3 ft (ID).  From the empirical
equation, approximate tube sheet ID = 1.055 4-NT x pitch + tube OD +

1.5, solve for the number of tubes:

[ (ID)shell - (OD)tube - 1..5 2
NT=L 1.055 x pitch                         '

NT = 1346.59 - 1347.

4.  Calculate the flow areas for both the tube and shell sides.

Tube side flow area:

aNaK = 4 (ID)2 NT = 2.039 ftz.

Shell side flow area:

aNa = 4  (ID)2shell - 4 (OD)tubesNT = 5.268 ftz.

5.  Calculate the mass velocities, G and GNaK Na:

/W\

GNaK =  -R-/|NaK
= 618,330.
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/(,O\
G   =1-1   = 149,580.
Na \a//Na

6.    Calculate the tube and shell  side film coefficients, 16 h:

a.      For  the  tube   side:

DGC
P e=R e X P r=   k   

Pe   =  444.6

where C  = 0.2559 for NaK at 550 F,
P

k = 15.625 for NaK at 550 F,

Nu =5+ (0.025)08 = 8.27.

The heat transfer coefficient based on tube OD is

Nuk  / ID \
hNaK -   L  (55/

= 2481.3 Btu/h-ft2- °F
tube

where Nu and L are based on the equivalent diameter.

b.  For the shell side:

4 x flow area
Equivalent diameter,  D  , = = 0.09169 ft.e wetted perimeter

Pe    =   98.87.

/p l.52 /p\0.27 /  \0.8
Nu =7+ 3.8l,Ej    + 0.027<W Fej = 14.43.

Applying a correction factor  of 0.7,  Nu  = 10.1. Hence,

Nuk'Na L= - = 4737 Btu/h.-ftz- 0F.
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7.   Calculate tube metal coe fficient:

a.  Calculate tube wall ternperature.

b. Calculate equivalent wall thickness and determine therrnal

conductivity for a specified tube material at the tube wall temperature.

The temperature of the wall can be calculated as follows:

h
T=T     +                       T    )=599.2 F,m NaK h + h (TNa--NaKNaK Na

k   e 11 at 599.2 F for stainless steel,m

/OD\
te  =   (OD) fn 1 - 1 =0.05328 inch;

\ID/

k
...  h    =-In =·2477 Btu/h-ftz- 0F.rn te

8. Determine overall coefficient of heat transfer:

    =  h   1          +  1        + EL,NaK Na        m

U = 892.8 Btu/h-ftz- oF.

9.  Determine LMTD and heat transfer area A: For counterflow,

single-pass arrangement,

LMTD = 72.2 F,

A= Q     = 1196 fte.
U(LMTD)

Allowing a factor of safety = 1.15,

A = 1375.4 ftz.
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10.   Determine the effective length of tubes:

AL= = 6.2 ft.e circumference

11. Calculate pressure drops. Pressure losses   inc lude friction,
entrance and exit losses, contraction and expansion losses, and other

losses.

a.  Tube side:

ap = ap. +Ap +ap
in     fr      out '

The inlet and outlet losses are.computed from

ap = k  /   G    \2
12  1 X 10# 

where k = velocity-head coefficient,
v  = specific volume.

b.  The frictional pressure drop is computed from

ap = fL     G   j,
P \1 X l*/

The same procedure  is  used for the shell side, keeping  in
mind to use the equivalent diameter.
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APPENDIX E

NaK-Air Heat Exchanger Design
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1.    Free-Convection of Air

This concept utilizes free convection for the air outside the finned-
17tubes. For free convection  of air,

h= .1-5 Btu/h-ftz- 0F.

Try h = 5.
For air outside finned tubes in a staggared close-pitch formation, 18

0.6 C BL 043 GO.6kO·67CO·33
h = 0.28

1 (9) (+) = 0.28          P

d 0·4,£ 0·27

Assume,  air

t.  = 100 F,1n

t    = 300 F,Out

Tube  ID  =   1  inch.

Thermal properties of air at 200 F are:

k = 0.0185,

C  = 0.241,
P

p = 0.052.

Solve for the mass velocity G:

GO.6 = hdo·4ij.0.27

0.28 k0 67C 0·33
P

G = 1260 lb/h-ftz.
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The flow rate required to remove 85.5 X 106 Btu/h is

0         =   1.7 6 5  x   1 0 6  l b/h, a = C AT
P

/W\

Ga =(X)a.

where A = free  flow area outside tubes.
a

/W\
A  = 1 ·.1  = '1400 fte,a     \ 0  ,

,  /a

free flow area/frontal area = 0.643;

1400
.·.  air frontal area = =   2177   ftz.

0.643

These results show that the size of the NaK-air heat exchanger with

free convection of air is not practical.   If a square air duct is assumed,

then the air frontal dimensions would have to be 46.7 ft X 46.7 ft.  For
a circular duct, the diameter would have to be 52.7 ft.

The obvious conclusion is that it would be difficult and expensive

to obtain enough heat transfer surface.

2.    Forced-Convection of Air

Assume  an NaK -air heat exchanger  of the type shown in Table  4.

a. Heat balance:

air     Q
TS-7 =C AT =    1   7 6 5   x    1 0 6   l b/h.

air    p

NaK - The results obtained from the Na-NaK heat exchanger calcula-

tions will' be used;  i. e.
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W                   =      1.1 1 3   X    1 0 6   l b/h,NaK

t.  = 700 F,1n

t    = 300 F.
Out

b. Assume finned circular tubes with dimensions obtained from
Kays and London, 19 Figure 99, p 116.

Assume

frontal area = 240 ft2.

Hence,

air free flow area = 240 X 0.643 = 154.32 ftz.

c. Mass velocity, Ga:

G =/2.) = 11,430.
a      (· A lair

For air outside finned tubes in a staggered close-pitch formation

f 10 /C l 0·33 GO.61 0·67Co.33

h =0.28. k(G,11'1_.PB  =0.28 P.d --B   k         dm4,10·27

Thermal properties for air are evaluated at 200 F.

h = 20.36 Btu/h-ftz- °F

where h is the heat transfer coefficient on the fin side of the tube.
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d. Fin effectiveness (nf):

k6m= F
where

h = 20.36,

6   =   0.0 1 2   inch,
k=218.4 Btu/h-ft- °F, for copper, at 200 F assuming

that the fin material is made of copper,

nn = 3.9.

From Figure 1, p 31, of Kays and London, 19 nf = 0.98 with
m = 3.9 and r /r. = 1.695.

0 1

e.     Air heat transfer coefficient based  on the inner surface  of tube:

h
ha = (nf X Af + Ao)-A- .

1

Fin area, Af = 2.26 ftz/ft.

Bare tube area, A  = 0.214 fte/ft.

Inside surface per lineal ft, Ai = Tr X 0.926 x 1/12 = 0.242 fte/ft.

h = 204.9 Btu/h-ftz- 0F.a

f.  On the NaK (tube) side:

Assume length of tube = 20 ft,

transverse length = 12 ft.

Approximate number of tubes (transverse):

12 ftN = = 46.7T  3.079
12

where tube spacing = 3.079 inches, 47 tubes may be fit in one bank;
46 tubes in alternating banks for triangular pitch.
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g.    Flow area:

Assume· eight banks, four banks upflow,  and four banks downflow.

T otal numbe r   of  tube s   =   37 2.

aNaK = 1.733 ftz.

h. Mass velocity, GNaK 

G =/EA =   0.642  X   106.
NaK    (a)NaK

i.  NaK heat transfer coefficient:

D GC
Pe  =     e       P  =8 1 1.4

k

where the thermal properties of NaK are evaluated at 550 F. Using the

relationship

Nu =5+ 0.025(Pe)08 = 10.3,

Nukh =-= 2085.3 Btu/h-fte-°FNaK  D
e

based  on the inside diameter  of the  tube.

j. Tube metal coefficient: To evaluate the thermal conductivity
of the rnetal,

h
T  =T    +    a    (T - T )  =  546  F.m     NaK  ' h_ +h a NaK

-N aK              a

Assuming stainless steel tubes, k = 10.7 at 546 F. The equivalentm
thickness,

te = +Do,· 2 - 0.05109 inch.
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Hence,

k
h    =-rn = 2513 Btu/h-ftz-'F.m te

k.  Overall heat transfer coefficient:

1 = 1 -i. 1-      1+U h h ha m NaK

U = 174.2 Btu/h-fte- 0F.

1. Heat transfer area based on inside diameter  of tube:

A  = -Qi Uat

where                                                                                                                                                                                                                                                                                                                                    :

at = (.LMTD) Ft
LMTD = 347.5.

Ftisa correction factor based on two-pass, tube fluid unmixed and

crossflow, shell fluid mixed:   Ft = 0.95. Hence,

Ai  =   1480  ftz.

m. Check number of banks and length of tubes: Inside surface /

bank   =  227.4  ft2 /bank.

1480 fta
n= = 6.5 banks.

227.4   ftz/bank

L =        Ai        = 16.4 ft.
circurnference

These results are reasonably close to the assumed values.
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n.  Pressure drop calculations (air side):

fG2L

A  = 5·22 X 10'0 XPD ; S*  <  Tv  *   L '6.
V

4 x net free volume
De  = equivalent volumetric diameter =

frictional surface
V

where the net free volume is the volume between the center lines of

two vertical banks of tubes less the volumes of the half tubes and fins

within the center  line.

The detailed calculations  are not shown here. The reader is

referred to Kern, Process Heat Transfer.

AP = 0.07 psi.

o. NaK pressure drop·

fG2LnAP=

5.22 X 1010 DS*t

where
0t=l,
f= 0.00016,

n 6 2,

L  =  20 ft,
D = 0.0771,

52 5S= - = 0.84.
62.5

(ap) = 0.779 psi.NaK
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p.  Fan capacity:

Total air hp = 0.0001573 QaPt

where
Q  = air flow,  cfm,

2'Pt = total pressure = dynamic head + static pressure,

Q = 414,310 cfm,

aPt  = 4.9439 inches of water,

air  hp   =   3 2 2.1 9  hp,

322 19
Bhp = = 495 hp0.65

assuming 65% fan efficiency.
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APPENDIX F

Biological Shield Heat Removal Calculations
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For the mirror insulation, past experience has indicated that a heat

loss of 80 Btu/h-ftz is not unreasonable for temperature drops of 5 to

600 degrees. The outside heat transfer area of the primary tank, in-
cluding the bottom-head, is 3336 ft< Therefore, the heat loss is

8 0  Btuth-ftz  X   3 3 3 6   ft2   =   0.2 7   X   1 0 6  Btu/h.

Say,

Q   =   0.5   X    1 0 6   Btu/h.

The outlet argon gas temperature is set at 150 F. In designing the

argon-NaK-air doncept of biological shield heat removal, the tempera-

ture difference is limited since the air inlet temperature is 100 F.
Hence, the possible combination of process temperatures would have

to be such that the inlet and outlet temperatures for each system fall

between 100 and 150 F. Based oh this requirement, the combination of.

temperatures  for each system were established as follows:

Air
11   11

100 F -.  1 1     1 1  - 130 F
11   11

105 .111    1 145-.

NaK

105 Fv I 145 F

Hx 150 F
W ith

Extended Argon
Surfaces ------1.110 F

The flow rates  can be calculated from the usual heat balance equations.

In the design calculations for the argon-NaK heat exchanger with extended

F-2
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surfaces and for the NaK-air heat exchanger, the same procedure was

taken  as in Appendix  D  and  E.

The heat transfer correlations for argon gas flow is

Nu = 1 i = 0.023 Reo.8 pro.4.

F-3
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BAW-1344, except for the changes noted in the table below.  The letters

heading the columns of the table are keyed to the markings on the attached
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BAW-1349 1000-MWe LMFBR Safety Studies B&W Sec. Containment USAEC

BAW-1350 1000-MWe LMFBR Safety Studies B&W Init .   Cond .   -   1. Flow USAEC

BAW-1351 1000-MWe LMFBR Safety Stud·ies B&W  Decay Heat Removal USAEC

BAW-1352  1000-MWe LMFBR Safety Studies B&W  Pri Containment USAEC

BAW-1354  1000-MWe LMFBR Safety Studies B&W Protective Features USAEC

BAW-1355 1000-MWe LMFBR Safety Studies B&W  Eff. of Metal Swelling    USAEC

BAW-1360 1000-bme LMFBR Safety Studies B&W  Init. Cond. - 2. Reactivity USAEC
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:        Mr. R. L. Shannon, Director6  *' bruary 19, 1971                                            3

I note that for BAW-1344 you used a two-piece cover with staple binding,,
and the "binding edge capti.on" actually appeared on the back of the report.
If this is to be the case with the reports anclosed, then tile binditig edge
captions may be omitted.  However, if any of the reports will actually have
binding edges upon which printing can appear (and be visible with the reports
on a library shelf), then the above captions should be used.

The distribution of all of these reports should be our "Distribution A"
plus Category UC-80 , Reactor·Technology, as before. For your convenience I

. am enclosing another copy of the "Distribution A" list previously supplied
to you.

In the reference letter I stated that there would be twelve B&W reports,
and possibly three from other contractors.  This has now been revised downward
to .eleven. B&W reports and one. report from Atomics International. The single
remaining B&W report and the AI report will be transmitted to you when received
and patent-cleared.

Thank you again for your excellent cooperation in publishing these
reports. If there are any questions, please contact me on FTS extension            -
312/739-2971 or 312/739-4844.

Very truly yours, _

1

L. W. Fromm, Manager                         '
1000-MWe Studies
LMFBR Program Office

LWF:el
encls.

cc: (w/0 encl.)
AEC-RDT: Director

Asst. Dir. for Project Mgt.
Chief, Liquid Metal Proj. Br.
LMFBR Program Manager
Sr. Site Representative - ANL

Manager, AEC-CH
Director, LMFBR Program Office - ANL (2 copies)
R. C. Dreyer, DTIE
C. R. Bruce, DTIE
P. W. Rosser, DTIE
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.                            DISTRIBUTION "A"

,. i. . ' (1 copy  to eath, ·addressee unleds otherwise noted)
:h

t-

:                         Division of Reactor Development and Technology.
:                                               

                                                
''
l

U. S. Atomic Energy Commission
. ,

Washington, D. C. 20545

,:11, t'.  1.:...,„.t  litk,5Ff-ErawN-b ttctor··s -'-   :-
S....

---. Asbistant. Director for Project Management .*I.                                              
                                                  

                    . ,

...   ....       I,·. Chief, ·Liquid Metal Projects Branch (2 copies) -
LMFBR Program Manager
Assistant Director for Plant Engineering

Chief, Applications· and Facilities Branch
Chief, Components Branch

Chief, Systems Engineering Branch     M -                                   '1
r

F
Assistant Director for Reactor Engineering (2 copies)
Chief, Core Design-Branch            i

Chief, Fuel Handling Branch
· Assistant Director for Reactor Technology                                   C

Assistant Director for Nuclear Safety . .  r

'.          Assistant Director for Program Analysis; 9

Project.Manajer, FFTF .»
„-

Director, LMFBR Program Office - ANL (2 copies)
..
f· Argonne National Laboratory

g                9700 South Ca
ss Avenue

Argonne, Illinois 60439
f

Office of Sdnior RDT Site Rep: - AI

,
U.    S. Atomic Energy Comqission .
P. 0. Box 309

-9

Canoga Park, California 91304
t

Office of Senior RDT Site Rep. - APDA

U. S. Atomic Energy Commission

1               1911 Firs
t Street

j                Detroit·, 
Michigan 48226

1 ..
' Office of Senior RDT Site Rep. - GE

1               U. S. Atomic Energy Commission
.

„                310 DeGuigne Drive

Sunnyvale, California 94086

11.                                                                                                       .                I l
1

Office of Senior RDT Site Rep. - PNL

U. S. Atomic Energy Commission

Federal Building
Richland  Washingtor 99352

ilillillillil-lill-lillillill.li..............................1
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r       ,-·  2 'Office of Senior RDT Site Rep. - ID
I .4           U. 9, Atende. Etiergy Comnieuion
r  · 11, 0, 146* 210/1

:  '    *                    td#110  )7811§ ,  Idaho  03401
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'               Office of Senior RDT Site Rep. - GGA

U. S. Atomic Energy Commiosion
P. 0. 110x 2325
San Diego, California 92112

f I

Office of Senior RDT Site,Rep. - ORNL

U. S. Atomic Energy Commission
... - "' -,

.. ,„
1   .-..t, ** Oak Ridge,. Tennessee 37830

Office of RDT Site Rep. - CE

U. S. Atomic Energy Commission
P. 0. Box 500
Windsor, Connecticut 06095                                                 -

Office of RDT Site Rep. - UNC
U. S, Atomic Energy Commission
er##Ng 4)149  8904 t //

Flfw fbrd, Nmq Yc i-1  1052.2  
klill:,1:.t,J: Ill·l, r,·th #119£.1.

it .AQI'.Op tly#i:aill#i arid Pattdi'111411;18 11£'tinCII
Divislon of ReActor St#ndards - BETH = 010
U. S. Atomic Energy Commission
Washington, D. C. 20545                                                       :

Atten: Mr. C. L. Allen

Division of Reactor Licensing - BETH - 010
U. S. Atomia Energy Commiesion
WA#hfnAton, D. C. 20545
Atton:  Dr. P. Morriu, Diructor (1 copy)

:                         Mr. S. Levine (1 copy)
J

Chief, Foreign Activities. Staff
i                 Office of Assistant General Manager for Reactors

U. S. Atomic Energy Commission
Washington, D. C. 20545

Mr,. Carl R. Malmstrom
a                U. S. Atomic Energy Commission

Scientific Representative - London
American Embassy Box 40
F.P.0., New York 09510

i
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                 Mr• Joseph Di
Nunno

3,; U. S. Atomic Energy Commission

Scientific Representative - Paris
American Embassy

1     A. P.0., New York 09777 r
&

f

Mr. Dickson B. Hoyle

U. S. Atomic Energy Commission

Senior Scientific Representative

i                U. S. Mission to the European Comm
unities

U. S. Embassy                           Z

A.P.0., New York 09667
4-40 9- .  --- -I--....."410*1 -- .1 I ... ..» .... .I--- .., . I
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i Fast Reactor Physics Division

-     Atomic Energy Establishment, Winfrith 1

Dorchester, Dorset, England

..2 Mr. Robert E. Macherey
5                Metallurgical Specialist

Fast Reactor Fuels

Gesellschaft fur Kernforschung M.B.H.

Postfache 947      ·             
     '

75 Karlsruhe, Germany                 '

Dr. Stanley J. Stachura
f                 Commissariat a l' Energie Atomique
/

Centre d' Etudes Nucleaires de Cadarache
1:                                                 
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Boite Postale 1

1                St. Paul Les Durance (B. Du. Rh.), 
France.

: Brookhaven National Laboratory

Upton, N&w York 11973

Attn: . M. ,Goldhaber, Director (2 copies)
i.

-.

Los Alamos Scientific Laboratgry
Post Office Box 1663

Los Alamos, New Mexico 87544

Attn:  Dr. David B. Hall (2 copies)

Oak Ridge National Laboratory

Union Carbide Corporation
AEC Operations - Post Office Box X

Oak Ridge, Tennessee 37831

Attn:  Dr. Floyd L. Culler (2 copies)

Oak Ridge Ndtional Laboratory

Building 9201-2, Y-12
Post Office Box Y

Oak Ridge, Tennessee 37830

Attn:  Mr. R. E. MacPherson, Jr.
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Atomics International
A Division of North American Rockwell Corporation
Post Office Box 309
Canoga Park, California 91304
Attn:  Mr. J. J. Flaherty, President

r. Liquid Metal Engineering Center
P. 0. Box 1449

Canoga  Park, Cali fornia 91304
Attn: Mr. R. W: Dickinson, Director (3 copies)

Gdneral Electric Campany
Advanced Proaucts-Operation
310 DeGuigne Drive

Sunnyvale, California 94086
Attn:  Mr. Karl P. Cohen, Manager (3 .copies)

.,

Pacific Northwest Laboratory . *'

Battelle Memorial Institute             ·                                         ,  *
Post Office Box 999
Richland, Washington 99352    · -                                     ;1Attn: Dr. F. W. Albaugh·, Director (1 copy)

1.            4

Dr.  E. R. Astley, Project Mgr., FFTF (4 copies)

1 41
Westinghouse Electric Corporation                                                    -
Advanced Reactors Division ·t  
Waltz Mill dite - P.O. Box 158 : p
Madison, Pennsylvania 15663
Attn:  Dr. J. C.R. Kelly, Jr., General Manager (2 copies)

Combustion Engineering, Inc.
Nuclear Power Department
P.O. Box 500
Windsor, Connecticut 06095
A tr: Dr. Walter H. Zinn (2 copies)

MSA Research Corporation
Callory, Pennsylvania 14024
Attn: Er. C. H. Staub, Director, Marketing Division

Atomic Power Development Associates,  Inc.
1911 Firsc Screec
Decroit, Michigan 48226

Attn:  Mr. Alton P. Donnell, General Manager (2 copies)

Power Reactor Development Company
1911 First Street

Detroit, Michigan 48226
Atcn:  Mr. Arthur S. Griswold, General Manager

L



1' . -1.
1. „- . 44/..

-        C,. I     *L

„.

Distribution "A" -5-

United'Nuclear Corporation
Post Office Box 1583
365 Winchester Avenue
New Haven, Connecticut 06511

Attn:  Dr. A. Strasser (1 copy)
Dr. K. Goldman (1 copy)

The Babcock & Wilcox Company

Atomic Energy Division

i
Technical Library
5061 Fort Avenue - P.O. Box 1260

Lynchburg, Virginia 24505
Attn:  Mr..S..H. Esleeck (3 copies)

General Atomics
Division of General Dynamics Corporation
Post Office Box 608

San Diego, California 92115
Attn: Dr. Frederic de Hoffmann

Nuclear Materials & Equipment Corporation
Apollo, PeRnsylvania 15613                            -

Attn:  Dr. Z. M. Shapiro, President

Baldwin-Lima-Hamilton Corporation
Industrial Equipment Division

Eddystone, Pennsylvania 19013

Attn:  Mr. John Gaydos,'Senior Engineer (1 copy)
Mr. R. A. Tidball (1 copy)

M. W. Kellogg Company
711 Third Avenue
New York, New York 10017
Attn:  Mr. D. W. Jesser, Vice President of Engineering

Southwest Atomic Energy Associates
1

Post Office Box 1106
1 Shreveport, Louisiana 71102

Attn:  Mr. J. Robert Welsh, President

U. S. Atomic Energy Commission
Technical Information Extension
Post Office Box E

Oak Ridge, Tennessee 37830
Attn:  Mr. Robert L. Shannon, Manager  (3 copies)
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Professor W. Haefele
Kernforschungszentrum Karlsruhe

7500 Karlsruhe, Germany (10 copies)

Mr. C. Vendryes
CEN Saclay
Boite Postale 2
Gif-Sur-Yvette (S at 0), France (10 copies)

Mr. A. deStordeur
Euratom
53 Rue Belliard

1           Brussels 4, Belgium (10 copies)
6.'44: .            ", ... ......

Dott, Ing. F. Pierantoni
CNEN
Via Mazzini 2

Bologna, Italy (4 copies)

United Kingdom Atomic Energy Authority                                             1
Reactor Group Headquarters
Kisley, Warrington; Lancashirei,

England
Attn:  Mr. Robin Nicholson, Head of Commercial and Overseas

Relations Dept. (12 copies)

Argonne National Laboratory
9700 S. Cass Avenue

Argonne, Illinois 60439
Attn:  Mr. Li W. Fromm (40 copies)
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