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THERMAL HYDRAULIC ANALYSIS OF MH-lA CORE 5 

SUMMARY 

This report presents the thermal hydraulic analysis of Core 5 for the 
MH-lA Floating Barge Nuclear Power Plant. The primary p rpose of thi s study 
is to de1DOnatrate that the reactor core is capable of meeting normal steady­
state and transient performance requirements without violating the integrity 
of the fuel-ele■ent cl dding. The analyse3 presented herein define the limit s 
of safe operation for the core in terms of measurable reactor parameters: Re­
actor power, primary system prer.sure, coolant temperature and flow. The re­
actor protection system ia designed to trip the reactor to protect the core 
in the event that reactor parameters approach the core design limits. The 
steady-state thermal analysis shows tha t the prescribed setpoints wi th allow­
ance for error aasure protection during all normal operations. The analysi s 
of limiting reactor transients caused by operator error or equipment malfunction 
demonstrates the adequacy of the protection system in assuring that core limits 
are not exceeded during anticipated transient conditions. 
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I. INTRODUCTION 

A. Scope of Report 

Section I gi ve. a summary plant descrip t ion, discusses the Type I I fuel 
design, and present t; t he general thermal hydraulic parameters pertinent to the 
core analysis . 

Section II is a safety evaluation summarizing the analyses that demonstrate 
the adequacy of the protection system during steady-state and transient con­
ditions. The section includes a discussion of the normal plant operating 
limits and reactor core safety limits. 

Section III defines the criteria that provide th~ basis for detP.rmining 
the core safety limits and for evaluating the reactor protection system. 

Section IV contains a description of the steady-state core thermal analy­
sis, which includes the evaluation of fuel and cladding temperature distri­
bution, limiting heat flux, and coolant enthalpy conditions, 

Section V presents the analysis of the limiting reactor transients, 
These transients include uncontrolled rod withdrawal in the power range and 
during source-level startup, secondary-system steam-line rupture, and loss 
of reactor coolant flow due to loss of power to both pumps. 

B. Plant Deacription 

The MH-lA Floating Nuclear Power Plant (STURGIS) is designed to serve the 
U.S. Army as a mobile source of power at any site accessible by waterways. 
The MH-lA can be utilized aa a source of electrical power for a variety of 
missions. It is towed to a mooring site, secured, and put into service. 
The reactor is not opera~ed during towing or associated transitory operations. 

The nuclear power plant is installed in a floating mount consisting of a 
Liberty Ship hull, modified by the addition of a new midbody. All of the 
original propulsion equipment has been removed, and the nuclear reactor and 
aasociated equipment have be.en located in the new midbody. The design of the 
floating mount is in keeping with commercial marine standards consistent with 
the applicable rules and regulations of the U.S. Coast Guard and the American 
Bureau of Shipping. For added protection, a collision barrier and a deeper 
inner bottom are provided. 

The electrical generating sys tem is used to generate the electricity re­
quired for plant operat i on as well as the 10 MWe for shore distribution. 
Either SO- or 60-cycle alternating current can be supplied (the SO-cps oper­
ation allows a maximum net output of 8.05 MWe). 

The heart of the nuclear system is a 45-M'Jt pressurized-water reactor. 
The nuclear core utilizes l ow-enriched pellets of uranium dioxide in t ubular 
fuel elements, boron steel control rods wi t h stainless steel followers, and a 
single-pass coolant flow. 

1 
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The singlo r ea ctor prinu1r y-coolam.t l oop and aU associated equ:Lpmemt a-ue 
housed in a cont airunent vessel. Twit! catmed--rotor main coolant putnps mounted 
i n parallel a r:e r equited fo r reacto r lo.op op,eration. The system Jress,1rbar 
ut :ilh .es ian d ec t r i. c htua t er and water quench ;.;yste.m for tnaintaining prop,er 
pressur e during operation . A ver t ical U- tube steam gener ator i.s used to 
s upply $ t e.am to the mai.11 t urb ine. 

The coolan t enter s the r eactor vess e l through a single :i.nlet nozzle lo­
cated :tn a plane above the co re , flows down in flow paths between the vessel 
and core bar rel , and makes a 180-detree upward turn. The coolant then passes 
thro1J.gh the lowe r or ifice plate , which reduces any maldisttibution caused by 
t he i nl e t conditions , and through a lowe r grid plate , which distributes the 
fl ow to the fuel elements , con t rol rods , and inner thennaJ shields. After 
pat,$ing t hrough t he core , t he reactor exit plenum, and hot-lag piping, the 
p rJ.•1.1a r y cool ant ~nters t he s team ge1'ler.ato1:, where heat is transferred from 
r ,,rn ct or coolant t o t he s econda r y wa ter on ths shell side, producing steam 
fD r t he main t urbine . 

Fuel ts ccmt dned w:l.t hin free-s tanding, fully-annealed, typ,e .348 stain .. 
l ess s t eel tubbg . Adequate radial pellet clearances are provided to assure 
t:i e ! le t assemb ly and f reedom for £ 1.Hi!l swe.ll i ng . A fission•gas plenum is 
provi ded :l.n each fuel t ube for tlv~ collection of released fission gas,es. 

The cor.e conta i ns 12 crucifo rm-·shaped control rods with stainless steel 
followers. The control-rc.,d mater:lal is type 304 stainless steel, containing 
bNon e.n r :tche.d i n t he isotope borcm- 10 . The control material and fol-lowers 
are clad wi t h t ype 348 s t ainless s t ee l . 

C.. I Y~- II Core D!isig-e_ 

Hrl-1.A Type II Core ( re fe rence 1) 1 consists of 32 fuel assemblies designed 
fo r fu ll core (ba t ch) l oading and an increased core lifetime. The major 
cha nges in t he Type II design affecting performance o.f the fuel consist 
of a.n focr: ,e as e in U- 235 enrichment and the add ition of burnable poison 1·ods 
n ~p.la c in.g certain fuel rods. These changes increase the burnup cap-
abH :Lt y of t he co re while controlling r eactivity and power distribution 
dur ing core l i fe . 

Thf, mechan ic a l con f igura tion of the fue l as s embly is essentially unchanged 
from t h~ Type I design , and t he ref ore no changes in core average-flow charac­
t •,i r i .s t:j.cs. are exp ec t ed , However, the thenna.1 per formance o f the fuel is 
aJ f c c ti~d by the r educed number of fu el rods h1 the core resulting from the 
ins -en ion of burnabl e po i son rod.s . This reduction i n numbe r of fuel rods 
t r:: rea ::1e s t he ave rage powe r per r od (k.w /f:t:) and the core average heat flux,. 
l lm,.1ever , improv 2.ment s in t hE: power dis tribution of t he Typ-e II core and 
addit io nal operating r es tr ict ions placed on the plant result in a net re­
r.:: uc tion i n pe-ak powe r and hea t flux from t he previous Type I cores. 

The nom j.nal pl an t operat i ng conditions are unchanged from the Type I 
cor es and cons i st of t he f ol l owing : 

1 F . E. '.·1 ue l1rw r , e t. -ci l , ' 'Type II Co r e Des i gn fo r t he MH-·lA", NUS-576, 
'" '-~'- l 1, 2,. Sept ember 1970. 



1, Core thermal power of 45 mw 
2. Design coolant flow of 8650 gpm 
J, System pressure of 1400 psia 
4. Coolant inlet temperature of 476°F 

The effect of fuel densification on the Type 11 fuel performance ha 
been analyzed and is discussed in the addendum. The general thermal hydraulic 
characteristics of Core 5 are summarized in Table 1. 
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TABLE 1 

THERMAL AND HYDRAULIC CHARACTERIS"ICS OF HH-lA CORE 5 

Rat ed power level, MW 
Btu/hr 

Heat gene rated in the fuel,% 

Pressure 
Nominal, psi::i 
Minimum steady-state, psia 

Coolant flow (nominal) 
Total flow, lb/hr 
Coolant flow to inner thermal shields,% 
Total coolant l eakage flow,% 
Effective core flow rate, lb/hr 
Core flow area, ft2 
Average coolant mass velocity, lb/hr-ft2 
Average velocity along fuel rods, ft/sec 

Coolant temperature 
Nominal inlet temperature, °F 
Maximum inlet, steady-state, °F 
Average rise in vessel, °F 
Nominal outlet of vessel, °F 
Nominal core bulk outlet temperature, 

Heat transfer (at rated power) 
Active heat transfer area, ft2 
Core average heat flux, Btu/hr-ft 2 
Average linear heat .rate of rod, kw/ft 
Maximum linear heat rate, kw/ft 
Maximum U02 temperature, °F 
Average core enthalpy rise at rated 

power Btu/lb 

Hot channel (115% overpower) 
Reactor power, MWt 
Maximum heat f t ux, Btu/hr-ft2 
Maximum uo 2 t emperature Of 
Maximum clad surface temperature, Of 
W-3 DNBR (minim~m) 

(1) Beginning of life eouilibrium Xenon 

4 

OF 

45 
1.53 X 10 8 
96.6 

1400 
1317 

4.40 X 106 
2.3 
8.8 
4.01 X 106 
5.22 
0.796 X 106 

4.3 

476 
492 
30. 3 
506.3 
509 

1204 
0.123 X 106 
4.8 
16.oCl) 
4100 

38.2 

51.8 
0.529 x HP 
4400 
612 
1.59 



II . SAFETY ~VALUATION 

This section discusses the ~election of the safety system aetpoints and 
the margins that these setpointa assure with respect to the safety limits. 
A summary of the protective systems settings for MH-lA Core 5 is presented, 
including the alarm setpoints and reactor trip aetpoints and the effects of 
associated instrument error on each. Subsequent paragraphs discuss safety 
limits and summarize the conclusions of the steady-state and transient 
analyses. 

A. Safety Limits 

The basis for the determination of safety system setpoints is that given 
in AEC General Criterion 10 (Ref. 2) 1: 

"Criterion 10 - Reactor design. The reactor core and asaociated 
coolant, control, and protection systems shall be designed with 
appropriate margin to assure that specified acceptable fuel design 
limits are not exceeded during any conditio~ of normal operation, 
including the effects of anticipated operational occurrences." 

The concept of a safety limit is further described in the "Guide on 
Content of Technical Specifications for Nuclear Reactors", also an AEC 
document. 

"The safety limit is a value of the chosen vttriable at which one 
can say with confidence that no serious consequences will occur. 
If the value of the variable were to be at this limit and all 
other variables at the upper bound of their operating -range, and 
if all uncertainties in technical knowledge of the process were 
resolved unfavorably, no hazard to the public would exist." 

The limiting safety system settings are established so as to assure ths.t 
core damage will not occur during normal operation and anticipated transient 
conditions by preventing reactor parameters from approaching or exeeding 
the safety limits. The basis for determining the core safety limits is the 
protection of the fuel cladding - the first barrier to the unsafe release of 
fission products. The integrity of the fuel cladding is assured by (1) pre­
venting fuel centerline temperatures from reaching to melting point under all 
operating conditions, and (2) preventing departure from nucleate boiling 
(DNB) or flow instability which can lead to DNB. The occurrence of DNB must 
be prevented because of the resultant large decrease in heat transfer capa­
bility of the cladding surface, and the possibility of cladding failure due 
to high temperature. 

Safety limits have been developed for observed system parameters used in 
monitoring the behavior of the reactor plant. Fi~ure l shows the reactor 
core safety limits for thermal power, coolant temperature, and pressure at 
the design flow rate of 8650 gpm. The area of safe normal operation is below 
these lines. A safety 11.mit i.s considered to be exceeded if the point defined 

1 "General Design Cr ~teria for Nuclear Power Plant Construction Permits", 
Proposed Amendment to lOCFR Part 50, Federal Register Vol 32, No. 132, 
July 11, 196 7. 
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by the combination of reactor outlet temperature and power level is at any 
time above or to the right of the approprlate limi.t corresponding system 
pressure. The pres~ure curves shown in Figure 1 represent the loci of points 
of reactor power and coolant temperature for which the minimum DNBR is no 
less than 1.30 and the maximum coolant void fraction is no greater than 0.32. 

The safety limits represented by these curves should be interpreted 
properly as the maximum allowable rale of heat trans fe r f rom th~ fuel to the 
coolant {thermal power). Note that the rate of heat generation (neutron flux 
level) is equal to the rate of heat transfer to the water only if the neutron 
flux is not varying with time. In the case of power excursion, the rate of 
heat transfer to the coolant can exceed the safety limit only if the nuclear 
flux level remains in excess of it for a sufficient length of time. Analysis 
of specific transient conditions determines whether an ac tual safety limit 
has been violated. 

It should be noted thaL these safety limit curves are not a basis for 
ttormal operation. Normal plant operations are well within the limits speci­
fied by these curves. For adverse operating conditions, the reactor protection 
system is designed to actuat •~ a reactor trip before a safety limit is reached 
to assure that core design linits are not ~xceeded. 

B. Normal Operating Limits 

The normal operating band is defined by limits above and below the nominal 
full power value of each prime system variable. For the MH-lA, the prime 
system variables are reactor thermal power, primary system pressure, r~actor 
coolant temperature, and flow. Determination of the operating band is based 
on observed deviations during normal plant transients {i.e., load changes), 
on permitte~ deviations during steady-state operation, and on control system 
deadband and ~vershoot. 

Instrumentation, including visual and audible alanns, is provided for 
monitoring reactor parameters. In the event of deviations from the operating 
band in a nonconservative direction, the alarm system alerts the operator to 
take corrective action and return the plant to the normal condition. Opera­
tion outside the normal rang~ is undesirable because of the reduced margins 
to safety limits and the possibil i ty of initiating transients from this 
condition. The technical apecif.ications limit the time during which normal 
tranbient adjustments can place the system outside the operating limits. The 
following paragraphs discuss the nor~al operating bands for each of the 
system parameters and the adverse operating limits, including instrument and 
calibration errors that are used in the safety anal yses. 

1. Thermal Power Level. The rated power leve l of the MH-lA is 45 MW 
the .·mal. This power level is established by a secondary plant heat balance 
across the steam generator. The ion chamber current of the power range 
channels is periodically calibrat~d to this measured ,ower. Secondary power 
is obtained from measurement of feedwnter flow, f eecl·,at e r inlet temperature 
to the ste~~. generator, and steam pressure . Tabl e 2 shows the heat balance 

7 



calibration error for n11minal full power conditions. These errors Eire ron­
sibtent with the apecif. ed accur~cy of the secondary plant instruments and 
assume a laboratory~-cali?rated feedwater flow nozzle. A nominal value of 
the heat balance calibra ,· ion error of +3% is conservatively aHumed in the 
analyses and additional trror of +2% (actual error <1.4%) due to setpoint 
repeatability is added in determining eafety system setpoints. Allowing 
margin fo r no1"111al fluctua ~ion in l oad demand, an alarm placed on power level 
at 106 percent including allowance for instrument and calibration error, 
resu l ts in an adverse operating power of 111 percent. 

: . Primary System Pre11ure. The nominal primary system pressure at the 
~lll-lA is 1400 psia. The presaure is controlled automatically by three banks 
uf pressurizer heaters and the pre11urizer spray valves. During normal oper­
ation the first-stage heaters are in continuous operation to offset losses 
and the second-stage heater, cycle on and off automatically to maintain the 
pressure between 1385-and 1400 psia. Under transient conditions the third­
stage heaters are energized on decreasing preasure at 1355 psia and the 
pressurizer spray valves are actuated on increasing preasure at 14 80 psia . 
Allowing for tran& ~ent overahoot and conaidering that during normal operation 
the third-atage heater& ate not energized, an alarm eatablished on low system 
pressure at 1340 psia (1325 psig), including allowance for trror of +23 psi, 
results in an adverae operating pressure of 1317 paia. 

3. Reactor Coolant Teaperature. The averAae reactor coolant temperature 
at rated power is maintained at approximately 49rPF during norml\l full power 
operation with a corresponding reactor outlet temperature of 506°F. Primary 
system response to load change during normal operation can result in an 
increaae in coolant temperature at reduced plant load. An operating limit 
placed on high coolant outlet temperature of SlrPF (to provide adequate mar­
gin during maximum aystem load changes) includiq an allowance of ±4°F for 
instrument error reaults in a maximum adverae outlet temperature of 534°F. 

4. Primary Coolant Flow. The nominal primary coolant flow at the MH-lA 
is 10,800 gpm (4.40 x 106 lb/hr at 490°F):baaed on pump manufacturer test 
data and plant differential preasure measurement.I. Uncertainty in the 
determination of the flow including an allowance for changes in operating 
characteristics with lifetime results in a minimum normal flow of 10,200 gpm. 
Small changes in coolant temperature do not affect the volumetric flow 
significantly. 

During normal operation the flow is not controlled by the operator; 
however, if a reduction or loss of flow were to occur while the reactor ia 
at substantial power, the safety system assures reactor shutdown before 
DNB limits are reached . The minimum design coolant flow rate assumed in 
the safety analyses resulting from a reduction in pump output is 8650 gpm. 
Thus, an adequate margin is provided between the design coolant flow and 
the minimum nornal flow cf 10,200 gpm. 

8 



TABLE 2 

HEAT BALANCE CALIBRATION ERROR IN THE DETERMINATION 
OF REACTOR THERMAL POWER 

Parameter 

Feedwater temperature 
Feedwater pressure 
St eam pressure (small 

correction to enthalpy) 

Feedwate r flow 

C. Safety System Setpoints 

Secondary 
Plant Measurement 
Error 

, s.s°F 
:+-16 psia 

! 16 psia 

±1.25% 

Total error 

Equivalent 
Accuracy, 
% Rated Power 

±0. 7% 

±1.25~ 

±1.95% 

The reactor safety system automatically trips the reactor to protect the 
core if measured reactor variables exceed the safety system setpoints. These 
setpoints are specified so as to assure that none of the core safety limits 
identified in the thermal hydraulic analysis are violated during either 
normal plant operations or anticipated transients. Adequate margins are 
provided between the nominal steady-state operating conditions and the 
safety system setpoints to prevent spurious scram during normal operation. 

Table 3 summarizes the limiting reactor safety system setpoints required 
by the safety analyses and the effects of instrument and calibration errors 
on each. The manner in which these setpoints assure protection of the core 
during steady-state and transient operation and the margins that they pro­
vide with respect to the saf ety limi ts are di scussed in the following 
paragraphs. 
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1. Steady-State Evaluation. To illustrate the normal margins durlng 
steady-state operation or slow transients in which instru~ent _response 
considerations are not significant, safety limits are determined for single 
parameters with other variables at their maximum adv~rse conditions defin~d 
above. These represent limits of departure from nu~leate boiling (DNB) or 
void fractions that fall on the more general safety-limits curves. During 
rapid transients, detailed system response must be evaluated to determine 
whether an actual safety limit has been exce~ded. 

a. Reactor Thermal Power. The high reactor power-level trip provides 
protection against overpower conditions that could result jn exce~ding limits 
on fuel tem~erature or DNB. The effects of fuel densification hav e beer. 
included in the evaluation of these limits. Fuel den3ification can result 
in increased local power density and reduced pelle t-to-clad thermal con­
ductance, which increases fuel temperature and heat flux during operation. 
In order to assure that the fuel center temperature does not reach the UO r 
melt i ng temperature, limits have been placed on reactor thermal power level 
and power-level trip setting as shown in Table 4. The specified safety 
system setting with allowance for error assures that the safety limits o ri 

thermal power level will not be exceeded. These limits consider the vari­
ation of fuel temperature and power distribution with burnup. For a given 
power density, fuel temperature will first increase due to fission gas 
buildup and then decrease due to irradiation-induced fuel swelling. There­
fore, the c~re power limit and limiting safety-system setting change accor­
dingly. 

The changes in the power-level trip setting will be done in a series of 
discrete steps at intervals determined on review and approval of the plant 
safety committee following the liruits shown in Table 4. 

TABLE 4. THERMAL POWER LIMITS VS FUEL BURNUP 

Fuel Burnup, Limiting Safety Safety 
Effective Full System Setting, Limit, 

Power ileeks % 45 MWt % 45~ 

0 to 5 < 110 118 
5 to 10 105 117 

10 to 20 100 110 
20 to 30 96 105 
30 to 50 94 103 
50 to 60 96 105 
60 to 70 102 112 

> 70 1.10 118 
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b. Reactor Coo lan t Temperature. The high coolant-out l et temperature 
scr am protects the core against DNB or excessive void formdt i on . The 
analysis rhows tha t the safety limit on cuolant temperature during operat i on 
withi n the design l im its in 546°F. The reac tor scram se tpoint of 530°F 
thus pr ovides a steady-sta te margin of 16° r before the safety limit is 
reached; 4 F of this margin accommodates instrument and calibration er ror. 

c. Primary System Pressure. The low-pressure reactor scram protects the 
co re against excessive core void fraction that could result i n DNB. The 
safety limit on system pressure during operation within the design ' i mits is 
1220 psia. Thus, the s~tpoint on primary system l ow pressure of 1290 psia 
provides a steady-st , te margin of 70 psia to the sa fety limit; 23 ps i of 
t his margin accommodates instrument and calibration error. 

d. Primary Coolant Flow. This trip protects the core f r om DNB as a 
result of decreasing primary coolant flow. The limiting coolant flow rate 
for steady-state operation is 7400 gpm. The ,nlnimum coolant flow assumed in 
the safety analyses resulting from a reduction of pump output is 8650 gpm. 
Thus, the steady-state margin between the design flow rate and the sa fety 
limit is 1250 gpm. 

Low coolant flnw in the primary system is sensed by measurement of pump 
Jifferential pressure and pump power. The low flow trip point is determined 
assuming a relationship between coolant flow and differential pressure: 

where dp 0 is the reference pressure differential corresponding to the refer­
ence flow rate W0 at normal operating conditions. The maximum setpoint error 
is ±3.3 psi or 6.2 percent flow including allowances for ship's motion (roll 
and pitch) and transmitter temperature change. The required setpoint on flow 
is then (8650/10200) + .062 • 0.91 normal flow or (.91) 2100 • 83 percent nor­
mal pressure differential at ·power (490°F). 

Measured pump power under normal operating conditions (490°F) is 189 kw. 
If one pump becomes inoperable, the maximum power drawn is 113 kw. Thus , 
a pump power setpoint of 135 kw including effects of instrument error 
(±4 kw) assures that a reactor scram signal is initiated upon loss of power 
to one or both primary coolant pumps. 

2. !!.!.,nsient Evaluation. A summary of the limiting reactor transients 
and the protection provided by the safety system is presented in the follow­
ing paragraphs. The transients are assumed to be initiated from the most 
auverse initial steady-state conditions so as to minimize the initial margins 
t u DNB. It should be noted that during transient conditions, safety margins 
~re evaluated with respect to safety limits curves. This is the result of 
the fact that safety limit s are related to interdependent variables such as 
(1) reactor coolant t empernture (2 ) heat flux (thermal power), and (3) re-
3ctor coolant pressure. The use of sa fety-limits curves aids in the de­
t e rmination of whether a part i cular limi t i s approached or exceeded. 

12 



a. Pnwer Range Ro~ Withd ~awal Transient. The analysis shows that 
uncontrolled rod withdrawal in the power range for both fast and slow re­
activity insertion rates i s constrained by a combination of high power and 
high coolant-outlet temperature scrams. The high power-level scrams provide 
protection for rapid reactivity insertion rates causing the power level 
transients too f ast for system process variables to respond. The specified 
setpoints assure tha t the reactor is scrammed before limits on fuel temperature 
or DNB are exceeded. The high reactor outlet temperature scram protects the 
core against uncontrolled slow reactivity insertion or large load mismatch 
between the reactor and the turbine generator. The analysis shows that the 
specified setpoint wi th allowance for instrument response and coolant transport 
delay (~4 sec) assures that the reactor parameters are always below the core 
safety limits. 

b. Main Steam Line Rupture Transient. The effect of rapid cooldown 
of the primary system resulting from a main steam line rupture was analyzed 
for the most severe conditions with respect to reactivity addition and 
initial steady-stAte conditions. A minimum pressure corresponding to the low­
pressure setpoint plus error was assumed in the analysis because of the rapid 
decrease system pressure during the transient. The analysis shows that the 
high-power reactor trip is sufficient to prevent violation of the core safety­
limit boundaries. 

c. Loss of Coolant Flow. Loss of coolant flow in the reactor loop is 
sensed by pump differential pressure and pump power. The specified low-flow 
r~actor scram setpoints including error assure protection against DNB in 
the event of either a decreasing actual measured flow or sudden loss of 
power to one or both reactor coolant pumps. The analysis shows that the 
core is protected from loss of flow incident to the specified setpoints and 
a delay time between pump failure and initial rod insertion of 0.5 seconds. 
Since any possible increase in measured coolant outlet temperature occurs 
after the low-flow scram, and since there i s no reactor power increase in 
the transient, the setpoints of these variables are not influenced. While 
the primary system pressure might increase during the transient, the pressure 
is conservatively taken at its minimum operating value. 

d. Sou~ce Range Rod Withdrawal Transient. Protection against rapi.d 
approach to criticality caused by continuous control rod withd~awal from a 
subcritical condition is provided b} the high-power reactor trip. Although 
very ccnservative assumptions were used, the analysis indicates that the 
reactor core is fully protected from the source-range rod withdrawal transient. 
Because of the rapidity of the transient and the long fuel-heat transfer-time 
constant, fuel temperature is the most limiting safety criterion. There is 
a lar&e margin to DNB during the transient, since the rod surface heat flux 
remains low. The maximum fuel temperature during the transient is less than 
fuel temperatures at r a ted power. Since the transient is initially terminated 
by Doppler effect, the fuel t emperature is relatively insensitive to reactor 
power setpoint. The other reactor system setpoints are not influenced by 
this transient. 

13 
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III. DESIGf BASES 

The thermal design of the MH-lA is baeed upon protection of the core 
from any transients or operating conditions that might result -in loss of 
the first line of containment - the fuel-pin cludding. In order to insure that the cladding integrity is not violated, certain design bases are defined. These const i tute limits on minimum DNB ratio, maximum fuel-centerline temper­ature, and flow stability. 

A. Departure From Nucleate Boiling Ratio (DNBR). 

While the occurrence of DNBR does not necessarily lead to cladding failure, protection against DNB combined with protection against high cladding temperature does insure against cladding failure. 

In order to insure that sufficient margin to DNB always exists during steady-state and transient operation, a minimum DNBR of 1.30 was established. DNB ratio is defined as: 

DNBR • ~NB 
q".tct 

where q"DNB is the heat flux which results in departure from nucleate 
boiling for given flow rate and core inlet temperature conditions, and 
where q"act is the actual heat flux for the same flow rate and inlet temper­ature conditions. 

The empirical correlation used to calculate DNB heat flux was Westing­hcuse W-3 correlation developed by Tong (Reference 3)1. The correlation is: 

q"DNB,EU • ((2.02 - 0.0004302p) + (0.1722 - 0.0000984p) 

exp (18.177 - 0.004129p)X] x [(0.1484 - 1.596X 

+ 0.1729XIXl)G/106 + 1.037] x (1.157 - 0.869X) 

[0.2664 + 0.8357 exp (-3.151 De)] x [0.8258 + 

0.000794 (Hsat - Hin)]. 

where: 

De• hydraulic diameter 

p = pressure 

X = quality 

G • mass (low rate 

1 L. S. Tong, "Prediction of Departure from Nucleate Boiling for an Axially Non-uniform Heat Flux Distribution," J. Nuclear Energy, Vol 21, (1967). 
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Hsat • saturation enthalpy 

H~n • inlet enthalpy 

The heat flux is given in Btu/hr-ft2 and the units and the ranges of para­
meters of the data used in developing this correlation are: 

P • 1000 - 2300 psia 

G • .37 x 106 - 5.0 x 106 lb/hr-ft2 

De• 0.2 - 0.7 in. 

X1oc • 0,15 - +o.15 

Hin•> 400 Btu/lb 

channel length• 10 - 144 in. 

The correlation is extended to channels with nonuniform axial flux distri­
bution by: 

q"DNB,N • q"DNB,EU/F, 

where: 

q"DNB,EU • equivalent unif ,"'rm .DNB flux, and 

C F•--,.,.------------
q"local[l - exp(-CiCNB,EU)] 

iDNB 
Xf q"(z) exp[-c( 1DNB -Z)]dz 

0 

0.15 ~l-XoNB) 4 -3l, in- 1 
C • (G/10 )0.418 

where iDNB • length along channel to the point where DNB occurs. 

8. .!.':1~1 Temperature. 

While it has been ~roven possible to operate safely w,ith centerline fuel 
melting (Reference 14) , a limit of no centerl i ne fuel melting is placed on 
the MH-lA to preclude the possibility of cladding damage ',Jue to fuel slump. 
This limit, coupled with the limit on DNBR and the possible range of coolant 

.I 

1 "High Performance U02 Program Molten Fuel Rod Operatici'n to High Burnup," 
Lyons et al, GEAP-5100-2, November 1966. 
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temperatures, also precludes the possibility of the cladding temperature's 
getting high enough to cause either cladding melting or a metal-water 
reaction. This limit of no centerline fuel melting is expressed as a 
maximum permissible linear heat rate, which is primarily a function of the 
thermal conductivity of the fuel. 

The U02 thermal conductivity is based on the data of Lyons (Ref 4, s)l 
for 95% theoretical dense fuel: 

k(T) • 38 •2 + 6.126 x 10-13 T3, w/cm 
129 + T 

where k(T) is the fuel conductivity and T +s the fuel temperature in °K. 
The above equation results in an integral k(T)dt from Oto 2800°C of 
93 w/cm. The U02 melting temperature (Ref 13)2 is taken as 5080°F unirrad­
iated decreasing by 58° per 10,000 MWD/MTU of fuel burnup. 

C. Flow Stability. 

Periodic oscillations or instabilities could, if they occurred, lead 
to coolant conditions that would initiate premature DNB. Instabilities 
presently postualted depend on the large density changes inherent in a 
violently boiling environment. During normal operation, the MH-lA does 
not experience any bulk boiling in the hot channel. During adverse 
operating conditions the maximum core void fraction is limited to 0.32. 
This limit is considered conservative in preventing flow instabilities. 
The computer codes used in the analysis of transients are able to detect 
and analyze density and friction-factor-driven instabilities. Again, the 
proper choice of safety system setpoints will preclude any u.1stable flow 
oscillations. 

1 M. F. Lyons, et al, "uo2 Pellet Thermal Conductivity from Irradiation 
with Central Melting", GEAP-4624, 1964. 

2 S. Y. Ogawa, E. A. Lees, and M. F. Lyons, "Power Reactor High Perform­
ance uo2 Program", GEAP-5591, 1968. 

3 J. S. Christensen, J. J. Alllo, A. Blancheria, "Melting Point of 
Irr,1diated Uranium Dioxide, 11 WCAP-6065, Westinghouse Atl,mic Power Division, 
February 1965. 
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IV. ~TEADY-STATE ANALYSIS 

The purpose of t his section is to describe the thermal hydraulic 
characteristics of the MH-lA core during normal steady-state operation, 
and to determine the margins between normal operating conditions and those 
necessary to cause possible fuel-element damage. The steady-state thermal 
performance of the core is measured with respect to the design criteria 
discussed in Section III of this report. These criteria constitute limits 
on minimum departure from nucleate boiling (DNB) ratio, maximum fuel temper­
ature and coolant void fraction. ln analyzing the reactor core, the concept 
of the ~ot channel is used. This concept assumes that the most adverse 
fuel-rod properties and channel dimensions occur at the location of the 
limiting heat flux and coolant flow. This results in one channel in the 
core being most limiting. The thermal hydraulic performance of the core is 
measured from the behavior of this hot channel. 

A. Operating Parameters. 

The total primary coolant flow through the reactor at nominal oper­
ating pressure and temperature is 4.40 x 106 lb/hr. A portion of this 
flow (8.8%) passes through the inner thermal shields and control-rod 
channels, and is cons:ldered coolant leakage flow. The coolant flow area 
associated with the effective flow is 5.22 ft 2 , resulting in an average 
core-mass velocity at nominal conditions of 0.769 x 106 lb/hr- f t 2 • The 
average core-mass velocity at design conditions is .604 x 106 lb/hr-ft2 • 

Normal primary system pressure is 1400 psia. Operating band and 
instrument error associated with pressure result in range in actual 
pressure between 1317 psia and 1500 psia. The nominal full-power core 
inlet temperature is 476°F. Maximum coolant inlet temperature is 492°F 
corresponding to an outlet temperature of 534°F. Table 5 shows the 
operating parameters for the nominal and design conditions used for the 
steady-state analysis of Core 5. 

TABLE 5 

MH-lA CORE 5 THERMAL HYDRAULIC OPERATING PARAMETERS 

Nominal Design 

Reactor power, % 45 MWt 100 111 

Primary system flow rate, lb/hr 4.40xl06 3.46xl06 

System pressure , psia 1400 1317 

Coolant inlet tempera ture, OF 476 492 

17 



B. Hot-Channel Factors. 

In evaluating the thermal-hydraulic performance of th2 core , the local increase of heat generation and enthalpy rise with respect to the core average value is accounted for by the use of hot-channel factors. Two type~ of hot-channel factors are considered: Nuclear hot-channel factors, which describe the neutron flux distribution in the core, and engineering hot-channel factors, which account for local variations in fuel-rod prop­erties due to fabrication tolerances. Sources of engineering hot-channel factors are tolerances on fuel-pellet diameter, enrichment, and density and fuel-rod loading. The influence of variations in rod diameter, pitch, channel area, and rod bowing are accounted for by direct use of adverse dimensions in the analysis. Hot-channel factors for heat flux or linear power depend on local properties (hot spot), and factors for enthalpy rise consider the integrated effect along the length of the ch~nnel (hot channel). The overall hot-channel factors on heat flux or e~halpy rise a~ e the product of the appropriate individual subfactors. 

1. Engineering Hot-Channel Factors and Dimensional Considerations. Hot-channel engineering factors used in the analysis of Core Sare derived f r.om the appropriate tolerances in the fuel-rod specifications (Reference 7) 1. The engineering factor on enthalpy rise is taken as the ratio of the maximum U-235 loading to the nominal for a fuel rod (1.02). Engineering factors for local power or heat flux are determined from the tolerances on the U02 fuel enrichment, density, and fuel diameter, and the combined total factor is 1.03. 

The effect of variations in channel dimensions on enthalpy rise and local DNB heat flux are incorporated directly into the analysis. Channel­flow area and hydraulic diameter are determined from the fuel-rod pitch. The effective minimum fuel-rod pitch depends on several factors, which include the tolerances on the base-plate holes and end caps, assembled fuel­rod bowing tolerance, and possible thermal bowing due to a temperature gradient across the fuel rod. The minimum fuel-rod pitch resulting from these sources was found to be 0.615 inches witn a corresponding reduction in flow area from .226 to 0.176 in 2. 

The inlet flow distribution in the reg i on of the hot channel has ma~imum ef fect on channel-enthalpy rise of 1.02. Flow redistribution resulting from i ncreased resistance due to local boiling reduces the flow in the hot channel. A nominal valu~ foe this subfactor is 1.06, although in the analysis each case is calculated individually. The analysis also considers thermal mixing be twee,, adjacent flow channels. Mixing tends to decrease the hot-channel enthalpy rise by redistributing flow to the cooler adjacent channels. The mi xing effect increases with increasing distance above the core inlet. A nominal mixing factor to the elevation of minimum DNB ratio is 0.91, although each case is computed individually in the analysis. 

2. Nuclear Power Distribution. The core dibtribution is primarily deter­mined at the beginning of core life by such parameters as fuel enrichment, 

1 "Specification for Fuel Element Assemblies of the MH-lA Type II Core", NYO 10748, New York Operations Of fi ce , June 1970. 
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burnable-poison placement and cottrol-rod worth but also changes durin3 
operation due to Xenon buildup and depletion effects. Two types of power 
peaking are of interest to the thermal analysis: 1) core radial enthalpy­
rise distribution and 2) the maximum core heat flux. The enthalpy-rise 
factor is defined as the ratio of maximum integral power of fuel rods 
surrounding the hot channel to core average integral rod power. The design 
enthalpy-rise factor is 1.67 based on an effective integrated power estab­
lished from radial power distribution in the rodded and unrodded region of 
the core at the beginning of core life. These do not change appreciably 
with cor~ burnup. 

The heat-flux factor is defined as the ration of maximum heat flux in . 
the core to the average value. This peaking factor is a combination of 
axial and radial power distributions in the core and is sensitive to the 
control rod bank position and Xenon distribution. The maximum value of the 
radial and axial peaking combined as determined in the nuclear analysis 
(Reference 11)1 is 1.84 x 1.76 • 3.24 at the beginning of core life. Thia 
value is conservatively used in the evaluation of DNB although it signifi­
cantly decreases with Xenon buildup and burnup. In evaluating fuel temper­
atures, the effects of fuel depletion and Xenon distribution are considered 
in the analysis. The hot-channel factors for heat flux and enthalpy rise 
are sUlllll8rized in Table 6. 

1 
Hollis, H. D., et al., "The Theoretical Nuclear Analysis of the MH-lA 

Core 5", ED-7211, USAENPG, 10 July 1972. 
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TABLE 6 

HOT-CHANNEL FACTORS FOR DEPARTURE FROM NUCLEATE BOILING 
(DNB) AND ENTHALPY-RISE CALCULATIONS 

Nuclear heat-flux factor 
Uncertainty 

Pellet diameter, enrichment, density 
Rod Diameter 

3.24 
1.10 

1.03 

Total 3.67 

Nuclear enthalpy-rise factor 
Uncertainty 

u235 loading 
Rod diameter, pitch, thermal bowing 

Inlet flow maldistribution 

Flow redistri~ution 

Flow mixing 

Total 

1.67 
1.05 

1.02 
1.28 

1.02 

1.06 

0.91(1) 

2.25 

(1) To point of minimum DNB· ratio. 
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C. Method of Analysis. 

1. Fuel Temperature. The steady-state fuel temperature distribution 
and pellet-to-cladding thermal conductance are calculated using the methods 
and assumptions outlined in the addendum to this report. 

Heat c,,nduction through the clad and gap is calculated to give the fuel 
surface temperature as a function of power level. The fuel centerline 
temperature is then determined baaed on the local heat generation in the 
fuel and the temperature dependent U02 thermal conductivity. The upper 
:1ait on the coolant temperature ia taken aa the saturation temperature 
at given system pressure. The temperature increment between the bulk 
coolant and cladding wall is given by the conservative Thom nucleate boiling 
correlation (Reference 12)1: 

Tw • Tsat+ .072 (q") 0.50 (e··P/1260) 

Tw • cladding surface temperature, °F 

Tsat • saturation temperature for system pressure, •p 

q" • local surface heat flux, Btu/hr-ft 

P • system pressure, psia 

The heat generation shape in the fuel is represented by a modified 
zero order Bessel function. The temperature dis t ribution in the fuel is 
determined from the solution to the heat conduction equation expressed in 
terma of local heat generation or power density. 

Tc 
4,r /k(t)dT • q'f (2) 

Ts 

where: q' • peak local heat generation rate 

k(T) • thermal conductivity of U02 

Ts • fuel surface temperature 

Tc • fuel center temperature 

f • flux depression factor 

The flux depression factor (f) accounts for radial distribution of heat 
generation across the fuel pin, which is based on the U-235 enrichment 

l Thom, J. R. S., W, N. Walker, T. A. Fallon, and G, F. S. Reising, 
"Boiling in Subcooled water During Flow Up Heated Tubes or Annuli," Proc. 
lnstn. Mech. Engs. 1965-66, Vol. 180, Part 3C, (1966). 
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and rod diameter as giv ~ in Reference 101 . The fuel temperature is com­puted as a function of linear rod power considering the effects of fuel densification and burnup as discussed in the addendum. 

2. Calculation of Enthalpy Rise and DNBR. The basic method used in the analysis of the MH-lA hot-channel enthalpy rise and DNB ratio conditions is the COB!:\.\ digital computer program (References 6 & 9)2. The COBRA program calculates coolant flow and enthalpy in the subchannels of a multirod bundle. The program has the ability to consider both single­and two-phase flow, and accounts for the flow redistribution and thermal mixing between adjacent flow channels resulting from turbulent cross flow and diversion cross flow. An arbitrary heat-flux distribution can be input by specifying i he axial-flux distribution, relative rod power, and the fraction of rod power to the adjacent subchannels. 

Differences in hydraulic resistance due to local boiling cause flow redistribution which may increase the hot channel enthalpy rise. COBRA calculates the flow distribution in the subchannels by forcing the pressure drop in each channel to be identical. Turbulent mixing tends to reduce the hot-channel enthalpy rise caused by local power peaking and adverse mechanical dimensions. The effect of turbulent mixing has been previously considered for the MH-lA in Reference al. A value for the turbulent mixing parameter of 0.0075 was determined to best represent MH-lA subchannel conditions where the correlation for 6 is written: 

where: D • the hydraulic diameter (inches) 

S • the rod spacing (inches) and 

Re• the Reynolds number 

(3) 

COBRA is modified to calculate DNB ratios utilizing the W-3 DNB correl­ation and calculated channel conditions. The W-3 correlation includes the effect of a nonuniform heat-flux distribution, and takes into account both local and upstream channel properties in c.etermining the local DNB heat flux. The subchannel configuration used in the DNB evaluation is shown in Figure 2. This corresponds to a region at the center of the core near the source-rod position. 

l.J. A. L. Robertson, "
1
kdt in Fuel Irradiations" CRFD-835, Atomic Energy of Canada Ltd., 1959. 

2D. S. Rowe, "Cross Flow Mixing Between Flow Channels During Boiling, Part 1, COBRA - Computer Program for Coolant Boiling in Rod Arrays", BNWL-371 Pt 1, Battelle Northwest, March 1967. 
2D. S. Rowe and E.W. Angle, "Crossflow Mixing Between Parallel Flow Chan­r.d.:.: During Boiling," Pt 11 Measurement of Flow and Enthalpy in Two Parallel Channels," '3NWL-371 Pt 2, Pacific Northwest Laboratory , December 1967. 
3 Meyers, C. A., et aJ ., "MH-lA Steady-State and Transient Thermal-Hydralic Det·ign Analysis," ED-6916, USAERG, 25 July 1969. 
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Control Rod Envelope 

• poison rod 
** source rod (core¢ ) 

FIGURE 2. St:BCIIAN~EI. CO\FI GURATL Ol\ FOR CORL S 
or~B ANU ENTHALPY RISE CALCULA:ION 
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O. !tesulta. 

1. Fuel Temperature Distribution. The temperature distribution from the surface of the fuel to the centerline ia primarily a function of U02 thermal conductivity and the local power density. The fuel surface temper­ature ia affected by the cladding temperature and thermal conductance across the gap. The occurrence of nucleate boiling results in a cladding surface temperature of leas than 612°F for a maximum system pressure of 1S00 psia. 

Thermal conductivity of the U02 was evaluated from the design equation for thermal conductivity presented in Section III of thi~ repo~t. Figure 3 ahowa the pellet temperature distribution at the beginn.tng of core life for densified fuel. The maximum uo2 temperature for ormal operation at rated power ia 4100°F and at the maximum power level trip condition (115% power) ia 4400°F. Thia ia well below the uo2 melting temperature at BOL (5080°F). Changes in ·fuel temperature and power distribution with core burnup are discussed in the addendum to the report. 

2. Enthalpy Rise and DNB, Results of the hot-channel analysis for DNB and coolant void fraction are given in Table 7 for various operat~ng conditions. Aa can be seen adequate margin is maintained during normal and adverse operating conditions. Further evaluation of safety margins and discussions of safety limits are given in Section !I. 
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TABLE 7 

HOT-CHANNEL CHARACTERISTICS FOR NOMINAL, DESIGN, AND REACTOR TRIP CONDITION 

Operating Power System Outlet Hin Max Condition Level Pressure Temp DNBR Void % rated psia OF 
Fraction 

Nominal 103 1377 510 2.00 0 
Design 111 317 534 1.67 0.13 
Trip 115 1267 534 1.59 0.25 
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V. TRANSIENT ANALYSIS 

This section gives a description of the analysis of transients resulting 
from continous withdrawal of one or more control rods when the reactor is 
in the power range; double-~nded rupture of the secondary system steam line; 
uncontrolled rod withdrawal during source-level startup; and loss of reactor 
coolant flow due to loss of power to both pumps. These represent the limit­
:f.ng reactor transients for the evaluation of the reactor protection system 
and setpoints. 

A. Power-Range Rod-Withdrawal Trunsient. 

1. General. It is possible d.uring operation in the power range for 
the control rods to be wit~drawn from the core without an increase in load 
in the turbine cycle. Thi~ causes an initial increase in power, which is 
slc~ed down by both the negative temperature coefficient of the coolant 
and the Doppler coefficient of ~he fuel. The response of the core is an 
increase in heat flux. Since there is no corresponding increase in heat 
extraction from the steam gen~rator, there is a net increase in primary­
coolant temperature. Unless terminated by manual or automatic action, 
this power mismatch and resu~tant coolant-temperature rise eventually re­
sult in violation of the core safety limits. To prevent the possibility of 
violation of any of t '1e core, safety limits, the reactor protection system 
and trip set~ointa are designed to terminate any such transient witr. an 
adequate margin of safety. 

Since the MH-1~ reactor has twelve control rods and since it may be 
postulated that one or more cf these control rods may be withdrawn from 
the core, there is a spectru~ of reactivity insertion rates that are 
possible during power-range rod withdrawal transient. Thus, both fast 
and slow reactivity insertion rates are considered to assure that the 
reactor safety limits are not exceeded. 

2. Analythical Methods. The calculation of the power-range rod with­
drawal transient was performed in two stages consisting of an average core 
calculation and then a determination of hot-channel conditions. The method 
of analysis consisted of the use of the following digital computer codes: 
DRAKE, CHIC-KIN, and COBRA. 

The average core response to the transient was determined using the 
DRAKE digital computer program, which simulates the overall plant dynamics. 
The code solves the reactor kinetics equations with six delayed neutron 
groups. Reactivity introduced by control rod motion can be represented, 
and feedback reactivity due to moderator temperature and Doppler effect is 
accounted for. The core is represented by a single ncminal channel with 
four axial zones. Temperatures in the fuel and claddi ·.,g are calculated 
assuming a constant volumetric heat source i n the fuel region and no 
axial heat conduction. The model includes a representation of the external 
primary system, including the steam generator. The hot and cold primary­
coolant legs are represented by pure transport delays , and the reactor 
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vessel and the steam generator plenums are represented by first-order mixing delays, Modeling of the secondary side of the steam generator includes the steam throttle valve, but does not include effects due to the turbine or condenser. Allowable forcing functions for the DRAKE program are steam generator secondary temperature, turbine throttle position, and reactivity insertion. A more detailed description of this program is presented in Reference el, 

To determine the conditions in the hot channel, the power trace from the DRAKE program is used as a forcing function in the CHIC-KIN digital computer program (Reference 17)2, This program is used for intermediate and fast transients and is especially useful when a detailed analysls of the core thermal response is required. The program solves the basic momen­tum, continuity, and energy equations. The core model considered by the CHIC-KIN program is represented by a single fuel-element coolant passage where the coolant channel is closed. A detailed spatial representation of the fuel element by axial and radial sections is possible. Representation of the fluid dynamics by a momentum integral model that allows flow reversal and spatially distributed pressure drops is also included in the core model. The heat release from the fuel element is described by one dimensional heat conduction to the cladding water interface where the effect of the fuel rod time delay is included in the energy balance. 

The COBRA computer program was used to obtain the initial coolant enthalpy and heat flux conditions in the hot channel. 

The following assumptions and input parameters were used in the analysis: 
(1) The forcing function for the rod withdrawal transient is the re­activity insertion rate. The maximum rate possible is determined from the 12-rod bank integral-worth curve by combining the maximum differential worth with the rod speed of 2 inches per minute, This results in a conser­vative maximum reactivity insertion rate of 5,5 x lQ-4 dk/sec. 
(2) The nuclear constants used in the reactor kinetics equations are given in Reference 113, The prompt neutron lifetime was taken as 1,2 x 10- 5 sec in the analysis, and the effective delayed neutron fraction was Seff • .0074. These values were also used in the analysis of other tran­sients in this report. 

1 Meyers, C, A., et al., "MH-lA Steady-State and Transient Thermal­Hydraulic Design Analysis," ED-6916, USAERG, 25 July 1969, 
2 Redfield, J. A., "CHIC-KIN - A Fortran Program for Intermediate and Fast Transients in a Water Moderated Reactor WAPD-TM-479," January 1965. 
3 Hollis, H, D., et al., "The Theoretical Nuclear Analysis of the MH-lA Core 5" ED-7211, USAENPG, 10 July 1972. 
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(3) The moderator reactivity coeffici ~nt varies with average coolant 
temperature. A conservative minimuru value at 490°F of -2.2 x 10-4 dk/°F 
was assumed. Use of a constant value in the dnalysis is justified because 
the coolant undergoes only a small change in temperature during the tran­
sient. The Doppler reactivity feedback is a nonlinear function of fuel 
temperature. The effective initial value at full power used in the analysis 
was -1.5 x 10-5 dk/°F based on the assum~d Doppler coefficient. The assumed 
reactivity coefficients result in a minimum negative reactivity feedback and 
therefore, higher peak powers and fuel temperatures. 

(4) Negative reactivity insertion corresponding to reactor trip is 
based on the control rod acceleration and rod bank differential worth. The 
first 8 inches of rod motion is conservatively assumed to occur within 0.5 
seconds. The high-power reactor scram was assumed to occur at 115 percent 
of nominal full power with a delay of 0.5 seconds. 

(5) In order to minimize initial margins to Departur~ from Nucleate 
Boiling (DNB) the transients were assumed to be initiated from their adverse 
operating limits including error. 

3. Results. 

a. Rapid Reactivity Insertion. Figure 4 shows the response of the 
nuclear power and core heat flux as a function of time for rapid control 
rod withdrawal initiated from 103 percent of full power. The reactivity 
insertion rate assumed (5.5 x 10- 5 dk/sec) is greater than the withdrawal of 
all control rods from their region of maximum worth. It can be seen that 
a small amount of power overshoot occurs and that the rise in core thermal 
flux is not appreciable. The termination of the transient was by power 
level trip. Since the transient is rapid with respect to thermal time con­
stants of the plant, changes in coolant and fuel temperatures are small. 
The mimimum DNB ratio is 1.73. Increasing the power to 111% results in a 
mimimum DNBR of 1.66. 

b. Slow Reactivity Insertion. For uncontrolled slow reactivity inser­
tion rates, reactor coolant temperature and pressure could increase signifi­cantly without causing a scram on high power. During the limiting transient 
of this nature, is is assumed that the negative moderator temperature 
feedback just compensates for the reactivity added by rod withdrawal and 
that the core power increases to just below the trip point (115 percent 
power). The maximum 111i 0·match between the turbine generator and reactor core 
is assumed, resulting in a coolant heat-up rate of 1.9°F/sec. The manner in 
which the high-temperature trip provides protection for the limiting tran­
sients is evaluated by considering the maximum temperature overshoot and 
corresponding pressure increase caused by primary expansion. 
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The transient pressure response is calculated using the computer code 
TOPS (Reference 15)1. Thia code models the pressurizer dynamics based . on the 
primary system surge rate and associated thermodynamic processes in the 
pressurizer. The effects of pressurizer heaters, cooldown spray, and 
pressure relief valves as well as heat transfer to the pressurizer walls 
can be represented in the code. Physical dimensions, heater ratings, spray 
rates, aetpoints and initial conditions are input. 

The response of the temperature detector and thermal well is represented 
by a first-order delay. The lag of the measured temperature with respect to 
the actual temperature was determined for a constant increase in coolant 
temperature as: 

where: ATm • difference between measured and actual temperature, °F 

. :~•ramp change in coolant temperature, °F/sec 

a• instrument time constant, sec-1 

t • time, sec 

f4) 

The instrument time constant is 0.1 sec-1 based on 23 seconds to reach 90 
percent step input signal. An additional time lag of 0.5 seconds was 
assumed for safety system respona~ and clutch decay. The coolant transport 
delay from the core outlet to the temperature detectors in the hot leg· was 
conservatively taken as 4 seconds. 

Figure S shows the locus of trip conditions for coolant heat-up transients 
initiated over a range of initial temperatures up to the maximum (534°F) and 
from a minimum initial system pressures to l~L7 psia. The solid line repre­
sents the safety limits on coolant temperature and pressure at a reactor 
power of 115 percent. The core limits are exceeded if the maximum trip 
conditions pass above the safety limit line. As can be seen the high 
temperature trip, including allowance for instrument response and coclant 
transport delay assures that the core safety limits are not exceeded. 

4. Conclusions. The analysis shows that the reactor is protected 
from the most limiting rod-withdrawal transients resulting from both rapid 
and slow reactivity insertion rates by a combination of high power and 
high reactor-coolant outlet-temperature trip. Thus, it is concluded that 
the reactor can undergo unr.ontrolled rod withdrawal in power range without 
vi,)lating any core aaf ety limits. 

laedfield, J. A. and S. C. Margolis, "TOPS - Fortran Program for the 
Transient Thermodynamic■ of Pressurizers", WAPD-TM-515, December 1965. 
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B. Hain Steam L:f.ne Rup~ure Trans l .nt (MSLRT). 

l. General. The integrity of the turbine-cycle steam system affects 
the safety of the reactor plant fa , that a rupture in this system can lead tn 
an increase in the rate of heat transfer of the primary to the secondary 
system. A steam-line rupture results in a sudden decrease in the secondary­
system temperature and pressure due to loss of water and steam through the 
break, with a result ·~ng loss of energy from the secondary system. This tran­
sient is reflected in the primar.y system as a sudden apparent increase in 
turbine load, causing a reduct i on in primary-coolant temperature. The 
combination of the negative moderator temperat~re coefficient and the decrease 
in reactor inlet temperature results in a positive reactivity insertion rate, 
i.e., in a cold-water transient. This transient results simultaneously in 
an increase in reactor power due to the reactivity insertion, and a decrease 
in primary-system pressure due to the reduction in primary-coolant temperature. 
The increase in reactor power results in an increase in fuel temperature, 
which via the negative fuel temperature coefficient (Doppler) causes a slowing 
down, and in some cases, a turn-around and decrease of reactor power. Unless 
terminated by a manual or automatic action, the increase in power level could 
result in the violation of one or more of the core safety limits. To prevent 
this possibility the reactor safety system, along with the trip setpoints, is 
designed to assure protection of the core with an adequate margin of safety. 

2. Analytical Methods. The methods used to analyze the main steam line 
rupture transient consisted of using a time-dependent decrease of the steam 
generator secondary temperature as a forcing function in the reactor plant 
transient code DRAKE, to obtain the reactor power as a function of time. 
This power profile, in turn, was used in the CHIC-KIN program to determine 
the hot-channel conditions of minimum DNBR and maximum fuel temperature. 

The main steam line rupture is simulated by an exponential decrease of 
the secondary temperature using a decay constant of 3.0 seconds. Previous 
calculations of the MH-lA steam line rupture blowdown transient (Reference 
8)1 demonstrated that this representation of the secondary temperature is 
conservative. These calculations were per formej with a digital computer 
program, which descr i bes the time-dependent se.condary system temperature 
and pressure by calculating mass and energy Lalances during the blowdown 
of the secondary-side contents following the rupture of the main steam line. 

The version of the DRAKE program employed in the analysis includes a 
simulation of the external primary loop, including the steam generator. 
The hot and cold pri~ary coolant legs are represented by pure transport 
delays, and the reactor vessel ar.d steam genera t or plenums are represented 
by first-order mixing delays. The steam generator is treated as a lumped 
parameter system, and the s team genera tor heat transfer coefficient is 
assumed to be a func t ion of the heat flux. A more detailed description of 
this program is r ~ported in Reference 8. 

1 Meyers, C. A., c t al.. "MH- lA .:> teady-S r.a te and Transient Thermal-
Hydraulic Design Anal ysis , '' r:n--,-, 9 L USA.ERG, 2S .lul y 1969. 
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The principal assumptions and input parameters used in the analysis of 
the main steam line rupture transient were: 

(1) The moderator temperature coefficient was taken as a conservatively 
l4rge negative value (-3.3 x 10-4 dk,'°F), resulting in the maximum rPactivity 
insertion due to the decreasing coolant temperature. A constant coefficient 
was used throughout the transient although the actual coefficient would de­
crease as a function of temperature. A small negative Doppler coefficient 
was used in the analysis (-1.5 x 10-s dk/°F at full power). These assumptions 
are conservative because they result in a higher net reactivity insertion 
rate and thus a more severe power excursion. 

(2) The nuclear parameters described in Section V-A were assumed for 
the reactor kinetics equations. A high power level trip including error 
of 115 percent was used along with a conservative delay of 0.50 seconds. 

(3) The most adverse steady-state conditions were assumed to exist 
just prior to the transient in order to minimize initial safety margins. 
Full-load (103 percent power) and no-load (0.1 percent power) conditions 
were analyzed. Since the primary coolant temperature and hence system 
pressure decreases very rapidly during the transient, a system pressure of 
1267 psia (trip setpoint plus error) was conservatively assumed. 

3. Results. The main steam line rupture transient was initiated from 
power levels of 0.1 and 103 percent. The response of the reactor system 
to the transient initiated from 0.1 percent power is shown in Figures 6 
and 7. Figure 6 shows both the exponential decrease of the secondary tem­
perature used as a forcing function for the transient, and the corresponding 
changes in the steam-generator primary-coolant temperature and reactor inlet 
temperature obtained from the DRAKE program as a function of time after the 
initiation of the transient. Note that the re3ponse of the reactor inlet 
temperature lags that of the steam generator out let temperature due to the 
mixing and pure transport delays in the primary system piping, 
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Figure 7 shows the variation of neutron power and heat flux during the 
transient initiated from zero-load condition. The positive reactivity 
inserted by decreasin~ r~actor inlet temperature caused the reactor neutron 
flux to increase rapidly since there is no significant fuel-temperatur~ 
(Doppler) reactivity feedback. After the power level has risen above 
approximately 10 percent, the sudder increase in fuel temperature partially compensates for the reactivity added by the decreasing inlet temperature. 
The power excursion is turned around by the negative Doppler feedback. The 
core heat flux lags the neutron power level because of the relatively long fuel time constant associated with the oxide fuel. The maximum core heat 
flux reached prior to trip is less than the full-power flux. 

The response of the reactor to the transient initiated from 103 percent 
power level is shown in Figure 8. For this transient the reactor power 
increases slightly until the plant is scr8Dllled on high neutron flux. The 
heat flux again lags the power level, and the increase in fuel temperature 
and rower level are relatively small. The minimum Departure from Nucleate 
Boiling Ratio (DNBR) was 1.72. Increasing the initial power to 111% results 
in a minimum DNBR of 1.65. 

4. Conclusions. Since the analysis demonstrates that no core safety 
limits are violated during these transients, it is concluded that the 
reactor can undergo the most limiting steam-line rupture transients without 
damage to the core. 

C. Source-Range Rod Withdrawal Transient. 

1. General. In the unlikely event of an uncontrolled rod withdrawal 
while the reactor is in a subcritical condition, a continuous reactivity insertion and increase in multiplication would occur. The reactor response 
to this reactivity insertion is characterized by rapid increase in neutron 
flux terminated by Doppler fuel temperature feedback. Although initial 
turnaround of the power excursion occurs as a result of negative Doppler 
reactivity feedback, reactor protective action by hiah power trip is required 
to assure that a subsequent slower increase in power will not cause violation of core safety limits. 

2. Method of Analysis. An extensive analysis of the source-range rod 
withdraw3l incident was performed for Type I fuel and reported i r Reference 
1el. In these studies the initial flux level was approximately r,ine decades 
below full power. Th~ study included investigation of the effects of hot 
and cold initial core conditions, initial subcriticality, reactivity insdr­
tion rate, and Doppler reactivity feedback. Additional analyses of the 
transient were performed for the Type II fuel using the CHICK-KIN computer 
program. In these analyses the reactor was assumed to be critical at 13 
decades below full power at ➔90°F. The reactivity inaertion corresponding 
to withdrawal of all rods (5.5 x 10-4 dk/sec) was asaumed with a temperature 
dependent Doppler coefficient as described previously. These assumptions 
resulted in the most severe power excursion for the Type II fuel. 

1 R. D. Caw, et al, ''MH-lA Analog and Controls Analysis" Martin Company , 
Nuclear Division, 19 Feb 1965. 
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3. Results. Figure 9 shows the results of the source-range rod wlth­
drawal transient for the maximum reactivity insertion rate of .Core 5. The 
peak neutron flux is less than 300 percent. Due to the large time constant 
of the fuel rod and the short duration of the peak, no significant amount 
of heat is transferred to the coolant. Thus, DNB conditions are not 
approached because the rod surface heat flux remains low. Due to the short 
duration of the power peak, the integrated heat input to the fuel elements 
is small. The average fuel temperature for Core 5 was found to be less 
than 800°F. 

Figures 10 and 11 uhow results of the parametric studies performed for 
Type I fuel considering the effects of subcriticality and Doppler coeffic­
ient. Since the Doppler coefficient for Core 5 falls between the mimimum 
and expected values of the Type I fuel, the results of these analyses are 
representative of Type II fuel performance. 

4. Conclusions. Since the fuel surface heat flu4 remains low and 
the maximum fuel temperature does not increase significantly, it is con­
cluded that in the unlikely event of a control rod withdrawal incident 
from the source range, the reactor core and coolant system would not be 
adversely affected. 
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D. Loss of Flow Transient. 

1. General. The loss of flow transient (abbreviated LOFT) is defined 
as either the loss of electric power to or the mechanical failure of one 
or more reactor coolant pumps. For the MH-lA, it has been shown that the 
loss of electric power to both reactof pumps represents the most severe 
transient of this type (Reference 16) . 

2. Ana~.ytical Method. The computer code COBRA was used to calculate 
the steady-state condition in the hot channel at the desired reactor system 
parameters (i.e., power, flow, temperature, pressure, etc.). These steady­
state conditions were then put into the computer code CHIC-KIN as the 
starting point for the transient. 

To simulate the transient, the reactor system flow rate and power level 
as functions of time were put into CHIC-KIN. The flow rate verous time 
curve is shown in Figure 12 and represents the loss of power to both reactor 
cooling pumps. The core power level versus time curve is shown in Figure 13 
and includes a 0.50-second delay time between pump failure and the beginning 
of control rod motion. 

3. Results. The results of the hot-channel analysis at reactor design 
conditions (111% power) are shown in Figures 14 and 15. These results 
reflect the effect of fuel densification on power peaking and fuel rod gap 
conductance. 

The hot-channel inlet and exit mass velocities are shown in Figure 14 
as functions of time. It will be noticed that the oscillations caused by 
boiling in the hot channel damp out very rapidly (within 4 seconds). The 
maximum exit channel quality is less than 16% and decreases with time. 
Quality at the elevation of minimum DNBR is considerably less. Figure 15 
shows the minimum DNBR versus time calculated from the W-3 correlation. 
The mimimum value is 1.55. Increasing the initial power to 115% results 
in a mimimum of 1.49. 

4. Conclusions. The limiting loss of coolant flow transient initiated 
from the adverse operating limits does not result in a DNB ratio less than 
1.3. Thi~ transient assumes a total loss of power to both pumps and maximum 
delay between pump failure and initial rod motion. Therefore, it is con­
cluded that the reactor can undergo the most severe anticipated loss of 
flow transient without damage to the core. 

1 Schmidt, E. R., et al, "MH-lA Loss of Flow Transient Safety Analysis 
and Parametric Study", NUS-550, April 1969. 
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a t..-11:111ti,1111:=,.._ _________ , _______ . _________ _ 

DE~SIFICAT10N EFFECTS IN MH-lA TYPE II FUEL 

1. Introduction and Summary. 

This adden~um contains an evaluation of fuel densification as it relates 
to Mli-lA Type II fuel design, establishes the power levels for operation 
during core life, and indicates changes in technical specifications required 
for such operations. 

Fuel densification has been observed to occur in several operating 
reactors during irradiation (Reference Al)l. Densification of U02 causes 
the fuel pellet volume to decrease with a corresponding reduction in fuel 
pellet radius and length and in fuel column length. Shrinkage of the fuel 
column can result in axial gaps forming due to incomplete settling of the 
fu~l in the rod and random hangup of the pellets. Potential fuel column 
gaps can cause local power peaking in adjacent fuel rods due to reduced 
neutron absorption in the vicinity of the gaps. Also shrinkage of the fuel 
pellet would increase the linear power density (kw/ft) and reduce the pellet­
to-cladding thermal conductance due to increased radial clearance. These 
conditions result in higher fuel temperatures and hence stored energy and 
also degrade the heat transfer capability of the fuel during transients. 

In Zircaloy-clad fuel, the cladding cl~~ps inward as a function of time, 
and fuel temperature decreases. Complete collapse of Zircaloy cladding is 
also possible if sufficiently large axial gaps form and the cladding is not 
able to resist the external pressure and temperature conditions in the re­
actor. However the MH-lA stainless steel cladding is essentially free 
standing, and because of the lower external pressure and greater strength 
of stainless steel, the MH-lA cladding is not expected to creep-collapse 
during the life of the fuel. For MH-lA stainless-steel-clad fuel, the 
initial increase in pellet-clad gap caused by densification is decreased 
during operation primarily by fuel swelling causing the temperature to 
decrease with burnup. 

The effect of fuel densification on plant operation may be summarized 
as follows: 

1) Increased heat rate and reduced gap conductance result in higher 
operating temperatures in the f 11el, which require a slight reduction in 
high-power trip setting during the initial portion of core life to main­
tain adequate margin with respect to the fuel centerline melting criteria. 

2) The increase in heat flux due to densification is not of sufficient 
magnitude to require any changes to the safety limits or accident analyses 
with respect to Departure from Nucleate Boiling (DNB). 

3) The tncrease in fuel-pellet stored energy may require some reduction 
in power level du : ing inHi,~i.. core. life ·.n order to meet the 22OO°F fuel­
cladding temperdturc limit in the event of a loss of coolant accident (LOCA). 

1 "Technical Report on Der,sification of Light Water Reactor Fuels", USAEC 
Regulatory Staff, November 14, 1972. 
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The extent of this reduction will depend upon the analyses to be performed in accordance with revised AEC criteria (Reference A2)1 and upon the final design and installation of the MH-lA Emergency Core Cooling System. 

Determination of fuel performance and reactor power capability with 
densified f~el was made, using the meth~ds and constraints speci f ied by the AEC Regulatory Staff (Reference Al) and utilizing the recommen~ed computer code GAPCON (Reference A3) 3 for computing the fuel-temper~ture 
distribution, and thermal gap conductance. The results of this analysis are based on the assumption that the MH-lA stainless-steel-clad fuel does not creep-collapse during the life of the fuel and that fuel densification occurs immediately when the reactor is operated at substant idl power, 

2. Discussion of Fuel Densification. 

During the refueling of several commercial reactors it was observed that some Zircaloy-clad fuel rods h~tl developed collapsed or flattened sections. This anomalous behavior was investigated by the AEC Regulatory Staff (Reference Al), which concluoed that the observed pellet gaps and 
collapsed cladding sections were th•? result of densification of the fuel pellets during operation in the reactor. 

In its technical report on fuel densification, the Staff identified 
the potential effects of densification on fuel performance, proposed 
methods to evaluate these effects for steady state and transient operation, and required that these phenomena be considered in the design and operation of all light-water reactor fuel. The following specific requirements · were stated: 

"l. It should be shown that the effects of densification during 
steady state and transient operation of the reactor do not 
cause the limits on cladding strain, critical heat flux, and 

· centerline temperatures (previously established in the 
facility safety evaluation) to be exceeded. 

2. The effects of densification should be included in calcu­
lating the behavior of the fuel rods during postulated 
loss-of-coolant accidents. The criteria for evaluating 
the performance of emergency core cooling systems are 
presently set forth in the AEC Interim Policy Statement 
issued in June 1971, which is currently the subject of 

1 "Acceptance Criteria for Emergency Core Cooling Systems for Light Water C("lo led Pow(•r Reactors", DOCKET no., RM-50-1, Dec<!mber 28, 1973. 

2 "Technical Report on Densification of Light Water Reactor Fuels", USAEC Regulatory Staff, November 14, 1972. 

3 G. R. Horn, F. E. Panisko, "GAPCON: A Computer Program to Predict Fuel­to-Cladding Heat Transfer Coefficients in Oxide Fuel Pi ns", HEDL-TilE 72-128, September 1972. 
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a rulemaking hearing (Docket No. RM 50-1). These criteria 
or such other requirements that may evolve as a result of 
the hearing now in progress are to be used. 

3. Any operating restrictions necessary to assure t hat the 
above conditions are satisfied should be developed and 
incorporated into the technical specifications for each 
facility. Additional operating experience and r esults 
of experimental programs may indicate that changes in 
these restrictions or the methods used to derive them 
are warranted. Flexibility to consider this information 
has been identified when appropriate ....... " 

An additional requirement placed on fuel with collapsed cladding is not 
considered applicable because the MH-lA stainless steel cladding is not 
expected to collapse during the life of the fuel. This is consistent with 
the conclusions of the AEC regarding performance of stainless-steel-clad 
fuel with densification (Reference A4)1. It should also be noted that 
additional operating experience and results of current experimental investi­
gations may be the basis for future revision of certain re~trictions resulting 
from densification. 

The mechanism of fuel densification is not completely understood at this 
time, but the currently observed phenomena appear to be related to the 
initial porosity of the fuel. Typical uo2 fuel is specified in the range 
of 90 to 95% of the maximum theoretical density (10.96 gm/cc) with a corres­
ponding void volume or porosity of· 5 to 10%. Some porosity in the fuel is 
desired to offset irradiation-induced swelling of the fuel. Upon densifi­
cation the fuel density increases to an upper-limit range with a corresponding 
decrease in pellet volume. The trend is toward increasing fuel shrinkage 
with decreased initial density. 

Densification has been observed to occur in fuel operated at low 
temperatur~s and power levels and to occur in relatively short periods of 
time ( 2000 hours). It does not appear to be related to thermally induced 
structural changes known to occur in fuel operated at high powers and 
temperatures. Until further understanding of fuel densification is obtained, 
the AEC Regulatory Staff concluded that it should be assumed that all water­
reactor fuel densities immediately when the reactor is operated at substan­
tial power. 

The principal effects of fuel dens i f i cation on fuel performance are: 

1) Increased linear heat-genera~ i on rate due to axial shrinkage of 
pellet. 

2) Decreased heat transfer capability between pellet and cladding due 
to radial pellet shrinkage. 

1 "Evaluation of Stainless St ee l Cl addi ng for Densif i cation and L0CA 
Conditions: Technical Note 74-1, US AEC Director a te of Licens ing, Cor e 
Performance Branch, January 1974. 
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3) Increasid stored energy in the fuel. 

4) Potential for fuel column gaps causing local power peaking. 

An increase in linear heat-generation rate will result if the power 
produced in the fuel is assumed to remain constant while the fuel Jhrinks 
due to densification. This effect is at least partially offset by ~xial 
thermal gxpansion of the fuel. The increased stored en~rgy in the fuel 
results primarily from the increase in radial clearance between the pellet 
and cladding causing a decrease in gap conductance. This results in higher 
fuel temperatures, which affect the power capability and the fuel behavior 
during a loss of coolant accident (LOCA). A decrease in gap conduc•: .c·ce 
will also degrade the heat-transfer capability of the fuel during transients. 
Local power peaks can occur, due to reduced neutron absorption, if axial 
gaps are formed. The .magnitude of this effect depends on the size of the 
gaps formed. In the MH-lA, because of the shorter fuel-column length, only 
very small gaps could form primarily in the low-power upper region of the 
core. Also no collapse of the cladding and hence no fuel-cladding inter­
action is expected during the life of the fuel. This assumption is based 
on the comparison of MH-lA operating parameters with those of other reactors 
using stainless-steel-clad fuel (Reference A4) and examination_ of MH-lA Type 
I fuel during the past refueling. 

3. Fuel Design. 

Fuel performance with densification can be affected by fuel design para­
meters and operating environment. In addition, the fabrication history of 
the fuel can also be a factor. The fabrication processes for UO pellets 
and fuel assembly are typical for fuel in the nuclear industry. 2consequently 
no unusual effects are expected for the MH-lA fuel. Design characteristics 
of the Type II fuel related to fuel performance are briefly summarized 
below and in Table Al. 

The MH-lA Core Vis a two-region batch-loaded core designed for a power 
level of 45 MW and expected life of 134 full power weeks. It contaiM 32 
Type II fuel a!semblies and 12 cruciform control rods. The 12 inner fuel 
assemblies contain 92 fuel rods and 12 poison rods, and the 20 outer assem­
blies contain 96 fuel rods and 8 poison rods. The fuel and poison rods are 
arranged in an approximate 10 x 10 array to form a fuel assembly. Fuel rods 
have a nominal active length of 3 feet and contain slightly enriched uranium 
dioxide pellets. The fuel cladding is 348 stainless steel with a nominal OD 
of 0.5065 inch and 0.023-inch wall thickness. The U02 pellet is 0.4545 inch 
in diameter and from 0.5 to 1.0 inch long with dished ends. The fuel column 
is held in place during assembly and shipment by a helical spring in the 
plenum region of each fuel rod. 

The Type II fuel rod is operated at a nominal linear power density of 
4.80 kw/ft at rated powe ~. 
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TABLE Al 

SUMMARY OF TYPE II FUEL DESIGN CHARACTERISTICS 

Rated Heat Output, MWt 
Core Loading, kg U 
Initial U-235 Enrichment, w/o 
Core Equivalent Diameter, in 
Fuel Height, in 

Number of Fuel Assemblies 
Number of Fuel Rods per Assembly 
Poison Roda per Assembly 

Total Number of Fuel Rods in Core 
Average Linear Power, kw/ft 
Fraction of Power Generated in Fuel 
Fuel Material 
Burnable Poison 
Clad Material 
Cold Dimension 

Clad OD, in 
Clad Thickness, in 
Pellet OD, in 
Diametral gap, in 

Pellet Density,% Theoretical 
Nominal as-fabricated 
2o variation 

Fill Gas Composition 
PreBSure, paia 
% Helium by volume 

Maximum Clad OD Temperature -~, 
1500 paia 
1400 psia 

AS 

inner 
12 
92 
12 

45 
2640 
7.1 
45.2 
36 

3024 
4.80 
0.966 
U02 
B4C in Zr 
348 ss 

.5065 

.023 

.4545 

.006 

93.4 
-+O. 6 

14.7 
95.0 

612 
603 

outer 
20 
96 
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4. Analytical Methods. 

a. GAPCON. 

The analysis of the dens i f ication ef fec ts in the MH-lA f uel pi ns ls performed using the compl·.tc:?r code GAPCON (Reference A3). Thi s program calculates che steady-sta te fuel-temperatur e distribut ion and pellet-to­cladding thermal conductance considering the effects of 

fuel and cladding thermal expansion 

fill-gas composition and conduct i vi ty 

sorbed-gas release 

fission-gas generation and re l ease 

fuel thermal restructuring 

fission-product induced swell i ng 

gap closure and contact conductance 

Variation of these effects wi th t ime and with linear heat rating can be computed for various combinations of fuel parameters and operating conditions, Input to this program includes fuel and clad dimensions, fuel composition, density, uo2 thermal conductivity·, power distribution, and fuel-pin oper­ating conditions. 

Comparisons of GAPCON calculat ions w.i th exper i mental data (Reference AS)l shows good agreement for short i r r adiations. However GAPCON as presently written assumes constant operating levels and conditions and does not follow the actual fuel-pin operating history . ~lso the only mechanisms for fuel to cladding gap closure treated by l ;,L program are thermal expan-sion and fission-product i nduced swel1 i ng . Experimental data indicate that a significant mechanism for gap closurt.• is relocation of the fuel due to cracking of the pellets and movement of the fuel i nto the gap (Reference All) . In this sense GAPCON predic t s conservat:".ve l y high fuel temperatures an cf low gap conductance for other than short- t en~ irradi a t ion. 

In perf orming calculations wi th GAPCON , the following ass umptions were made: 

1) Fuel swel l ing was computed by the r elations of Geithoff, et al (Reference A3). No credit was taken for i ncrease<l rate of gap closure due to fuel cracking. 

1 C.R. Hann, "Fuel Rod Gap Conductance and t.;02 Therma l Conduct i vit y", Study fo r AEC Director~te of Licens ing, J ul y 1972 . 

2 0. C. Di tmore, et al, "Dens i ·1ca tion Conside rati ons in Boiling Water 
Reactor Fue l Des i Rn and Per fo rmance", NF.m'. -10 735, De cember 19 72 . 
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2) The flux depression in the fuel pellet was obtained from Reference A6l 
based on enrichment and fuel-rod diameter. 

3) The fis~ion-gas release rate was obtained from U02 irradiation data 
of Hoffman an~ Coplan (Reference A7) 2, which correlates the fracti~nal re­
lease to the iuel volumetric average temperature. The fission-gas release 
rate at the hot spot was divided by the time-averaged axial peaking factor 
(1.5) to obtain the average rod-release rjte. 

4) The U02 thermal conductivity as a function of temperature was based 
on the data of Lyons (Reference A8, A9)3 with a conductivity integral of 
93 w/cm. 

5) Densification was assumed to occur at the beginning of core life and 
to result in increased fuel density and pellet-to-cladding gap. 

6) The fuel-pin power and operating conditions were assumed constant 
during burnup calculations. The actual power densities would decrease with 
fuel burnup. 

7) No gap closure due to creep-down of the cladding onto the fuel was 
permitted. 

These assumptions are consistent with those used by the AEC Regulatory Staff 
in their evaluation of Maine Yankee fuel densification (Reference Al0)4 using 
the GAPCON computer program. 

Calculations were perfor-,ed for the MH-lA fuel pin to evaluate the radial 
gap conductance for densifie~ fuel as a function of linear heat rate, burnup, 
pellet density, cold gap dimensions, and uo2 conductivity. Results of these 
calculations indicated that changes in gap conductance due to densification 
were primarily the result of changes in pellet-to-cladding clearance. Figure 
Al shows the effect of cold diametral gap on the preciicted gap conductance 
for various linear heat rates. These calculations were performed in the 
beginning .of core life, The 3ap conductance changes during burnup, as a 
result of fission-gas generation and release and irradiation-induced fuel 
swelling. The net result is an initial decrease in gap conductance due to 

1 J, A. L. Robertson, "1 kdt in Fuel Irradiations'' CRFD-835, Atomic Energy 
of Canada Ltd., 1959. 

2 J. P, Hoffman and D. H. Coplin, "The Release of Fission Gases from Uranium 
Dioxide Pellet Fuel Operated at High Temperatures" GEAP-4596, September 1964. 

3 M. F. Lyons, et al, "U02 Pellet Thermal Conductivity from Irradiation with 
Central Melting", GEAP-4624, 1964. 

3 S. Y. Ogawa, E. A. Lees, and M. F. Lyons, "Power Reactor High Performance uo 2 Program" GEAP-5591, 1968. 

4 "Addendum to Safety Evaluation - Fuel Densification and its Effects'', Maine 
Yankee Nuclear Plant, DOCKET 50309-105, USAEC Directorate of Licensing, March 
1973. 
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release of fission gases to the gap and subsequent increase as swelling 
reduces the gap width. The additional effect of pellet cracking and reloca­
tion as mentioned previously would increase the rate at which the gap closes 
and significantly reduce fuel temperatures early in core life. However, 
since sufficient data are not available at present to quantify this effect, 
it has been conservatively neglected in the analyses. 

b. Densification Penalties. 

Local power can be increased due to densification by the formation of 
axial gaps in the fuel column and by a reduction in fuel length. These 
effects are analyzed in accordance with the methods outlined by the AEC in 
their technical report (Reference Al). Local power peaking due to gap 
formation is determined on the basis of the following conservative assumptions: 

1) All fuel rods densify to the maximum extent at the beginning of core 
life. 

2) Axial gaps are formed randomly due to densification and incomplete 
settling of the fuel pellets. 

3) The maximum gap size varies directly with height from the bottom of 
the fuel according to 

AL• (.965-p) L 
2 

where AL is the maximum gap size, Lis the axial height in the fuel 
column and pis the as-f~bricated mean density. 

4) The most adverse combination of gap size and pow~r peaking are 
assumed to occur in the limiting fuel rod. Statistical l!Valuation of the 
variation and frequency of gap sizes throughout the core would result in a 
lower value of peaking due to densification. 

The mean fuel density for the most limiting core region is 93.4% theoretical 
density(!). The maximum reduction in fuel-column height is therefore 1.6% 
(0.56 inches) at the top of the core. However, axial thermal expansion 
results in an increase in fuel-column length of 0.9% based on an average 
pellet temperature of 1800°F at the outer edge of the pellet dish and a U02 
thermal expansion coefficient of 5.0 x 10-6/°F. Therefore the net decrease 
in pellet stack height is 0.7% (0.25") at the top of the core. Considering 
that the limiting peak power occurs at elevations less than 20" through most 
of core life, the maximum gap size affecting power peaking is 0.14 inch. 
On the basis of reported results (Reference Al) the maximwn effect of this 
gap size on local power is estimated as 1.2%. Statistically the probability 
that this gap will form on the limiting fuel rod is small. 

(1) Based on as-fabricated fuel density of centrally loaded assemblies KM 57. 
KM 60, KM 62, IQ165. 
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The effect of fuel densifi ca tion on l i near hea t rate i s evalua t ed · in 
accordancP with AEC assumptions for decrease i n pe] l t l eng th. 

6L = (.965 - p +2o)L 
2 

where: 6L = decrease in pellet length 
L = length of pellet 
p = initial mean density , f r ac tion of theoret ical 
o • standard dev iation of measured densi t y 

The local increase in heat-generation rate is based on the as-fabr i cated mean 

oellet densitv and 2o variat i on of 93.4 + 0.6% t heo ret i cal r esult i ng in a l ength 
decrease of 1.9% due to densi f icat i on. Axial thermal expansion under operat-

ing conditions is 1.3% based on a pellet temperature of 2200°F at the outer 
edge of the pellet dish and the UO the rmal expansion coefficient of 
6 x 1c-6 /°F at the location of pea~ power. This results in a net increase 
in heat-generation rate (kw/ft) of 0 . 6%. Use of this factor conservatively 
neglects the decrease in fissionable U-235, which would result from the 
assumed lower-than-average initial pellet density. 

The net effect of densification on power peaking is summarized below: 

Power peak due to axial gaps 

Decrease in pel l et · length 

Thermal expansi on 

Total increase due to dens i f ication 

c. Fuel-Temperature Evaluation. 

1.012 

1.019 

.987 

1.018 

The effects of fuel densification result i n an increase in fuel temper­
atures due to increased power peaking and reduced gap conductance. The 
maximum increase in pellet cladding radial gap is computed assuming that 
the fuel densifies at the beginning of core lj f c and that the fuel radius 
decreases in accordance with 

6r • (.965 - p + 2o)r 
3 

where 6r ls the decrease in pellet r 3dius, r i R the nomi nal pellet radius 
and the mean density and 2o var i a tion ar e based on t he as-fabri ca ted pel let 
densities. ,The resulting cold diame t ra l gap is 0 .01 16 i nch whi ch i s de­
creased at operating power l evels due t o differ ential thermal expansion of 
the fuel and ~lad. 

The pellet tempera t ure di s t ribution and gap cundu~tance are computed 
us i ng the computer program GAPCON as discussed i r Sec t ion 4a . Fi gure A2 
shows the results of the calcula t i on of t he f uel cente r l i ne t c~per ature of 
the hot pellet as a funct i on of l i near hea t ra te an~ f ue l hurnup. These 
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calculations utilize t he as-iabricated density as discussed previously and 
asslJllle that dens ific~t ion occurs immediately at beginning of core life. No 
creep-down of the cl adding is assumed, but the radial gap conductance is 
i mproved during operat i on by irradi ation-induced fuel swelling and thermal 
expansion. As mentioned previously no credit is taken for gap closure from 
the observed effects of fuel relocation due to pellet cracking. It is 
expected that this effect would significantly decrease the fuel temperatures 
early in core life and would be essentially irreversible. 

In evaluating transients the increased fuel temperatures and reduced 
gap conductance are factored into the analysis. Behavior of the fuel during 
loss of coolant accident (LOCA) conditions is affected by fuel average temper­
ature or stored energy. Since LOCA calculations are sensitive to fuel­
assembly average stored energy, the pellet diameter and gap size are calcu­
l a~ed using the mean pellet density for the limiting fuel assemblies. Figure 
A3 shows the results of the calculation of fuel-pellet average temperature 
as a function of linear heat rate and fuel burnup. These calculations assume 
that the fuel densifies immediat~ly at the beginning of core life. The 
initial increase in fuel temperature is due to' the generation and release 
of fission gas which degrades the gap thermal conductance. The subsequent 
decrease in fuel temperature results from the effects of irradiation-induced 
fuel swelling. Temperatures continue to decrease to the end of core life. 

d. Departure from Nucleate Boiling (DNB) Evaluation. 

The increase in local power due to deneification could result in a 
slight decrease in DNB heat flux ratio in the core. In evaluating DNB it 
is conservatively assumed that power peaking due to densification occurs 
at the location of minimum DNB ratio. This effect is small and has no 
significant effect on normal operation. 

During transients the decreased heat-transfer capability due to densi­
fication could decrease the minimum DNB ratio for certain transients (such 
as the loss of flow transient). In those cases the effect of radial gap 
conductance is factored into the transient analyses. 

5. Effect on Normal Operation and Transients. 

As noted previously f uel densification can result in increased local 
power density, increased stored energy in the fuel, and reduced pel!et­
cladding gap conductance. These effects result in thanges in nonoal steady­
state and transient operat i on as we l l ac affecting fuel performance under 
loss-of-coolant accident conditions . This section examines the t!ffect of 
densification on plant operations and establishes the operating testrictions 
necessary to assure adequat~ margin of safety with respect to fuel design 
limits. 

a. Overpower Limits. 

The basis f or eva ua t ~ng the overpowe r l i mi t s is the criterion of no 
f uel centerline melt i ng dur i ng normal operation or ant i cipated transient. 
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To establish the power capability of the core with densified foe l , the local linear power necessary to cause fuel melting as a f u cti on ~f burnup is com­pared with the peak rod power at rated conditions . Adequate margin is assured by appropriate setting of the high-power l ~vel trip. 

The peak rod power at rated conditions without densifi ca tion is shown in Table 2 as a function of fuel burnup. This includes a 10% uncertainty in power distribution and a 3% uncertainty due to manufacturing tolerances. Since equilibrium Xenon operating conditions are assumed, a restriction has been placed on the rate at which a return t o power can be accomplished after an extended shutdown. The purpose of the specification is to assure favorable Xenon distribution during operation at or near full power. It does not limit nortr.dl operational transien ~s nor does it limit the rate at which power level may be decreased. 

The nominal power-level trip is i:0Z of rated power. Any reduction in set point is computed from 

Reduct:i.on in power .. Rod-power limit (kw/ft) 
level trip Rod-power at 45 MWt (kw/ft) 1.18 1.018 

where 1.18 is the minimum overpower margin that includes allowance for set­point error and transient overshoot, and the 1.018 factor is the densif­ication penalty due to power peaking. The rod-power limit for densified fuel is based on UOz melting temperature (Reference 12) 1 of 5080°F unirrad­iated, decreasing by 58° per 10.000 MWD/MT of fuel burnup. Figure A4 shows the rod-power limit to meet the fuel centerline criterion 8$ a function of core burnup. The power-level setpoint reduction necessary to assure that this limit is not exceeded is given in Section 6, Revision to Technical Specifications. The initial decrease in limiting rod power is due to the generation and release of fission gases which reduce the pellet-cladding gap conductance, while the subsequent increase is due to irradiation-indu~ed fuel swelling which closes the gap and reduces fuel temperature. 

b. Transient Limits. 

In evaluating transients the effects of densification have been included in the analyses. In most cases the results of the transients are not changed significantly, and adequate margins are maintained between transient limits and core safety limits. The effects of densification on DNB and core void fraction are less severe than the effects on fuel temperature and are in general compensated for by the reduced permissible rod power (kw/ft). 

Analyses show that for limiting transient s involving increases in power level, the core if. adequa tely protected by the high-power-level trip. 

1 J. A. Christensen, et al, "Melting Point of Irradiated Uranium Dioxide", WCAP-6065, February 1965. 
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TABLE A2 

PEAK THERMAL POWER AT RATED CONDITIONS vs BURNUP 

Effective Peak Burnup Peak Rod 
Full-Power MWD/MTU Power 

Weeks kw/ft 

0 0 16.0 (1) 

20 7,000 14.6 

40 14,000 14.3 

60 21,000 14.2 

80 29,000 13.5 

134 44,000 14.0 

(1) Beginning of life equilibrium Xenon. Peak rod power is reduced to 
14.9 kw/ft after approximately two full-power weeks. 
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These include rod wi :hd rawa l in the power range and during source-level 

startup and steam-line rupture transients. For a loss-of-coolant-flow 

transient. the effect of higher initial fuel temperatures and r educed gap 

conductance can result in a lower DNB ratio. Analyses indicate that the 

minimum DNB ratio considering densification is reduced slightly but that 

sufficient margin is maintained to the design limit of 1.3. Normal oper­

ation and operational transients such as load changes are well within the 

core safety limits and no significant effect on fuel performance due to 

densification is anticipated. 

c. Loss-of-Coolant Accident Limits. 

The increased stored energy in the fuel due to densification can result 

in changes in peak cladding temperatures during a postulated Loss-of-Coolant 

Accident. Analyses will be performed to develop a limit on maximum stored 

energy (fuel average temperatue) as a function of linear heat rate that assures 

a peak cladding temperature of less than 22OO°F. This limit will be compared 

with fuel average temperatures versus burnup for densified fuel (Figure A3) 

to establish permissible operating power levels as a function of core burnup. 

The analyses will be consistant with the current AEC criteria on F.CCS (Refer­

ence A2) and will be based on the final design of the MH-lA ECCS. 

6. Revision to Technical Specifications. 

Revisions have been made to the technical specifications to reflect the 

effects of fuel densification. These changes relate to the safety limits 

and safety system setting on high power level and to the rate of increase 

in power during operations. 

The changes made to the technical specifications are presented below. 

The paragraph numbering sequence used corresponds to the existinR within the 

technical s 1 ecifications. Unless otherwise noted. sections omitted remain 

unchanged. 

1. SAFETY LIMITS - REACTOR CORE 

c. Specification: 

d. Basis: 

(1) The combination of thermal power. reactor 
outlet temperature and primary system pressure 
shall not exceed the limits shown in Figure 2. 
These limits are considered to be exceeded if 
the point defined by the combination of coolant 
temperature and power level is at any time to the 
ri ght of the appropriate system pressure line. 

(2) The reac tor thermal power shall not exceed the 
limits shown in section 3c (1) (b). 

The effects of fuel densification have been 
included in the evaluation of DNB and of fuel 
t."!mperature during core burnup. Fuel densifi­
r.at i on results in increased local power density 
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and reduced pellet-to-cladding therma l cond uc t ance , 
which increases fuel t emperature 1md heat flux 
during opera tion. These e ff ec ts have been cons id­
ered in the deve l opment of cor e s& f e ty limits. In 
order t o as sure tha t the fueJ center temperature 
does not reach the U0 0 melting t empera t ure, an 
additional l imit has teen pl aced on the reactor 
thermal power level. This limit considers the 
variation of f uel temperature and power peaking 
with burnup, and in conjunction wi th the power 
level trip s etting, assures that fuel design limits 
are not exceeded. 

NOTE : Replaces Section le a nd paragraph 4 of Basis. 

J. LIMITING SAFETY SYSTEM SETTINGS 

c. Specification: 

d. Basis: 

(1) High Reac tor Power - The limiting setpoint 
shall be the lower of 

(a) _:._ 110% of rated thermal power 

(b) < va lue shown below at intervals subse-
quent to the beg inning of life as 
described in the basis of this specifi­
cation 

Fuel Burnup, Limiting Safety Safety 
Effectlve Full- System Setting , Limit, 

Power Weeks % 45 MW % 45 MW 

0 to 5 < 110 118 
5 to 10 105 117 

10 to 20 100 110 
20 to 30 96 105 
30 to 50 94 103 
50 to 60 96 105 
60 to 70 102 112 

> r; J.10 118 

The specified safety system settings with allowance 
for error prov ide assurance that the combination 
of power, temperature, pressure and flow will not 
ex ceed the core safety limits as stated herein. 
The crHerion for high-power-leve l set po int is that 
core power be prevented f rom reaching a value at 
which fu e l cente r l ine me l t •-~ would occur . For a 
given p ow(~r den s ity, f ue l ten1peratures f i rsr. increase 
due to fjs s j nn- gas buildup and t hen decr ease due 
to i rradint i nn- l nduced swe l l in ~ . Therefore core 
power 1imi t ;i nd .l.i mJ. t'ing s afe tv svs t em se ttings 
change ,1cc 0rd lng l v. 

;, ] ,S 



Changes in power-level trip setting shall be done 
in a series of discrete steps at intervals 
determined by review and approval of Plant Safety 
Committee following the limits shown in Section 
3 C (1). 

NOTE: Replaces Section 3 c (1) and first paragraph of Basis. 

SECTION IV. LIMITlNG CONDITIONS FOR OPERATION 

11. RATE OF POWER INCREASE 

a. Applicability: 

b. Objective: 

c. Specification: 

d. Basis: 

This specification applies to the rate at which 
power may be increased for a core burnup of less 
than 70 effective full-power weeks. 

The purpose of this specification is to prevent 
adverse power distribution due to Xenon effects. 

Should a power level of less than 50% of rated 
power be maintained for more than 10 hours, the 
rate of increase between 50% and 100% power shall 
be limited to 5% per hour. 

This specification assures that power density will 
remain within design values by providing sufficient 
time for power redistribution due to Xenon buildup. 

Al9 



REFERENCES 

Al. "Technical Report on Densification of Light Water Reactor Fuels", 
USAEC Regulatory Staff, November 14, 1972. 

A2. "Acceptance Criteria for Emergency Core Cooling Systems for Light 
Water Cooled Power Reactors", DOCKET No. RM-50-1, December 28, 1973. 

Al. G. R. Horn, F. E. Panisko, "GAPCON: A Computer Program to Predict 
Fuel-to-Cladding Heat Transfer Coefficients in Oxide Fuel Pins", 
HEDL-TME 72-128, September 1972. 

A4. "Evaluation of Stainless Steel Cladding for Densification and LOCA 
Conditions", Technical Note 74-1, USAEC Directorate of Licensing, 
Core Performance Branch, January 1974. 

AS. C.R. Hann, "Fuel Rod Gap Conductance and U02 Thermal Conductivity", 
Study for AEC Directorate of Licensing, July 1972. 

A6. J. A. L. Robertson, 111kdt in Fuel Irradiations", CRFD-835, Atomic 
Energy of Canada Ltd., 1959. 

A7. J.P. Hoffman and D. H. Coplin, "The Release of Fission Gases from 
Uranium Dioxide Pellet Fuel Operated at High Temperatures", GEAP-
4596, September 1964. 

AS. M. F. Lyons, et al, "U02 Pellet Thermal Conductivity from Irradiation 
with Central Melting", GEAP-4624, 1964. 

A9. S. Y. Ogawa, E. A. Lees, and M. F. Lyons, "Power Reactor High Perform­
ance UO 2 Program", GEAP-5591, 1968. 

AlO. "Addendum to Safety Evaluation - Fuel Densification and its Effects", 
Maine Yankee Nuclear Plant, DOCKET 50309-105, USAEC Directorate of 
Licensing, March 1973. 

All. O. C. Ditmore, et al, "Densification Considerations in Boiling Water 
Reactor Fuel Design and Performance", NEDM-10735, December 1972. 

Al2. J. A. :hristensen, et al, "Melting Point of Irradiated Uranium Dioxide", 
WCAP-6065, February 1965. 

A20 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080



