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I. INTRODUCTION

This report presents the analysis of the thermal and hydraulic
performance of Core 3 for the MH-1A Floating Barge Nuclear Power
Plant. The primary purpose of this study is to assure that the re-
actor core can meet normal steady-state and transient performance
requirements without exceeding acceptable fuel damage limits. The
analyses presented herein define the limits of safe operation for
the core in terms of measurable reactor parameters: Reactor power,
primary system pressure, coolant temperature, and flow rate. During
steady-state operation, the reactor, control and protection system
provides automatic action, outside the normal operating range, to
scram the reactor and to assure that the reactor safety limits are
not exceeded. Analysis of postulated reactor transients caused by
possible operator error or equipment malfunction assures that the
core safety criteria are not violated during transient situations
which have a reasonable probability of occurence.

A, Scope

Section II of this report defines the safety system set-
points and the operating limits of the reactor.

Section III describes the safety criteria which pertain
to the Mi-1A, and on which the safety limits of the reactor core
are based.

Section IV describes the analysis of the thermal hydraulic
characteristics of the core during steady-state operation. Included
in this section are the calculation of peak centerline fuel tem-
peratures at various power levels, and the determination of the max-
imum linear heat rate. A parametric study of the hot channel enthalpy
rise and DNBR (departure from nucleate boiling ratio) is covered,
and a determination of the reactor core safety limits for steady-state
operation is presented.

Section V covers the analysis of transients initiated from
the normal operating limits. Included in this section are analyses
of uncontrolled rod withdrawal in the power range, secondary system
steam line rupture, rod withdrawal during source level startup,
and loss of reactor coolant flow.

Section VI presents the analysis of transients initiated from
the design limits and the reactor scram setpoints.
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B. Brief Description of the MH-1A

The MH-1A Floating Nuclear Power Plant is designed to serve
the United States Army as a mobile source of power at any site acces-
sible by waterways. The MH-1A is to be utilized as a source of
electrical power for a variety of missions. It will be towed to a
mooring site, secured, and put into service. The reactor will not
be operated during towing or associated transitory operations.

The nuclear power plant is installed in a floating mount.
This is a Liberty Ship hull, modified by the addition of a new mid-
body. All of the original propulsion equipment has been removed,
and the nuclear reactor and associated equipment have been located
in the new midbody. The design of the floating mount is in keeping
with the best commercial marine standards consistent with the appli-
cable 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 system is used to generate the
electricity required for plant operation as well as the 10MWe for
shore distribution. Either 50- or 60-cycle alternating current can

be supplied (the 50-cps operation allows a maximum net output of
8.05 MWe).

The heart of the nuclear system is 45 MWt pressurized
water reactor. The nuclear core utilizes low-enriched pellets of
uranium dioxide in tubular fuel elements, boron steel control rods
with borated followers, and a single pass coolant flow.

The MH-1A reactor is cooled by a single reactor coolant
loop with two reactor coolant pumps operating in parallel. Coolant
enters the reactor vessel through a single inlet nozzle located in
a plane above the core, flows down in flow paths between the vessel
and core barrel, and then makes a 180 degree turn. The coolant
then flows through the lower orifice plate which reduces any mal-
distribution caused by the inlet conditions. The flow then passes
through a lower grid plate which distributes the flow to the fuel
elements, control rods, and inner thermal shields. After passing
through the core, exit plenum, and hot leg piping, the primary
coolant flows through the tubes of a vertical U-tube steam generator
where heat is transferred from reactor coolant to the secondary
water on the shell side of the steam generator where steam is pro-
duced for the secondary plant.

Fuel is contained within free-standing, fully-annealed
type 348 stainless steel tubing. Adequate radial pellet clearances
are provided to assure pellet assembly and freedom for fuel swelling.
A fission gas plenum is provided in each fuel tube for the
collection of released fission gases.
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1. Thermal Power Level

The nominal thermal power level corresponding to 100 per-
cent power is 45 MWt. Operating data shows that the indicated power .
level is generally 99 percent, but rarely as much as 101 percent
during "full power" operation. By defining the indicated normal full
operating band as between 95 percent and 102 percent, sufficient
margin is available to account for normal fluctuations in load de-
mand. In the event of a partial or complete loss of load, the power
decreases and leaves this operating range. However, this is in the
safe direction as far as steady-state operation is concerned, and
transients (such as rod withdrawal) are analyzed from various initial
power levels to account for transients during startup or less than
full power operation. The instrument error associated with power
readings is + 5 percent; therefore, 107 percent is considered the
maximum power obtained during steady-state operation.

2. Primary System Pressure

The normal primary system pressure of the Mi-1lA is 1400
psia (1385 psig). The pressure is controlled automatically by pres-
surizer spray and three banks of heaters. One bank of heaters is in
continuous operation to offset heat losses. Bank number 2 is ener-
gized at 1360 psig and de-energised at 1385 psig. Bank number 3 is
energized at 1335 psig and de-energized at 1385 psig. The capacity of
banks 1, 2, and 3 are 15, 75, and 150 kw respectively. The pressuriser
spray valves open at 1435 psig. Allowing 5 psi for overshoot, and
considering that during normal operation heater bank number 3 is not
activated, the operating band on indicated pressure is defined as
between 1360 psig and 1440 psig; the instrument error is + 22.4 pei.

3. Core Inlet Temperature

The nominal full power inlet temperature is 476°F. Allow-
ing a + 2°F control band, a 5 percent uncertainty in power, and an
instrument error of 3.6°F, results in an operating band between
468°F and 483°F.

4. Primary Coolant Flow

The nominal coolant flow (10,800 gallons per minute) is
based on: (1) Byron-Jackson test data (ref. 4) on the as-fabricated
pumps, (2) extrapolation by Byron-Jackson of this data to 470°F,
and (3) plant differential pressure measurements. The accuracy of
(1) and (2) combined is assumed to be + 5 percent; the accuracy of
the differential pressure measurements is + 1.4 psi. This places
an uncertainty on nominal flow of between 10,350 gpm and 11,200 gpm.
Small changes in temperature do not affect flow significantly.
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A variation in flow, (due to roll and pitch, a normal plant transient)
or due to flow decreases with lifetime of + 150 gpm is assumed, re-
sulting in operating bund limits of 10,200 gpm and 11,350 gpm,

Since flow is not controlled by the control system, no instrument
error is added when determining the normal operating limits; but
since the principal flow scram is on pump differential pressure,

the instrument error (+ 1.4 psi) is considered in determining the
scram point.

Table II-2 shows the normal operating limits for MH-1A
including the effects of instrument error.

TABLE II-2

MH-1A NORMAL OPERATING BAND LIMITS

Operating Band
Limit + Instrument
Nominal Error
Reactor power, % 45 MW 100 107
Pressure, psia 1400 1352
Inlet temperature, °F 476 483
Outlet temperature, °F 506 517
Flow rate, gpm 10,800 10,200

C. Desigp Band Limits

The operating limits defined for reactor power, coolant tem-
perature, and pressure are sufficient for normal steady-state operation.
However, under certain operating conditions, it is possible that one
or more of the reactor parameters may be temporarily outside of the
normal operating band. In the event that such a condition develops
in an adverse direction, alarm setpoints are established for the pur-
pose of alerting the operator to take corrective action to return
the plant to the normal operating range and prevent a reactor trip.
Sufficient margin is provided between the nominal conditions and the
alarm setpoints to prevent unnecessary alarms during plant operations.
The alarm setpoints are also referred to as adverse limits of the

operating band and are used as design conditions in the thermal hy-
draulic analysis.
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Table II-1 shows the alarm setpoints for each parameter and
the effect of instrument error on each. It should be noted that the
reactor coolant outlet temperature alarm setpoint may be set at any
sppropriate value up to the reactor trip setpoint in order to prevent
unnecessary alarms due to the rise in average temperature following
& turbine trip. The alarm setpoint on reactor coolant flow is based
upon pump head and primary loop characteristics. The measured pump
differential pressure is 32.6 psi and the alarm setpoint 1s specified
as 30.0 psi. The primary coolant flow corresponding to the alarm
setpoint, plus instrument error, is conservatively used as the design
flow in the thermal hydraulic analysis. Since the output of the cool-
ant pumps is not controllable and the loss of one pump results in a
loss of flow trip, the actual steady-state flow will be greater than
the assumed design flow unless a loss of flow transient occurs as
analyzed in this report. The alarm setpoints, plus instrument error
on other parameters, are conservatively assumed as design values in
the steady-state analysis and as initial conditions for the analysis
of trarsients.

D. Safety System Setpoints

Based upon the results of the steady-state thermal hydraulic
and the transient analyses, a set of safety system setpoints was se-
lected. The limiting value of the setpoint and the effects of instru-
ment errors is shown in Table II-1. The setpoints were selected to
(1) assure that none of the safety limits established in the steady~-
state thermal hydraulic analysis are violated during plant operations,
(2) assure that safety limits are not violated during postulated
reactor transients, and (3) to give the reactor plant operational
flexibility by providing adequate margin between normal operating
conditions and the safety system setpoints.

E. Margins to Safegz Limits

The following paragraphs discuss the reactor trip setpoints

and the margins that these setpoints insure with respect to the safety
limits.

1. Steady-State Summary

The thermal hydraulic analysis indicates that core exit
quality and fuel melting considerations are more limiting than actual
DNB caused by high heat flux. The maximum overpower capability with
respect to fuel centerline melting is 117 percent of rated power.

The safety limit on fuel melting is not significantly affected by
other operating parameters. The limits stated below for reactor para-
meters are the values which would result in reaching a safety limit

on fuel temperature, DNB, or exit quality, assuming that the remaining

parameters are at the adverse limit of the operating band including
instrument error.
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(e) High Primary System Pressure

The limit on high primary system pressure of 1760
psia is a mechanical limit established to insure the integrity of the
primary coolant system. The basis for this limit is 110 percent de-
sign pressure for the reactor pressure vessel under the ASME Code,
Section III (Reference 1). The analysis shows that the fuel center-
line temperature is relatively insensitive to an increase in system
pressure, and the limiting pressure in this regard is well beyond
the safety limit of 1760 psi. Margins to other safety criteria are
not affected adversely by high system pressure.

2, Transient Summary

A summary of the analysis of reactor transients and the
protection provided by the safety system settings is presented in
Tab'e II-3, The limits stated are for the most severe transient in
each case initiated from the adverse limit of the operating band
including instrument error.

It should be noted that during transient conditions,
safety limits are given in the form of curves rather than by single
numerical values. This approach is based on the fact that certain
limits are related to interdepandent variables such as (1) reactor
coolant outlet temperature, (2) heat flux (reactor power), and (3)
reactor coolant pressure. The use of safety limit curves aids in

the determination of whether a particular limit has been approached
or exceeded.

(a) Power Range Rod Withdrawal Transient

Uncontrolled rod withdrawal in the power range was
analyzed for conditions of both fast reactivity insertion and slow
reactivity insertion. The high outlet temperature trip protects the
plant against slow reactivity insertion rates that would cause system
pressure and temperatures to increase significantly before the plant
is scrammed on high power. The nuclear trip channels, on the other
hand, will respond first for rapid reactivity insertion rates before
any significant change in system process variables is detected.

The analysis shows that all transient conditions
which could occur as a result of uncontrolled rod withdrawal are con-
strained by a combination of high power and high outlet temperature
reactor trips. The nuclear high power setting provides a boundary
that assures that the reactor will be scrammed at or before a power
level of 115 percent is reached. The most limiting transient caused
by a fast reactivity insertion rate results in a maximum thermal flux
of 112 percent and a maximum outlet temperature of 535°F, which do not
exceed the allowable safety limit boundaries. The corresponding
maximum fuel temperature and minimum DNB ratio are 4564°F and 1.55
respectively. The hot channel exit quality is less than 0 percent at
all times during the transient.
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A transient caused by a slow reactivity insertion,
resulting in a significant increase in primary system pressure and
temperature, s terminated by high outlet temperature scram. The most
severe transient of this nature, in which the power levels off just
below the scram setpoint and the temperature increases at the maximum
rate, results in a temperature overshoot of 14°F. The primary system
pressure reaches 1395 at the time of scram and continues to 1430 psi
where it is limited by the pressurizer spray svstem. The high outlet
temperature protection prevents the reactor parameters from exceeding
the safety limit boundary defined by hot channel exit quality. The
minimum DNB ratio occuring during this transient is 1.45 and the max-
fmum hot channel exit quality is +2.0 percent. The maximum fuel cen-
terline temperature is 4734°F corresponding to a steady-state power
level of 115 percent.

] The remaining safety system setpoints on low primary
system pressure and low coolant flow rate are not significantly in-
fluenced by the power range rod withdrawal transient.

(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. The analysis shows that the high power
reactor trip is sufficient to prevent violation of the core safety
limit boundaries. The maximum fuel temperature and minimum DNB ratio
resulting from the main steam line rupture transient are 4564 °F and
1.54 respectively. Neither the reactor coolant temperature nor coolant
flow rate safety setpoints are influenced by this transient. A low
pressure setpoint of 1265 psia was used throughout the analysis of
this transient.

(¢) Loss of Coolant Flow Transient

Loss of reactor coolant flow is detected by direct
measurement of the flow in the coolant loop and by loss of pump power.
The flow rate is measured by differential pressure tap across the pumps.
The analysis shows that the core is protected with a setpoint of 24 psi
(8650 gpm) and a delay time between pump failure and initial rod in-
sertion of 0.500 seconds. Loss of flow from either of the two pumps
initiates a low flow reactor trip. Coolant flow, after a reactor
trip, is maintained momentarily by the flow coastdown due to the
inertia of the pumps. Analysis of the loss of flow transient initiated
from the most adverse limit of the operating band plus instrument error
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shows that the minimum DNB ratio is greater than 1.40 and that there
are no sustained flow oscillations during the transient. Since any
possible increase in measured coolant outlet temperature occurs

after the low flow scram, and since there is 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

of 1352 psia.

(d) Source Range Rod Withdrawal Transient

Protection against rapid approach to criticality
caused by continuous control rod withdrawal from a subcritical con-
dition is provided by the high power reactor trip. Although very
conservative assumptions were used, the analysis indicates that the
reactor core i1s 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 1s a large margin to DNB during the transient,
since the rod surface heat flux remains low, The maximum fuel tem-
perature during the transient is less than 960°F. Since the transient
is initially terminated by Doppler effect, the fuel temperature is
relatively insensitive to reactor power setpoint. The other reactor
system setpoints are not influenced by this transient.
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C. Hot Channel Factors

In evaluating the thermal-hydraulic performance of the 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 types 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 on heat flux or linear power depend
on local properties (hot spot), and factors on enthalpy rise consider
the integrated effect along the length of the channel (hot channel).
The overall hot channel factors on heat flux or enthalpy rise are 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 3 are derived from the appropriate tolerances in the fuel rod
specifications (ref. 7). The engineering factor on enthalpy rise is
taken as the ratio of the maximum U-235 loading to the nominal for a
fuel rod (1.030). Engineering factors for local power or heat flux
are determined from the tolerances on the U02 fuel enrichment, density,
and fuel diameter. When determining local fuel rod heat flux, an
additional factor is included to account for a decreased heat transfer
area caused by s possible minimum fuel rod diameter of 0.504 inches.
The derivation of engineering hot channel factors used in the analysis
is shown in Table IV-2,

The effect of variations in channel dimensions on enthalpy
rise and local DNB heat flux are incorporated directly in the analysis.
When calculating the hot channel enthalpy addition, the minimum flow
area is used to obtain the highest channel enthalpy rise. However,
when determining DNB heat flux using the W-3 correlation (Sectionm III),
the maximum enthalpy rise combined with an increased local hydraulic
diameter is used to give the most adverse DNB heat flux.
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2. Power Distributions

The radial power peaking factors used in the analysis
corresponds to the beginning of 1ife (BOL) power distribution deter-
mined in the nuclear analysis of Core 3 (ref. 11) using the computer
code TURBO*, Figure IV-1 shows the individual rod power factors for
the innermost fuel element which is the highest flux fuel element
in the core and contains the hot channel. These values represent
the unrodded region of the core for hot condition 490°F and are
higher than the power peaking factors in the rodded region of the
core. The maximum BOL radial power peaking factor for Core 3 is
1.92,

The axial power distribution for the BOL is shown in
Figure IV-2. This flux shape corresponds to a twelve-rod bank posi-
tion of 10.6 inches at 490°F, and is based on data generated by the
one dimensional CNCR~2 code. The curve, as used in the analysis,
has a normalized value of unity. Use of the BOL flux distribution
is conservative because the axial peak will decrease during the life
of the core and more than compensate for any slight increase in
radial factors shortly after BOL. For normal operating conditions
(490°F) the maximum BOL axial power peaking factor is 1.957.

D. Methods of Analysis

The maximum steady power level with respect to fuel center-
line melting is calculated using the in-house computer code CHEETAH
(ref. 5). This code calculates the fuel temperature distribution in
the hot pellet, taking into account the flux suppression in the center
of the fuel in terms of the neutron diffusion length in the fuel.

The upper limit on the coolant temperature is taken as the
saturation temperature at given system pressure. The temperature
increment between the bulk coolant and clad wall is given by the
conservative Thom nucleate boiling correlation (ref. 12):

Tyall ™ Tgqe + 072 (3") 0.50 (¢-P/1260) (
1)

where:
Tsall = cladding surface temperature, °F

Tgat = saturation temperature for system pressure, °F
q" = local surface heat flux, Btu/hr-ft?

P = gystem pressure, psia

108-04 25



1.9211.77 }1.76 }1.75 |1.73 |1.70 |1.66 |1.64 | 1.60]1.33

1.8111.61|1.60 1.59 |1.57 {1.55 |1.52 |1.52 | 1.51|1.58

1.8111.61]1.59 {1.58 |[1.57 |1.55 |[1.52 |1.51 |1.51|1.62

1.8111.60|1.58 {1.58 |1.57 |{1.54 (1.52 [1.51 |1.51}1.63

1.8011.59 |1.58 }1.58 {1.56 |1.53 (1.52 |1.52 |1.52|1.64

1.805 1.59 | 1.59 [1.58 {1.56 |1.53 {1.53 ]1.53 |1.53 |1.67

1.8011.59 |1.59 {1.58 {1.56 |1.54 [1.53 {1.53 |1.53 |1.68

1.78 11.59 |1.59 [1.58 {1.56 |1.54 1.53 [1.53 ]1.54 {1.69

1.76 [ 1.60 |1.59 |1.58 (1.57 }1.55 |1.53 [1.54 |1.54 ]1.69

1.4511.66 11.68 {1.68 {1.68 |1.67 [1.64 [1.65 |1.65 |1.68

Source 1.22 | 1.65

FIGURE IV-1  RADIAL POWER DISTRIBUTION FOR CENTRAL
FUEL ASSEMBLY. EACH FUEL PIN REPRESENTED
(BOL, HOT)

26






Heat conduction 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 based on the local heat
generation in the fuel and the temperature dependent U0y thermal
conductivity.

The heat conduction equation for cylindrical co-ordinates
is golved using a moditied zero order Bessel function to represent
the heat generation shape in the fuel. The solution to the heat
conduction equation as programmed into the CHEETAH code is written
as:

4m frlrcl(rT)dT =q' 28 (To_(R/2) - To (£/8) y (9
Tsurface R I; (R/2)
where: q' = peak linear heat rate
r = radial distance frém the fuel centerline
R = radius of the fuel
k(T) = thermal conductivity of UOp

Tsurface = fuel surface temperature

Tr = fuel temperature at radius

Io = modified zero order Bessel function
I = modified first order Bessel function
L = neutron diffusion length in fuel

The program calculates the fuel temperature distribution based on
equation (2) for various steady-state power levels, and determines
the linear heat rate at which a specified fuel melting temperature is
reached at the center of the fuel.

The basic method used in the analysis of the MH-1A hot channel
enthalpy rise and DNB ratio conditions is the COBRA digital computer
program (ref, 6). The COBRA program calculates coolant flow and en-
thalpy in the subchannels of an arbitrary rod bundle. The program has
the ability to consider both single and 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 the
axial flux distribution, relative rod power, and the fraction of rod
power to the adjacent subchannels.
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TABLE IV-5

MH-1A FUEL TEMPERATURE ANALYSIS PARAMETERS

Rated power, MWt 45
Heat generated in fuel, ¥ 96.6
Maximum System pressure, psia 1477
Coolant temperature (saturation), °F 595
Hot Channel Factors
Nuclear, axial 1.957
radial 1.92
uncertainty (1.05)2
Engineering 1.030
TOTAL 4,267
Fuel diameter, in 0.4565
Clad outside diameter, in 0.507
Clad thickness, in 0.023
Core length, in 36
Number of fuel pins 3328

Heat transfer
Clad surface heat transfer mode
Thermal conductivity of clad, Btu/hr/ft°F

Gap conductance Btu/hr-ft2°F
U0y thermal conductivity

nucleate boiling,
Thom correlation

11

1763

Lyons correlation

Maximum heat flux (hot spot), Btu/hr-ft?
Max linear heat rate, kw/ft

Maximum clad surface temperature, °F
Fuel temperature maximum centerline, °F
Fuel temperature maximum surface, °F

Rated power Scram

(45 W) Condition
(51.8 MW)
0.481x10%  0.553x10°
18.6 21.4

610 612

4106 4734

996 1055
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2. Enthalpy Rise and Dnb Hot Channel Characteristics

The thermal hydraulic conditions in the hot channel,
calculated using the COBRA computer program, are shcwn in Table IV-6.
Characteristics of the average channel in the core (withou' nuclear
and engineering hot channel factors and constrained to nominal channel
dimensions) is shown for comparison. The results indicate that during
normal steady-state operation at the design limits, no bulk boiling
occurs in the hot channel. The minimum DNB ratio under these condi-
tions is 1.58. The overall effect of variations in channel dimensions,
fuel rod properties, and flow distribution and interchannel mixing,
is shown in Table IV-6. These effects result in an increase in the
hot channel enthalpy rise compared to the nominal channel of

96.3 Btu/lb - 1.18
(1.778) (1.05) 43.6 Btu/lb )

The effect of turbulent mixing on the hot channel enthalpy
rise is calculated by the COBRA computer program based on the turbu-
lent mixing parameters and the fuel assembly power distribution. The
results of the calculation may be expressed as a flow mixing factor
defined as the ratio of the hot channel mixed to unmixed enthalpy rise.
The effects of mixing and flow redistribution taken separately result
in a reduction of hot channel enthalpy rise of about 0,86. Flow mixing
partially compensates for the increase of hot channel enthalpy rise
resulting from uncertainties in the local heat generation and adverse
channel dimensions.

Behavior of the hot channel at conditions other than the
operating band limits was investigated using the COBRA program. The
variation of hot channel exit quality and minimum DNB ratio as a func-
tion of reactor power, outlet temperature, flow, and pressure are
shown in Figures IV-6, IV-7, IV-8, IV-9, respectively; in each case,
the remaining operating parameters were assumed to be at either the
design limit (alarm setpoint plus error) or the normal operating limit.

3. Margins to Safety Criteria

During normal operation (rated power) at the maximum system
pressure, the peak centerline temperature of the hot pellet is 4106°F.
The safety criteria of fuel melting (4800°F) is reached at an overpower
level of approximately 117 percent for MH-1A Core 3. For steady-state
operation, fuel centerline temperature is relatively unaffected by
other operating parameters.

The minimum DNB ratio during steady-state operation at
design conditions is 1.58. The analysis shows that actual DNB due to
high heat flux is not as limiting on reactor parameters as fuel tem-
perature or hot channel quality.
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(a)  DRAKE
(b) CHIC-KIN
(¢) COBRA

DRAKE is a digital code for the simulation of overall
plant dynamics employing [BM's Continuous System Modeling Program
(CSMP) language (Ref #17)., The program solves the reactor kinetics
equation with six delayed neutron groups for a four-axial zoned
reactor. Reactivity introduced by control rod motion as represented
through the use of a nonlinear function generation capability peculiar
to CSMP feedback reactivity due to fuel temperature and primary coolant
temperature is included.

The model includes a single node stcam generator. The
core is represented by a single nominal channe! with four axial seg-
ments. The hot and cold primary coolant legs are represented by
pure transport delays, and the reactor vessel ‘inlet and outlet
plenums, as well as the steam generator inlet and outlet plenums,
are represented by first order mixing delays. The modeling of
the secondary side of the steam generator includes the turbine
throttle, but does not include effects due to the turbine or
condenser. The inlet feedwater enthalpy is assumed constant.

Allowable forcing functions for the DRAKE program
are steam generator secondary temperature, turbine throttle posi-
tion, and reactivity. The details of this program are described in
Ref. 8,

The CHIC-KIN computer program is used for intermediate
and fast transients and is especially useful when a detailed analysis
of the core thermal response is required (Ref 18), Tre program
solves the basic momentum, continuity, and energy equations where
any one of the following parameters are known functions of time:
Coolant inlet temperature, core inlet flow, core pressure drop, and
reactivity or core power level.

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 which 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 clad water interface where the effect of the fuel rod time
delay is included in the energy balance.
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7. Hot Channel and Hot Spot Factors

The hot channel factor is applied to the initial reference
level of heat generation (Btu/ft3-hr) which, when input to CHIC-KIN,
yields the hot channe!l enthalpy response,

(a) Hot Channel Factor:

178 x 1.03 x 1.05 x .852 = 1.65

where: 1.78 = average radial peaking factor of the four adjacent
pins comprising the hot channel

1.03 = engineering factor on enthalpy rise
1.05% = uncertainty in the radial peaking factor

.852 = a mixing factor describing the effect of flow redis-
tribution and mixing on the hot channel enthalpy rise.
Adverse channel dimensions and reduced inlet flow
associated with the hot channel are directly input
to CHIC-KIN.

Two hot spot factors exist; one is applied to heat flux
to yield hot spot heat flux , the other to fuel temperatures to give

hot spot fuel temperatures.

(b) Hot Spot Factor Applied to Heat Flux:

1.92 x 1.03 x 1.05 x 1.05 = 2.20

where: 1.92

§i

highest radial peaking factor

1.03 = engineering factor on heat flux
1.05 = uncertainty in the radial peaking factor
1.05 = uncertainty in the axial peaking factor

(b) Hot Spot Factor Applied to Fuel Temperatures:

1.92 x 1.03 x 1,05 x 1.05 x .94 = 2.07

where all terms are identical to those of the hot spot factor applied
to heat flux except:

.94 = a neutron flux suppression factor to correct for
Unqs enrichment and fuel pin diameter (Ref 10).
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Figure V-4 shows core thermal power vs. reactor outlet
temperature for this worst case power range rod withdrawal transient
employlng the maximum reactivity insertion rate. Since the frame-
work for all such transients is the set of safety limits defined
in the steady-state analysis (Section IV of this report), the
limiting conditions here are 2 percent quality and 4800°F fuel
temperature.  The minlmum DB ratio safety limit of 1.3 would
be violated subsequent to those of quality and fuel temperature,
and thus is of no concern., Figure V-4 verifies all safety limits
held safe.

For slow reactivity insertion (low rod worth, or with-
drawal of less than all control rods), the combined negative fuel
and coolant temperature reactivity coefficients result in a slowing
down of the power rise, a power peak, and subsequent decay (see Fig. V-3).
Since the energy removed from the steam generator is constant
(107 percent of full power), the power mismatch results in an
increase in the temperature of the primary system. The transient
will be terminated by a high coolant temperature scram (a setpoint
of 530°F was employed). But since a maximum core thermal flux
and hot spot fuel temperature of 108.8 percent and 4458°F respec-
tively have been achieved, and the 2 percent quality safety limit
is in no danger of violation (see Fig V-5), the transient now
becomes, more properly, a less than worst case rod creep transient.
That is, a quasi-steady-state behavior wherein it is assumed coolant
temperature remains at its highest value during the transient, and
reactor power remains at the scram setpoint f.  a significant length
of time. Rod creep transients are examined in detail in Para. B
which follows.

Thus, the limiting combinations of 2 percent quality and
maximum fuel temperature (4800°F) are verified held safe for the
most severe power range rod withdrawal transients. These safety limits
then assure safe operation of the MH-1A, during sich a transient,
with adequate margin.

B. Rod Creep Transient

1. Background

O0f major interest in any safety analysis is the so
called "rod creep" transient (RCT). A special case of the PRRWT,
this is the only transient considered where two scram setpoints
are reached. During this transient, it is assumed that the rods
are uncontrollably withdrawn and the power increased to just below
the level of the scram setpoint. Here the power is assumed to
level out due to a balance between the reactivity subtracted by
the negative temperature coefficient and that added by the control
rod motion. Thus, the high temperature scram is the only remaining
safety system protection which will terminate the RCT.
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2. Initial Conditions

“he conditions existing immediately prior to scram
initiation are:

(a). Power = Scram setpoint plus instrument error

(b). Vessel outlet temperature = Scram setpoint
plus instrument error plus overshoot due to scram delay and lag in
measurement.

(c). Primary system pressure = Worst case operating
band (WCOB) plus increase due to heat-up transient.

For power this is just 110% + 5% = 115%

For temperature, the result is somewhat more complicated due to
overshoot. The scram setpoint plus error is 530°F + 3.6°F. = 533.6°F

3. Results

In calculation of the overshoot, the important factors
are pover mismatch, temperature measurement lag, and scram delay.
The power mismatch has been found to be no more than 95 percent
(Ref 8). The rate of temperature increase for this mismatch 1is
1.58°F/sec. Figure V-6 (Ref 8) shows the lag between the actual
vessel outlet temperature and the measured value as a function of
power. The lag at 95 percent mismatch is 14.3°F. Thus, the vessel
outlet temperature at time of scram is 530°F + 3.6°F + 14.3°F = 548°F,

Assuming an initial vessel outlet temperature of 514°F
(at time 115 percent power is reached) then the time of the "heat up"
portion of the transient is

(548°F - 514°F)

1.58°F/sec 21.5 sec

It is conservatively assumed that the primary system pressure is
1352 psia (WCOB) at the moment the power level reaches the scram
setpoint. The surge into the pressurizer is a linear function of
the heat-up power, and is:

S m 1.4 x10-5 ft
.0202 £t371b

3
[BtU (95 x 45635) %%% = 28.1 1b/sec = 1.01 x 10° lb/hr

(This information is fed into the computer code TOPS (Ref 15)).
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Figure V-13 shows the response to the main steam line
rupture transient for an initial power level of 0.1 percent. Due
to the low initial power level, the initial rise in power does not
result in an increase in fuel temperature. Thus, there is no
significant reactivity feedback. The power level thus rises on a
shorter period compared with the case of initial power level of
107 percent. After the power level has risen above approximately
10 percent, the fuel temperature increases and adds negative reactivity
via the fuel Doppler effect.

'"The scram setpoint is reached at time equal to 5.66
seconds and the control rods drop at time equal to 5.89 seconds.
The maximum power achieved is 370 percent, the maximum core thermal
flux is 33 percent, and the maximum hot spot fuel temperature is
820°F.

Figure V-14 shows core thermal power vs. reactor outlet
temperature for the 107 percent initial power level main steam line
rupture transient. Again, the framework for all such transients
is the set of safety limits defined in the steady-state analysis,
(Sec III) of this report, with the limiting conditions of 2 percent
quality and 4800°F fuel temperature. The minimum DNB ratio of
1.3 would be violated subsequent to those of quality and fuel
temperature, and is then of no concern. Figure V-14 verifies all
safety limits held safe.

For the case of a main steam line rupture transient
initiated from a power level of 0.1 percent, Figure V-15 reflects
the fact that even wider margins exist to insure the integrity of
the safety limits than with case #1.

Thus, the limiting combinations of 2 percent quality
and maximum fuel temperature (4800°F) are verified held safe for
the most severe main steam line rupture transients. These safety
limits then assure safe operation of the MH-1A, during such a
transient, with adequate margin.

E. Loss of Flow Transient

1. Background

This transient (abbreviated LOFT) is initiated by the
loss of power to one or both of the primary coolant pumps, or by a
mechanical failure of either or both pumps, It has been shown that

the loss of service of both pumps result is the most severe transient
(Ref 8).
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2. Scoping
(a) Initial conditions

Scoping a PRRWT requires all reactor and primary loop
parameters to be set at their scram points, including associated errors.
Table VI-3 contains these initial conditions.

TABLE VI-3

SCOPING RUN INITIAL CONDITIONS

Reactor power 115%
Reactor outlet temp 534°F
Primary coolant flow 8650 gpm
Primary system pressure 1265 psia

(b) Results

Scoping begins with reactor power at the high power
scram point. During the .23 second lag time before negative reactivity
insertion (see Section V) reactor power, core heat flux and reactor
outlet coolant temperature will rise at rates approximating those
achieved in the 111 percent initial power case (see Fig. VI-3). Table
VI-4 indicates the conservative additions which must be made to these
parameters at their 115 percent power steady-state value to simulate
scoping at 115 percent initial power level.

TABLE VI-4

SCOPING AT 115% INITIAL POWER

Parameter Steady-state value| Length of Increases | Final
time para- in value of
meter increases| parameter| parameter
after scram
initiated

Reactor power 1152 +23 sec 1.4% 116.4%

Core heat flux 115% .28 sec 5% 115,.5%

Outlet temperature 534°F .31 sec 1°F 535°F
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This transient would then result in a minimum DNB
ratio of 1.48, a maximum quality of +2.8 percent and a centerline hot
spot fuel temperature of no more than 4740°F.

B. Rod Creep Transient

This transient was analyzed in detail in Section V of this
report. ‘

1. The Design Band

(a) Initial Conditions Prior to Initiation of Transient

It is assumed that the plant is operating with actual
power, outlet temperature, system pressure, and flow of 115 percent,
534°F, 1352 psia and 9750 gpm, respectively.

(b) Results

The rod creep is initiated with no increase in power
and a 14°F (Section V) increase in outlet temperature prior to scram.
Concurrent with this increase in temperature is a 43 psi increase in
system pressure.

The maximum quality and minimum DNB ratio achieved
during this transient are 2 percent and 1.45, respectively.

As previously noted, the initial conditions on power
and temperature are 115 percent and 534°F, respectively. It is further
assumed that there is a 14°F overshoot in the outlet temperature. These
are two consistant but conservative assumptions. If the plant is
operating, steady-state, at the temperature scram point prior to tran-
sient initiation, the temperature overshoot will be negligible. If
the transient is initiated at a lower temper..ture the overshoot is
no more than 14°F, however, the pressure surge will be larger. The
higher pressure at scram ipitiation leads to lower quality and higher
DNB ratio.

2. Scoping

(a) 1Initial Conditions

This transient is analyzed by a steady-state analysis
with the following input:

Power 1157
Flow 8650 gpm
Pressure 1265 psi
Outlet temp. 548°F
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(b) Results

The maximum quality and minimum DNB ratio are +5.5
percent and 1.41, respectively.

C. Main Steam Line Rupture Transient

The MH-1A MSLRT is discussed in detail in Section V of this
report. Reactor kinetics input parameters and analytical technique
remain unchanged.

1. Design Band Limits

(a) Initial Conditions

A MSLRT initiated from the design band limits involves
a primary coolant flow of 9750 gpm, a reactor outlet coolant tempera-
ture of 534°F, and a primary system pressure of 1265 psia. Since the
primary coolant pressure decreases during the transients, it may be
reasoned that the pressurizer heaters may not be able to maintain
the pressure within the design band. Thus, the pressure of 1265 psia
(low pressure scram point with associated error) was conservatively
selected for the analysis. Table VI-5 shows the two power levels
chosen as initial conditionms.

TABLE VI-5

INITIAL POWER LEVELS

Power Level

(% full power) Significance
1072 Operating band limit
1112 Alarm point

(b) Results

Figures VI-5 and VI-6 show the behavior of the Mi-lA
during MSLRT for each of the two sets of initial conditions. The figures
show instantaneous reactor power, core heat flux, hot spot fuel tempera-
ture, and the reactor outlet coolant temperature as functions of time
during the transient. Figure VI-6 shows the maximum core thermal flux
achieved during this worst case to be 112.2 percent full power. The
hot spot fuel temperature reaches a peak of 4564°F, far below the
irradiated U0, melting point of 4800°F.
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