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Long-term high payload missions necessitate the need for nuclear space propulsion. The National Aeronautics and Space
Administration (NASA) investigated several reactor designs from 1959 to 1973 in order to develop the Nuclear Engine for Rocket
Vehicle Application (NERVA). Study of planned/unplanned transients on nuclear thermal rockets is important due to the need for
long-term missions. In this work, a system model based on RELAP5 is developed to simulate loss-of-flow accidents on the Pewee I
test reactor. This paper investigates the radiation heat transfer between the fuel elements and the structures around it. In addition,
the impact on the core fuel element temperature and average core pressure was also investigated. The following expected results were
achieved: (i) greater than normal fuel element temperatures, (ii) fuel element temperatures exceeding the uranium carbide melting
point, and (iii) average core pressure less than normal. Results show that the radiation heat transfer rate between fuel elements
and cold surfaces increases with decreasing flow rate through the reactor system. However, radiation heat transfer decreases when
there is a complete LOFA. When there is a complete LOFA, the peripheral coolant channels of the fuel elements handle most of
the radiation heat transfer. A safety system needs to be designed to counteract the decay heat resulting from a post-LOFA reactor
scram.

1. Introduction
A nuclear thermal rocket (NTR) is a nuclear fission propelled
vehicle that travels into space for long-term space missions.
Typically, NTRs have open-cycle reactor designs and consist
of a propellant tank, pump, and reactor vessel. The reactor
core serves as the engine of the rocket and heats the coolant
(also known as propellant or working fluid) and then releases
it at an exhaust pressure. The reactor vessel of the NTR houses
the core barrel, neutron reflector, control drum mechanisms,
and core support plates/structures. Instead of control rods,
NTRs have control drums to control the reactivity. These are
rotated in order to keep the reactor critical.
Historically, NTRs have used various propellants, such as
ammonia, nitrogen, and hydrogen. The KIWI reactors of the
Los Alamos Scientific Laboratory (LASL) and the Tory reactors of the Lawrence Livermore Laboratories used ammonia
and nitrogen, respectively. The Rocketdyne Division of North
American Aviation identified hydrogen as a more suitable
propellant than ammonia and nitrogen [1].

The payload is the mass of the rocket/vehicle minus the
mass of the structure and the mass of the propellant. Hence,
it is basically the mass of the cargo or crew that the vehicle
is carrying. NTRs need less fuel per payload than chemical
combustion rockets. In addition, they can diminish travel
time and cut down on risks to near-earth objects and Mars
[2]. NASA anticipates that NTRs can travel to Mars by taking
50% of the time envisioned [3]. The learning experience from
NTR studies can be used in improving the design of terrestrial
nuclear reactors, especially safety systems.
Aside from NTRs, nuclear electric fission rockets
(NEFRs) have also been devised. In contrast to NTRs, these
have similar fundamentals to those of terrestrial nuclear
power plants, such as a reactor core, an energy conversion
system, and a heat rejection system. NEFRs generate
electricity for the vehicular instruments and the electric
propulsion system. The following NEFRs have operated in
space: (i) the BUK and TOPAZ reactors of Russia and (ii) the
SNAP-10A reactor of the United States [4]. Nuclear reactors
for space exploration have some design criteria that are
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distinct from those of terrestrial nuclear reactors. According
to De Grandis et al. [5] and Finzi et al. [6], nuclear reactors of
this kind have the following design criteria: (i) they produce
the required electrical power (relevant for NEFRs), (ii)
they need to last for the required time period sans human
intervention and refueling, (iii) they have limited mass
and volume of design due to payload, (iv) they meet safety
requirements of the terrestrial nuclear reactors, (v) they
need less maintenance and repair procedures than terrestrial
reactors, and (vi) they prevent leakage of fluids and possess
safety systems to address these. Summerer and Stephenson
[4] list the following design criteria: (i) sufficient efficiency
concerning heat removal in space and launch environments,
(ii) very small and compact reactor cores, (iii) very high
enrichment ratios, (iv) high core temperatures, and (v) low
core power densities to enable long usage times.
The Nuclear Engine for Rocket Vehicle Application
(NERVA) investigated several NTR designs from 1959 to 1973.
The first NTR design developed was the KIWI B4D in 1964.
The last NTR design developed was Nuclear Furnace-1. Aside
from these, prototype designs of NTRs include NRX, Phoebus, Pewee, and XE Prime. Out of these designs, Pewee had
the highest operating temperature of approximately 2500 K
and Nuclear Furnace-1 had the longest reactor operation time
of approximately 160 minutes [7].
Several transients, whether intended or unintended, have
been experimented with/simulated on nuclear space reactors.
In the following paragraphs, we present some examples of
transients that have been studied.
Peoples [8] computationally studied transients of the
following: (a) control drum run-in, (b) decrease of coolant
flow, (c) decrease of coolant inlet temperature, and (d) a lossof-coolant accident (LOCA) on a lithium-cooled space power
fast-spectrum reactor. In particular, computer programs such
as FORE and the Continuous System Modeling Program
(CSMP) were used for the reactivity and flow rate transients,
respectively. For part (a), the reactivity insertion accident due
to run-in of the control drums is not a major issue as long as
the reactivity insertion rates are restricted to a safety margin
less than $0.097/s. For part (b), the reactor can operate at
a lithium flow rate 90% less than the standard steady-state
flow rate as long as the fuel element temperature does not
reach/exceed 1388.89∘ K. For part (c), a safety margin of 40
seconds is necessary to respond to a transient where the
lithium inlet temperature is 116.67∘ K less than the normal
steady-state conditions. For part (d), a large emergency
lithium supply is needed to remove the decay heat and
prevent meltdown of the core.
According to Kruger [9], experiments such as a burst
transient, an irradiation transient, and a fuel flow transient
were carried out at the Transient Reactor Test (TREAT) facility. This work demonstrated that cermet fuel has favorable
thermal and mechanical properties and can withstand severe
transients.
Akyuzlu [2] developed a 1D mathematical model to
simulate thermal-hydrodynamic transients in the cooling
channels of a nuclear thermal propulsion engine. Schmidt
et al. [10] used a computer code known as KINETIC to
study flow and heat transfer transients associated with a
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Particle Bed Reactor- (PBR-) based NTR. KINETIC code is
based on the point reactor model and has nodes to describe
fluid dynamics and heat transfer mechanisms. The broad
range of the KINETIC code includes nucleonics, hydraulics,
heat transfer, control rods, turbo-pump assemblies, valves,
and nozzles. Schmidt et al. [10] concluded that KINETIC is
a suitable transient analysis algorithm to investigate startup and shutdown profiles of PBR-based NTR designs. In
addition, KINETIC can be used to assess turbo-pump assembly start strategies, modify the design of the reactor for
the purpose of reducing feedback, and also assess engine
shutdown strategies.
The purpose of this work is to investigate the impact of
loss-of-flow accident (LOFA) on the radiation heat transfer
in the NTR core. This is a behavior that has not been studied
by those who have studied “flow rate change transients” in
nuclear rocket systems. In addition, the impact on the fuel
element temperature and the pressure profile in the core will
also be noted. Here, it is assumed that the rocket was in
normal operation and then, all of a sudden, a LOFA occurred
due to the reactor pump failure. Here, the Pewee I test reactor
has been selected for this study. The Reactor Excursion
Leak Analysis Program (RELAP), a thermal hydraulics code
developed at the Idaho National Laboratory, has been selected
to model the Pewee I test reactor.
The following sections will be presented in this work: (i)
a detailed description of the Pewee I test reactor, (ii) a brief
description of the Pewee I RELAP model, (iii) results and
discussion from the LOFA trials, and (iv) a conclusion to
summarize the major findings of this work.

2. Description of the Pewee I Test Reactor
2.1. General Background on Pewee I. The Pewee I test reactor
was a design that had 25% of the fuel elements of the Phoebus
design. It was constructed to examine the fuel elements of
the latter. Pewee I never operated in space [13]. The Phoebus
design was constructed under Project Rover, which was
a joint project managed by Atomic Energy Commission,
Los Alamos Scientific Laboratory (LASL), and NASA. The
Copernicus Spacecraft, designed by NASA to take humans
to Mars in the 2030s, has been designed assuming that three
Pewee-type engines are utilized. Pewee-type engines each
have a thrust of 25000 klbf [14].
2.2. Design of Pewee and Thermal-Hydraulic Parameters.
Pewee I (Figure 1) primarily consists of the reactor pressure
vessel and the exhaust nozzle. Bear in mind that Figure 1
assumes that Pewee I is operating in space. Hence, the
propellant tank and pump are presented. Please note that
the propellant tank in reality is much larger than the reactor
vessel and nozzle. Table 1 presents the dimensions concerning
Pewee I.
2.3. Flow from the Propellant Tank. Figure 1 presents the
coolant parameters across Pewee I with information such as
mass flow rate (𝑊), pressure (𝑃), and temperature (𝑇). The
numbers listed here are from Finseth [13]. The propellant tank
holds all the propellant for the mission. The propellant in
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Core inlet
W = 14.0613 Kg/s
T = 127.78 K
P = 5.557 MPa

3
Core channel exit
Fuel elements
W = 12.1290 Kg/s
T = 2555.56 K
Tie rod
W = 4.5359 Kg/s
T = 260.556 K
M1
W = 0.1089 Kg/s
T = 232.222 K

Slat
W = 1.288 Kg/s
T = 260.56 K
Annulus
W = 0.535 Kg/s
T = 191.67 K

Nozzle chamber
W = 18.59 Kg/s
T = 1755.232 K
P = 4.282 MPa
Nozzle exit
W = 18.59 Kg/s
P = 3.257 MPa

Tie rod manifold
W = 4.5359 Kg/s
T = 27.78 K
P = 6.205 MPa

Propellant tank
P = 0.496 MPa
Pump

Propellant line
W = 14.0613 Kg/s
Reflector outlet
W = 13.6532 Kg/s
T = 125 K
P = 5.709 MPa

Pressure vessel bolt
cooling
W = 0.4082 Kg/s
T = 27.78 K
P = 6.915 MPa

Reflector inlet
W = 13.6532 Kg/s
T = 78.89 K
P = 5.792 MPa

Nozzle bolt cooling Propellant inlet
W = 0.4082 Kg/s W = 13.245 Kg/s
T = 27.78 K
T = 27.78 K
P = 6.915 MPa P = 6.915 MPa

Figure 1: Pewee flow diagram (not drawn to scale).

Table 1: Specifications of the Pewee I design.
Particulars

Details

Core diameter (m)
Ratio of support elements to fuel
elements

0.53

Number of fuel elements
Height of fuel elements (m)
Total uranium inventory in the
core (kg)
Control drum diameters (m)
Reflector thickness (m)
Aluminum support plate
thickness (m)
Nozzle throat diameter (m)
Nozzle exit diameter (m)

1:3
402 (390 nineteen-hole type
and 12 twelve-hole type)
1.32
36.42
0.1
0.20
0.08
0.15
0.41

this case is liquid hydrogen. Initially, at 0.5 MPa, the pump
is used to raise the pressure of the liquid hydrogen to at
least 6.92 MPa. From the pump, most of the flow enters the
propellant line and the rest enters via the tie rod manifolds.
From the propellant line, part of the flow goes to the pressure
vessel bolt cooling, part of the flow goes to the nozzle bolt
cooling, and the majority enters via the propellant inlet.

2.4. Propellant Tubes in Nozzle Wall, Nozzle Bolt Cooling,
Reflector, and Pressure Vessel Bolt Cooling. There are 120
coolant tubes inside the shell of the nozzle chamber. The
propellant travels via these tubes and it then mixes with the
small portion of the propellant that enters via the nozzle
bolt cooling. The propellant continues through an annular
expansion region and then through the coolant holes of the
beryllium reflector. The beryllium reflector is divided into
both an inner and an outer reflector. The inner reflector has
small coolant holes and the outer reflector has larger coolant
holes. The outer reflector also houses the control drum
cylinders with their poison plates for long-term reactivity
control. Upon exiting the beryllium reflector, the propellant
mixes with the coolant from the pressure vessel bolt cooling
passage. The flow continues through the reactor vessel dome
and then into the core.
2.5. Core of Pewee I. Within the core region shown in
Figure 2, there exist four major channels that handle the
coolant flow. These are the fuel elements (including 19- and
12-hole fuel elements with holes of 0.00279-meter diameter),
which handle most of the flow; the once-through tie rods,
which contain the zinc hydride moderator sleeves; the M1
elements, which are unloaded peripheral elements; and the
slat, which consists of several tubes at the boundary of the
core. Both the 19- and the 12-hole fuel elements have most
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Pressure vessel

Fuel element

Sample core
lattice
Core
Beryllium
reflector
Control drum

Figure 2: Top view of the core of a typical NERVA engine [11].
(UC-ZrC)C composite
Fuel matrix ZrC coating

0.13 mm gap

ZrC coating
Graphite filler structure
(16.26 mm ID)
0.13 mm gap
ZrC (16.13 mm OD ×
14.10 mm ID)
0.13 mm gap

1.913 cm

Hydrogen cooling
Passage (19 per
element, ~2.54 mm Dia)

Outer tie tube (13.97 mm
OD × 0.205 mm wall)

Hydrogen return
passage
Hydrogen supply
passage Inner tie tube (5.21 mm ZrH moderator (5.33 mm
ID × 11.68 mm OD)
OD × 0.51 mm wall)

(a) Typical NERVA derived fuel element

(b) Typical NERVA derived tie tube

Figure 3: 19-hole fuel element and tie rod tube design of a typical NERVA engine [11].

coolant channels coated with NbC and a few coated with
ZrC. The majority of channels had an additional coating of
molybdenum. The 120 tie rod tubes in the core receive coolant
directly from the 3 tie rod manifolds. Figure 3 presents a
top view of a 19-hole fuel element along with a top view
of a tie rod tube. With the tie rod tube on the right, the
hydrogen coolant flows through both the inner and the
outer tube. There is a bypass to the core known as the
annulus. The annulus surrounds the slats. Between the slats
and the uncooled filler elements is the invar wrapper with
pyrographite strips on the outside. These are used for heat
insulation. The annulus is surrounded by the beryllium reflector. The M1 elements have the same hexagonal shape as the
19-hole fuel elements and are neighbors to both types of fuel
elements.
2.6. Nozzle of Pewee I. The coolant is a mixture of the coolants
of annulus, slats, M1 elements, tie rods, and fuel element at the
channel exits. The total flow rate adds up to 18.59 Kg/s. The
resultant coolant temperature as a result of the coolant mixing

is then 1755.23 K. The coolant flows through the nozzle and
then is released into the atmosphere producing a thrust. The
coolant pressure of 3.26 MPa at the nozzle exit (Figure 1) is not
provided in the original report by Finseth [13]. This pressure
was calculated using pressure drop relations, which will be
presented in Section 4.
2.7. Tests Done on Pewee I. Examples of experiments done
on Pewee I are as follows: (i) short duration near full power
and (ii) endurance at full power [13]. For part (i), the
objectives here were (a) to establish the notion that the reactor
control/safety systems do not encounter interference from the
operation of all test and auxiliary systems, (b) to operate the
reactor at approximately maximum power for a brief interval,
(c) to undertake a series of experiments for mapping the
moderator, and (d) to study control dynamics of the reactor.
For part (ii), the objectives here were (a) to study the flow
oscillations resulting from a brief interval of operation, (b)
to establish the notion that the reactor can serve as a fuel
element test bed, and (c) to run three 20-minute maximum
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power holds, with these holds surrounded by low power/low
temperature cycles.
The results of the short duration run demonstrated the
following: (a) reactor operating at power of 472 MW, (b)
mean fuel exit temperature of 2450 K, and (c) flow rate of
approximately 18.1 kg/s. These results are approximate to the
projected values [13].
In addition, the Pewee reactor operated at power greater
than 508 MW, establishing the notion that the core can serve
as a fuel test bed [13]. Pewee achieved a peak equivalent
ideal vacuum specific impulse of 901 seconds. The specific
impulse is defined as the total impulse divided by the weight
of the propellant. A higher specific impulse is desired because
this leads to a higher rocket equivalent exhaust velocity.
In general, nuclear thermal rockets have greater specific
impulses than chemical rockets and are hence preferred.
In addition, the Pewee experiments demonstrated that
the fuel elements performed to the degree required. On the
contrary, there were some issues of corrosion. Presented here
are some examples of corrosion noticed on the Pewee fuel
elements [15]:
(a) At least 8 to 53 g of fuel element mass was lost
(resulting in a 20 g average).
(b) A mass loss per unit length (MULE) of 10 to 20 inches
was noticed on the fuel elements.
(c) Core peripheral fuel elements underwent severe corrosion from the outside.
(d) Out of the 402 fuel elements, 46 were rigorously
corroded or fissured.

(a) 10-1/2 inches, 0.35 g/inch

(b) 12-1/2inches, 1.0 g/inch

(c) 13 inches, 1.8 g/inch

(d) 15 inches, 0.9 g/inch

(a) 9-1/2 inches, 0.25 g/inch

(b) 10 inches, 0.35 g/inch

(c) 12 inches, 1.00 g/inch

(d) 13 inches, 1.4 g/inch

Figures 4 and 5 illustrate the extent of the corrosion on the
fuel elements.

3. Background on Radiation Heat Transfer

Channel
17

Channel
17

As mentioned in the Introduction, the purpose of this work
is to investigate the radiation heat transfer in the Pewee core,
resulting from a LOFA. Consider an opaque, gray, and diffuse
surface (indexed using “𝑖”) that receives radiation from a fuel
element surface (indexed using “𝑗”); then, the radiosity of the
𝑖th surface is given by

Channel
14

Channel
14

Channel
10

Channel
10

Channel
4

Channel
4

Channel
3

Channel
3

𝐽𝑖 =

𝜀𝑖 𝜎𝑇𝑖4

𝑁

+ (1 − 𝜀𝑖 ) ∑ 𝑉𝑖𝑗 𝐽𝑗 ,

(1)

𝑗=1

where 𝜀𝑖 is the emissivity of the 𝑖th surface, 𝜎 is the StefanBoltzmann constant, 𝑇𝑖 is the temperature of the 𝑖th surface,
𝑉𝑖𝑗 is the view factor from the 𝑖th surface to the 𝑗th surface,
𝐽𝑗 is the radiosity of the 𝑗th surface, and 𝑁 is the number of
the 𝑗th surfaces. The view factor accounts for the orientation
between the 𝑖th surface and the 𝑗th surface and is important
in considering the radiation heat transfer. The view factor
assumes that the radiation striking the 𝑗th surface is directly
proportional to the angle that the 𝑗th surface subtends as seen
from the 𝑖th surface. Here, it is assumed that the 𝑖th surface
radiates uniformly in all directions to the 𝑗th surface and
the medium between them does not absorb, emit, or scatter
radiation.

Coolant channels at 30–32 inches

Coolant channels at 50–52 inches

Figure 4: Fuel element corrosion along the axial length of channels
and faces [12].

The resulting heat transfer per area is given by
𝑞=

𝜀𝑖
(𝑞 − 𝐽 ) ,
1 − 𝜀𝑖 BB,𝑖 𝑖

(2)

where
𝑞BB,𝑖 = 𝜎𝑇𝑖4
is the blackbody emissive power.

(3)
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Figure 5: Incremental mass losses of some WANL and LASL Pewee fuel elements [12]. WANL: fabricated by Westinghouse Astronuclear
Laboratory; LASL: fabricated by Los Alamos Scientific Laboratory; GED-X: G end, diffusion coating of cores and OD surfaces with NbC
followed by bore overcoating with molybdenum; GED: G end, low temperature, methane assisted coated of bores and OD surfaces with NbC;
STND: normal four, Thermax, and Varcum matrix; R: standard matrix impregnated with niobium resinate; ADD: standard matrix with 2.5
volume percent NbC powder additive. Numbers on the various corrosion curves are the serial numbers for the elements in specific locations.

Emissivity is a material’s physical property that defines
its ability to release heat through radiation. It is determined
by the interaction of the electromagnetic field with the
material. The material’s dielectric constant or refraction index
is used to conveniently capture this interaction. Emissivity
not only depends on the materials’ properties, but also on
the radiation wavelength 𝜆 and direction with respect to the
surface normal. In transparent materials, normal emissivity
can be described by
𝜀𝑛 (𝜆) =

4𝑛
,
(𝑛 + 1)2

(𝑛 =

𝑛2
),
𝑛1

(4)

where 𝑛1 and 𝑛2 are refractive indices for oxide and air, which
are functions of wavelength. From this relation, the emissivity

is close to zero when optical refractive indices of both
materials are equal to each other. In metals, normal emissivity
can be approximated by the Hagen-Rubens relation given by
𝜌𝑒 1/2
𝜌
(5)
) − 464 𝑒 ,
𝜆
𝜆
where 𝜌𝑒 is electrical resistivity in ohm-cm and 𝜆 is the
wavelength in 𝜇m. In the case where the oxide layer is present
on the surface of the metal, the emissivity is a combined
contribution of the transparent layer and metal, which
includes thickness of the oxide layer. Emissivity also depends
on surface roughness and impurities. Pure polished material
has the lowest emissivity, surface roughness results in higher
emissivity, while the oxide layer increases emissivity further,
eventually reaching the largest value when it has a sufficiently
𝜀𝑛 (𝜆) = 36.5 (
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Table 2: Emissivity coefficients of NbC and ZrC.

Temperature range (K)
Polished surface
Rough surface
Thermal treatment
Hydrogen exposure

NbC
1700–2200
0.79
0.79
0.72
0.71

ZrC
1700–2200
0.9
0.9
0.9
0.9

n2

2

r

n1

Table 3: Emissivity coefficients of fresh and corroded materials.
Material
Fresh NbC
Hydrogen exposed NbC
Uncorroded graphite
Corroded graphite

Emissivity
0.79
0.71
0.49
0.76

1

dS1

thick oxide layer. Sophisticated models of emissivity exist and
incorporate a layered structure of oxide and morphology.
Corrosion increases the emissivity of the material. In
general, corroded surfaces have higher emissivity coefficients
than fresh surfaces. Heath and Aydogan [15] have identified
some emissivity coefficients of the niobium carbide (NbC)
and zirconium carbide (ZrC) coolant channels within the
Pewee fuel elements. These emissivity coefficients are valid
for temperatures greater than 1700 K. Table 2 presents some
examples of emissivity coefficients.
According to Heath and Aydogan [15], a typical Pewee
coolant channel has 40% NbC (or ZrC) and 60% graphite.
Out of the 40% of NbC, some may be fresh and some
may be corroded. The graphite part of the coolant channel
will also have proportions of fresh and corroded emissivity
coefficients. Table 3 presents the emissivity coefficients of the
NbC and graphite portions.
Heath and Aydogan [15] came up with several emissivity
coefficients of NbC and ZrC based channels with various
fractions of fresh and corroded materials. Table 3 presents
these emissivity coefficients. The subscripts c, cc, g, and
cg correspond to surfaces for coating, corroded coating
(thermally and hydrogen exposed), graphite, and corroded
graphite, respectively. The overall emissivity coefficient in
each case was calculated using the relation
𝜀 = Λ 𝐴 c 𝜀𝐴 c + Λ 𝐴 cc 𝜀𝐴 cc + Λ 𝐴 g 𝜀𝐴 g + Λ 𝐴 cg 𝜀𝐴 cg ,

(6)

where Λ’s are coolant exposure ratios. More specifically, these
are ratios of a specific material’s graphite/coating area that is
exposed to hydrogen coolant to the total area of all materials
exposed to hydrogen coolant.
Figure 6 shows two surfaces (1 and 2), separated by
a distance 𝑟 and each with surface areas of 𝑆1 and 𝑆2 ,
respectively. The lines 𝑛1 and 𝑛2 , which are normal to surfaces
1 and 2, form angles 𝜗1 and 𝜗2 with the line that connects the
two surfaces. The view factor from 𝑆1 to 𝑆2 is
𝑉1→2 =

cos 𝜗1 cos 𝜗2
1
𝑑𝑆2 𝑑𝑆1 .
∫ ∫
𝑆1 𝑆1 𝑆2
𝜋𝑟2

(7)

Figure 6: Diagram of surfaces in radiation heat transfer.

Similarly, the view factor from 𝑆2 to 𝑆1 is
𝑉2→1 =

cos 𝜗1 cos 𝜗2
1
𝑑𝑆1 𝑑𝑆2 .
∫ ∫
𝑆2 𝑆2 𝑆1
𝜋𝑟2

(8)

The radiation heat transfer between surfaces 1 and 2 is
given by
𝑄̇ = 𝜀1 𝜎𝑆1 𝑉1→2 (𝑇1 4 − 𝑇2 4 )
= −𝜀2 𝜎𝑆2 𝑉2→1 (𝑇2 4 − 𝑇1 4 ) ,

(9)

where 𝑄̇ is the heat transfer rate from the surface to the surroundings, 𝜀1 is the emissivity coefficient of surface 1, 𝜀2 is the
emissivity coefficient of surface 2, 𝜎 is the Stefan-Boltzmann
constant (5.67 × 10−8 W/m2 K4 ), 𝑇1 is the temperature of
surface 1, and 𝑇2 is the temperature of surface 2.

4. System Modeling of Pewee I
In order to model the LOFA on Pewee I, we need to create a
Reactor Excursion Leak Analysis Program (RELAP) model
of the rocket. In particular, RELAP is a special thermal
hydraulics computer code developed by the Idaho National
Laboratory in 1997. Since then, it has been used to model terrestrial nuclear power plants. Here, we give a brief description
of the RELAP5 model of Pewee I. The Pewee nodalization
diagram is presented in three parts in Figures 7–9. As per
tradition with most RELAP5 nodalization diagrams, components are represented as pipes and volumes (including single
volumes and time-dependent volumes) and have a unique 3digit number for identification. In this particular example,
time-dependent volumes serve as boundary conditions for
the propellant inlet, nozzle bolt cooling, pressure vessel bolt
cooling, and tie rod manifold. The time-dependent junctions
(TDJs) connect the time-dependent volumes to the main
circuit. The major components are numbered and labeled
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Figure 7: Overall RELAP5 nodalization diagram of Pewee I.
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Figure 8: Pewee I detailed nodalization diagram of core components.

in Figures 7 and 8. Figure 8 presents each of the different
core channels shown in Figure 1 such as the fuel elements,
slat, annulus, tie rod tubes, and M1. The coolant channels
within the fuel elements were divided into 3 main RELAP5
pipes: hydrodynamic (HV) 430 for inner coolant channels
(ICC), HV 432 for peripheral coolant channels (PCC), and
HV 431 for the hot coolant channels (HCC) of the hot fuel
element. Due to the fact that fuel elements are scattered
in a lattice such that they neighbor the tie rods and M1
elements, it was justified to model the fuel elements as

separate pipes with their own heat structures. As is common
with light water reactors in RELAP5, it is not unusual to
model a hot fuel element, a cold fuel element, and average
temperature fuel elements. The hot and cold fuel elements are
needed for the extreme situations. Since Pewee is a hydrogencooled design, a hot fuel element is modeled for our extreme
situations. The fuel elements have a total of 7554 coolant
channels and so pipe component 430 represents the 7175
ICC holes, pipe component 431 represents 19 HCC holes,
and pipe component 432 represents the remaining 360 PCC
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Overall coolant temperature
leaving reflector (HV 155 and
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temperature)
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HV 155
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.67
K
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Figure 9: Pewee I radial nodalization diagram of core/reflector region. HS: heat structure; HV: hydrodynamic volume; M1: M1 elements; ICC:
inner coolant channels; PCC: peripheral coolant channels; HCC: hot coolant channels; TRT: tie rod tubes; ICBW: inner core boundary wall;
ISW: inner slat wall; OSW: outer slat wall; IAW: inner annulus wall; OAW: outer annulus wall; IRW: inner reflector wall; Int RW: intermediate
reflector wall; ORW: outer reflector wall; ROS: rocket outer shell.

holes. There are heat structures attached to the core channels
and reflector and they serve the purpose of modeling heat
generation in the fuel elements and they transfer the heat to
the neighboring structures. Since not all components can be
represented on a single RELAP5 diagram, connections to the
other parts of the circuit not visible in Figure 7 are indicated
with component name, volume number, and face number
in the form CCCVV000F (CCC for hydrodynamic volume
(HV) number, VV for volume number, and F for face number
ranging from 1 to 6) besides each circular node. For example,
HV 430 is divided into 12 volumes and is connected to HV
417 at the front and HV 465 at the rear. The pipe obtains
input from 417010002 (HV 417, volume 1, face 2) and transfers
its output to 465010001 (HV 465, volume 1, face 1). In this
work, face 1 of a pipe/single volume/time-dependent volume
was designated as the inlet and face 2 was designated as the
outlet.
Table 5 presents the pressures and temperatures set for
the TDVs. These are our boundary conditions and are set
either slightly higher or less than the required pressures.
Table 6 presents the mass flows of the TDJs connected to
the various TDVs. Table 7 presents the components in the
RELAP diagrams (see Figures 7–9) with their average flow
areas, lengths, and volumes.
Figures 7–9 show several heat structures (HS). In particular, HS 1430, 1431, and 1432 are generating heat and HS

1433, 1530, 1435, 1441, 1155, 1444, 1445, 1436, 1150, and 1156 are
removing heat. Heat sinks HS 1247 and 1248 are on the outer
shell of the rocket. Adding a heat structure to a hydrodynamic
volume basically adds a wall of certain thickness and material
to it. The outside environments/surroundings of HS 1247 and
1248 are held at space temperatures of 3 K. Note that heat is
transferred radially, as the center of the core is the hottest
and the temperature at the rocket shell is the coldest. Heat
structures 1470, 1480, and 1490 handle the heat transfer from
the nozzle exit to the expansion region and coolant tubes,
respectively. For example, HS 1470 serves as a link between
HV 140 and HV 470, HS 1480 serves as a link between HV
130 and HV 480, and HS 1490 serves as a link between HV
120 and HV 490.
RELAP5 heat structures require that material properties
such as volumetric heat capacities and thermal heat conductivities be presented. By default, RELAP5 has the property
tables for the following materials: gap, carbon steel, stainless
steel, uranium dioxide, and Zircaloy. In our case, the volumetric heat capacities and thermal conductivities were used for
uranium carbide, Zircaloy, graphite, beryllium, aluminum,
stainless steel, and invar. Wherever deemed necessary, the
properties were extrapolated to cover a temperature range of
0 K to 5000 K.
In order to get the correct temperatures in the core and
reflector region, we have applied the conduction model that
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𝐶1 𝑆1 𝐹1→2 = 𝐶2 𝑆2 𝐹2→1 ,

(10)

where 𝐶’s represent conductances, 𝑆’s represent surface areas,
and 𝐹’s represent area factors, and subscripts 1 and 2 denote
surfaces 1 and 2. RELAP5 automatically calculates the surface
area of each heat structure. The values of 𝐶’s and 𝐹’s need
to be adjusted in order to get the desired temperatures. As
for tuning the temperatures in the nozzle inlet and propellant
inlet sections, the fouling factors of the heat structures were
adjusted.
Figure 1 has most of the information required to do
the pressure tuning. The only information missing from
Figure 1 is the pressure leaving the nozzle exit and into
the atmosphere. For this case, we ended up estimating the
pressure drop through the nozzle using the following pressure
drop relation [16]:
Δ𝑃total = Δ𝑃form + Δ𝑃acc + Δ𝑃fric ,

(11)

where Δ𝑃form represents the losses due to form and is given
by
Δ𝑃form = 𝐾𝑐 𝜌

𝑢2 2
,
2

(12)

Δ𝑃acc represents the losses due to acceleration and is given by
Δ𝑃acc = 𝜌

𝑢2 2 − 𝑢1 2
,
2

(13)

and Δ𝑃fric represents the losses due to friction and is given by
Δ𝑃fric =

𝑓𝜌𝑢2 𝐿
.
2𝐷ℎ

(14)

Upon using these relations, a pressure drop of 1.025 MPa
was calculated. This means the pressure leaving the nozzle
exit and entering the atmosphere is 3.257 MPa. The pressure
drops throughout the rocket were tuned by adjusting the
roughness coefficients and the forward and reverse Reynolds
loss coefficients. The hydraulic diameter of all pipes was
calculated and was required in order to help tune the
pressures.
As discussed earlier in Section 4, the temperature in the
Pewee core was tuned by invoking the conduction models.
The same input deck was taken and a radiation heat transfer
model was incorporated. A fresh emissivity coefficient for the
fuel element coolant channels was defined. It was assumed
that the weight fraction of the NbC is 40% and the weight
fraction of the graphite is 60%. Using the fresh and uncorroded emissivity coefficients defined in Table 3 and utilizing
(6), the fresh emissivity of the coolant channel is given by
𝜀 = (0.4) 0.79 + (0.6) 0.49 = 0.61.

(15)

Similar to (10), the radiation heat transfer model in
RELAP5 requires that
𝜀1 𝑆1 𝑉1→2 = 𝜀2 𝑆2 𝑉2→1 .

(16)

3500
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comes with RELAP5. RELAP5 requires that two surfaces
(represented by heat structures) in conduction follow the
trivial relationship

3000
2500
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0
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Time (s)

800

1000

Overall Fuel element exit
Core inlet

Figure 10: Temperatures in the Pewee steady-state model.

RELAP5 also requires that the view factors associated
with each surface sum up to 1.0. Using the fresh emissivity of
0.61, the view factors in the RELAP5 model were calculated
and adjusted such that they resemble the parameters in
Figure 1 as best as possible. Since the participating medium
here is hydrogen, it should not emit, absorb, or scatter
radiation. If the participating medium had asymmetric
molecules, such as, H2 O, CO2 , CO, SO2 , and hydrocarbons, then it will participate in the radiation process via
absorption.
The RELAP5 model of the Pewee design has been validated in steady-state mode. Table 8 presents some sample
tuned parameters and Figure 10 presents a plot of the
temperatures reaching steady state within 1000 seconds.

5. System Response of Pewee due to
Loss-of-Flow Accidents
The transient runs were initiated on the completed steadystate runs. Transient runs in RELAP5 require a RESTART
problem to be resumed from the end time of the steady-state
run. At a time of 501 seconds from the start of the RESTART
problem, the mass flow rate going through the system was
decreased. The simulation was run for a total of 3501 seconds.
Table 9 presents a summary of the events in each transient
run. Table 10 presents a summary of the transient cases.
Emissivity coefficients of 0.66 and 0.75 have corrosion (see Table 4). Basically, Case 1(a), Case 2(a), and
Case 3(a) are cases that have a complete LOFA and Case 1(d),
Case 2(d), and Case 3(d) are cases with no LOFA. Cases (b)
and (c) are those with partial LOFAs.
Figure 11 presents the mass flow rates resulting from the
LOFAs. Figure 12 presents the average pressure in the core for
Cases 1(a)–1(d). From Figure 11, the rapid change in mass flow
rate can be seen. Figure 12 appears to show a similar shape to
that of Figure 11. Table 11 presents the average pressure in the
core for all these cases. From Table 11, Case (a)s have similar
pressures, Case (b)s have similar pressures, Case (c)s have
similar pressures, and Case (d)s have similar pressures.
Figure 13 presents the temperature of the fuel elements.
Figure 14 presents the material temperature of PCC. In both
Figures 13 and 14, the melting point of UC, which is 2768.15 K,
is included in the plots [17]. Please note in Figure 13 that
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Table 4: Area weighted emissivity with various stages of corrosion.

Table 7: Flow areas, lengths, and volumes of RELAP components.

Λ 𝐴c

Λ 𝐴 cc

Λ 𝐴g

Λ 𝐴 cg

𝜀NbC

𝜀ZrC

Component

0.06
0.17
0.08
0.43
0.38
0.41
0.04
0.05
0.5
0.25
0.19
0.05
0.41
0.54
0.05
0.45
0.18
0.05
0.37

0.04
0.03
0.3
0.08
0.1
0.03
0.48
0.51
0.01
0.34
0.24
0.56
0.17
0.1
0.68
0.35
0.39
0.67
0.45

0.52
0.25
0.33
0.39
0.36
0.33
0.26
0.28
0.2
0.21
0.09
0.19
0.14
0.17
0.23
0.16
0
0.04
0.03

0.38
0.55
0.29
0.1
0.16
0.23
0.22
0.16
0.29
0.2
0.48
0.19
0.28
0.19
0.04
0.04
0.43
0.24
0.15

0.62
0.7
0.66
0.66
0.67
0.68
0.66
0.66
0.72
0.69
0.73
0.68
0.73
0.73
0.67
0.71
0.75
0.72
0.74

0.63
0.72
0.72
0.73
0.73
0.73
0.76
0.76
0.78
0.79
0.8
0.79
0.8
0.8
0.8
0.83
0.84
0.85
0.87

Table 5: Record of pressures and temperatures for time-dependent
volumes.
Name
110
210
310
510
495

Pressure (MPa)
7.0
7.0
7.0
6.3
3.15

Temperature (K)
28.78
28.78
28.78
28.78
28.78

Table 6: Record of mass flows from TDVs.
Starting TDV
110
210
310
510

Mass flow rate through TDJ
13.25
0.41
0.41
4.54

many of the curves overlap with each other. In particular,
all Case (a)s are clumped together, all Case (b)s are clumped
together, all Case (c)s are clumped together, and all Case
(d)s are clumped together. Table 12 presents the radiation
heat transfer from the fuel elements to the cold surfaces.
Generally, the radiation heat transfer rate increases as the
flow rate through the reactor system is decreased. This sort
of trend is noted in the results of Case (b)s, Case (c)s, and
Case (d)s. However, the total radiation heat transfer drops
when there is a complete LOFA as shown in the results
of Case (a)s. This is due to the fuel elements heating up
the cold surfaces and hence decreasing the (𝑇ℎ 4 − 𝑇𝑐 4 )
difference.
Figure 14 very clearly shows the differences caused by the
emissivity coefficients on the PCC material temperatures as

110
120
130
140
146
150
155
156
160
170
180
190
210
220
310
320
410
417
430
431
432
433
434
435
465
470
480
490
495
510
520
530

Average flow
area (m2 )

Total length (m)

Volume (m3 )

1.00𝐸 + 06
8.01𝐸 − 03
8.01𝐸 − 03
2.77𝐸 − 01
2.87𝐸 − 02
5.41𝐸 − 03
2.33𝐸 − 02
5.39𝐸 − 01
5.39𝐸 − 01
2.32𝐸 − 01
2.32𝐸 − 01
1.43𝐸 − 01
1.00𝐸 + 06
3.02𝐸 − 03
1.00𝐸 + 06
3.02𝐸 − 03
1.05𝐸 − 01
8.15𝐸 − 02
7.25𝐸 − 02
2.19𝐸 − 04
3.49𝐸 − 03
1.27𝐸 − 04
2.09𝐸 − 03
1.15𝐸 − 03
8.25𝐸 − 02
2.32𝐸 − 01
9.57𝐸 − 02
5.21𝐸 − 02
1.00𝐸 + 06
1.00𝐸 + 06
7.09𝐸 − 03
8.44𝐸 − 03

1.00𝐸 + 00
4.44𝐸 − 01
3.77𝐸 − 01
4.20𝐸 − 01
1.00𝐸 − 02
1.27𝐸 + 00
1.27𝐸 + 00
1.00𝐸 − 02
5.08𝐸 − 02
1.00𝐸 − 02
2.66𝐸 − 01
2.66𝐸 − 01
1.00𝐸 + 00
2.19𝐸 − 01
1.00𝐸 + 00
2.19𝐸 − 01
5.08𝐸 − 02
1.00𝐸 − 02
1.32𝐸 + 00
1.32𝐸 + 00
1.32𝐸 + 00
1.32𝐸 + 00
1.32𝐸 + 00
1.32𝐸 + 00
1.00𝐸 − 02
4.20𝐸 − 01
2.73𝐸 − 01
4.01𝐸 − 01
1.00𝐸 + 00
1.00𝐸 + 00
1.34𝐸 + 00
1.32𝐸 + 00

1.00𝐸 + 06
3.56𝐸 − 03
3.02𝐸 − 03
1.16𝐸 − 01
2.87𝐸 − 04
6.87𝐸 − 03
2.96𝐸 − 02
5.39𝐸 − 03
2.74𝐸 − 02
2.32𝐸 − 03
6.16𝐸 − 02
3.79𝐸 − 02
1.00𝐸 + 06
6.61𝐸 − 04
1.00𝐸 + 06
6.61𝐸 − 04
5.33𝐸 − 03
8.15𝐸 − 04
9.57𝐸 − 02
2.89𝐸 − 04
4.61𝐸 − 03
1.67𝐸 − 04
2.76𝐸 − 03
1.52𝐸 − 03
8.25𝐸 − 04
9.75𝐸 − 02
2.61𝐸 − 02
2.09𝐸 − 02
1.00𝐸 + 06
1.00𝐸 + 06
9.49𝐸 − 03
1.11𝐸 − 02

compared to Figure 13. The top three curves in Figure 14 are
those of Case 1(a), Case 2(a), and Case 3(a). Since Case 3(a)
has the highest emissivity among the three, temperature here
is lower. Case 1(a) has the lowest emissivity among the three
and hence has the highest temperature.
From Table 13, the radiation heat transfer in the PCC
increases with decreasing flow rate. Contrary to Table 12,
the radiation heat transfer rate in Case (a)s is greater than
that in Case (d)s. Comparing the radiation heat transfer
between identical cases in Tables 12 and 13, we can see that the
radiation heat transfers in all Case (a)s are almost identical
to each other. This shows that when there is a complete
LOFA, the PCC handles the majority of the radiation heat
transfer.
From Figure 13, the fuel element temperature will exceed
the melting point of UC, even if a partial LOFA causes
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Table 8: Sample tuned parameters.

Component

Mass flow rate (kg/s)
(designed value)

Temperature (K)
(designed value)

Pressure (MPa)
(designed value)

13.65 (13.65)1
14.06 (14.06)

126.27 (125.00)
118.50 (127.78)

5.58 (5.71)
5.44 (5.56)

18.60 (18.59)

1767.08 (1755.23)

4.19 (4.28)

11.86 (12.13)

2619.53 (2555.56)

4.19 (4.28)

Reflector exit
Core inlet
Core exit (including ICC, HCC, PCC, M1, slat, annulus, and tie
rod)
Fuel element exit (including ICC, HCC, and PCC)
1

The second entry in parenthesis is the design value for each case.

20

Mass flow (kg/s)

15
10
5
0
0

500

1000

1500

−5

2000
Time (s)
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4000

All Case (c)
All Case (d)

Figure 11: Mass flow rates resulting from the LOFAs.

Table 9: Events scheduled for the RESTART problem.
Time (s)
0
501
3501

Event
RESTART problem resumes
Flow rate throughout the system is decreased
RESTART problem ends

the total flow rate in the core to fall down to 75% of the
original. Moreover, from Figure 13, the melting point of UC
is also exceeded when the total flow rate falls down to 90%
of the original. Eventually, the melting points of graphite,
NbC, and ZrC can also be reached. The melting points of
graphite, NbC, and ZrC are 3773.15 K [18], 3795.15 K [19],
and 3303–3530 K [20], respectively. From Figures 13 and
14, further severe accident analysis is needed to access the
situation for temperatures beyond the melting point. The
NASA Mars missions designated to occur during the 2030s
necessitate an operation time of 2 hours when the NTR is
operating at full power [21]. The longest engine burn time is
50 minutes [21]. NASA estimates that the approximate travel
time between Earth and Mars is 100 days [22]. However, a 100day journey does not entail that the reactor has to function
continuously for that same time frame. Instead, the reactor
runs for 2 hours momentarily during the journey in order to
give the rocket initial speed and let it coast naturally in space.
Each time the rocket requires an increase in speed or change
in direction, reactor operation will resume again. Assuming
that Pewee I is operating at full power and deployed for the
NASA Mars mission, the question would arise as to what
action needs to be taken in order to counteract LOFA. If

Table 10: Summary of transient cases considered.
Case ID FE channel
emissivity
1(a)

0.61

1(b)

0.61

1(c)

0.61

1(d)

0.61

2(a)

0.66

2(b)

0.66

2(c)

0.66

2(d)

0.66

3(a)

0.75

3(b)

0.75

3(c)

0.75

3(d)

0.75

Flow rate (%)
Description of case
of original
Fresh surface, complete
0
LOFA
Fresh surface, 2nd partial
75
LOFA
Fresh surface, 1st partial
90
LOFA
100
Fresh surface, no LOFA
Corroded surface,
0
complete LOFA
Corroded surface, 2nd
75
partial LOFA
Corroded surface, 1st
90
partial LOFA
Corroded surface, no
100
LOFA
Very corroded surface,
0
complete LOFA
Very corroded surface,
75
2nd partial LOFA
Very corroded surface, 1st
90
partial LOFA
Very corroded surface, no
100
LOFA

the LOFA occurred early during the burn time, scramming
the reactor could be sufficient to prevent meltdown of the

Pressure (Pa)
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Figure 12: Average pressure in the core.

Table 11: Average pressure level in the core.
Case ID
1(a)
1(b)
1(c)
1(d)
2(a)
2(b)
2(c)
2(d)
3(a)
3(b)
3(c)
3(d)

Average pressure in the core (Pa)
3190060
4502540
4750665
4890275
3190155
4503350
4750360
4889500
3190395
4504370
4749755
4888835

Table 12: Radiation heat transfer rates from transient cases.
Radiation heat transfer rate Radiation heat transfer rate
Case ID between fuel elements and
as percentage of power
generated in fuel elements
cold surfaces (𝑊)
1(a)
6.63𝐸 + 6
1.44
1(b)
3.45𝐸 + 7
7.47
1(c)
2.06𝐸 + 7
4.47
1(d)
1.51𝐸 + 7
3.27
2(a)
6.76𝐸 + 6
1.46
2(b)
3.66𝐸 + 7
7.92
2(c)
2.19𝐸 + 7
4.75
2(d)
1.60𝐸 + 7
3.48
3(a)
6.94𝐸 + 6
1.50
3(b)
4.01𝐸 + 7
8.68
3(c)
2.42𝐸 + 7
5.24
3(d)
1.77𝐸 + 7
3.84

core. If the LOFA happened later during the burn time,
measures such as scramming the reactor and then passing
an emergency system coolant could be needed to remove the
decay heat. There remains the question as to whether this

Table 13: Radiation heat transfer rates from PCC to cold surfaces.
Case ID
1(a)
1(b)
1(c)
1(d)
2(a)
2(b)
2(c)
2(d)
3(a)
3(b)
3(c)
3(d)

Radiation heat transfer rate Radiation heat transfer rate
as percentage of power
between PCC and cold
generated in PCC
surfaces (𝑊)
6.62𝐸 + 06
6.25𝐸 + 06
4.51𝐸 + 06
3.66𝐸 + 06
6.75𝐸 + 06
6.41𝐸 + 06
4.65𝐸 + 06
3.79𝐸 + 06
6.93𝐸 + 06
6.65𝐸 + 06
4.90𝐸 + 06
4.00𝐸 + 06

28.49
26.90
19.42
15.76
29.03
27.55
20.01
16.31
29.82
28.60
21.07
17.18

emergency coolant will operate in an open cycle or closed
loop or whether the heat removal process will be active or
passive.

6. Conclusions
The LOFA in the Pewee rocket system has been modeled
using RELAP5-3D. First, a steady-state model was developed
to achieve steady-state conditions for the main thermalhydraulic parameters. Then, transients were done on the
steady-state model such that partial and complete LOFAs
were assumed. It was assumed that the flow rate dropped
by 0%, 10%, 25%, and 100%. These were done on a reactor
system that has fuel element channel surfaces with fresh
and corroded surfaces. In particular, an emissivity of 0.75
represents a highly corroded surface, an emissivity of 0.66
represents a corroded surface, and an emissivity of 0.61
represents a fresh surface. In general, LOFA causes the
average pressure level in the core to decrease (see Figure 12
and Table 11). As expected, a partial or complete LOFA causes
the temperature of the fuel elements to become greater than
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Figure 13: Temperature of fuel elements.
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TREAT:
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Hot coolant channels
RELAP heat structure
RELAP hydrodynamic volume
Inner coolant channels
National Aeronautics and Space Administration
Niobium carbide
Nuclear Engine for Rocket Vehicle Application
Peripheral coolant channels
Nuclear thermal rocket
Pressure (Pa) in Figure 1
Reactor Excursion Leak Analysis Program
Steady-state problem type declaration in RELAP
Temperature (K) in Figure 1
Time-dependent junction
Time-dependent volume
Transient Reactor Test
Mass flow rate (kg/s) in Figure 1
Westinghouse Astronuclear Laboratory
Zirconium carbide.

Symbols
𝑄:̇

2500
0

500

1000

1500

Case 1(a)
Case 1(b)
Case 1(c)
Case 1(d)
UC melting point

2000 2500
Time (s)

3000

Case 2(a)
Case 2(b)
Case 2(c)
Case 2(d)

3500

4000

Case 3(a)
Case 3(b)
Case 3(c)
Case 3(d)

Figure 14: Material temperature of PCC.

normal (shown in Figures 13 and 14). Even for a reactor flow
rate that has been reduced by 10%, the temperature of the
fuel elements exceeds the UC melting point (see Figure 13). In
general, the radiation heat transfer between the fuel elements
and cold surface increases as the flow through the reactor
is decreased (see Tables 12 and 13). However, a complete
LOFA causes the radiation heat transfer rate between the fuel
elements and the cold surfaces to decrease (see Table 12).
This is due to the fuel elements heating up the cold surfaces
and hence decreasing the (𝑇ℎ 4 − 𝑇𝑐 4 ) difference. In addition,
the radiation heat transfer in the fuel elements during a
complete LOFA is governed primarily by the radiation heat
transfer between the PCC and the cold surfaces (see Tables
12 and 13). A safety system will be needed to counteract
the decay heat resulting from scamming the reactor after
LOFA. This safety system could operate in an open or closed
loop and have a heat removal process that is active or
passive.

𝜀:
𝜀𝐴:
Λ 𝐴:
𝜎:
𝑆:
𝑇ℎ :
𝑇𝑐 :
Δ𝑃form :
Δ𝑃acc :
Δ𝑃fric :
Δ𝑃total :

Heat transfer from the surface to the
surroundings
Emissivity of surface
Emissivity of graphite/NbC/ZrC surfaces
Coolant exposure ratio of graphite/NbC/ZrC
surface
Stefan-Boltzmann constant
Surface area
Hot surface temperature
Cold surface temperature
Pressure loss due to pipe form
Pressure loss due to acceleration
Pressure loss due to friction
Total pressure loss.

Subscript
c:
cc:
g:
cg:

Coating
Corroded coating (thermally and hydrogen exposed)
Graphite
Corroded graphite.
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