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1. Introduction
The water-cooled small modular reactor (SMR) has 

been considered as one of the next generation nuclear 
reactor concepts due to its enhanced passive safety and 
advanced design concepts [1].  

Soluble-boron is actively used in commercial PWRs 
because it does not distort local power distribution and 
most SMRs are using the soluble boron for reactivity 
control. However, it has several drawbacks such as slow 
reactivity response, near-zero moderator temperature 
coefficient (MTC) issue with a high soluble-boron 
concentration, etc. [2,3]. With those issues, the 
existence of soluble-boron obstructs flexible load-
following operations of SMRs. Meanwhile, it was 
studied and demonstrated that a soluble-boron-free 
(SBF) reactor design has advantages for passively 
autonomous load-follow and frequency control 
operations [4,5]. 

To overcome those drawbacks and take advantage of 
merits of SMR, a soluble-boron-free SMR design with a 
small excess reactivity at beginning of cycle was 
introduced. This was named the ATOM (Autonomous 
transportable on-demand reactor module) [6]. It 
contains Gd2O3-based centrally-shielded burnable 
absorbers (CSBA). Due to the presence of CSBAs, the 
ATOM core can achieve a very small burnup reactivity 
swing without soluble-boron.             

Since the ATOM core only uses control rods for 
reactivity control, the startup process including power 
ascension must be investigated and optimized to reach 
hot full power while supervising Xe-135 concentration, 
ASI, fuel and coolant temperature, etc. Previously, the 
startup from a cold zero power to hot zero power for an 
SBF system was preliminarily performed in 2016 [7], 
but hot zero power startup was not investigated yet.  

In this paper, the ATOM core startup simulation from 
hot zero power (HZP) to hot full power (HFP) was 
performed by using an in-house three-dimensional 
thermal-hydraulics coupled reactor analysis code with a 
quasi-static method to test successful completion of the 
startup.  

2. Neutronics Modeling
The two-step analysis was used to calculate reactor 

parameters because the ATOM core is a light-water 
reactor. The burnup-dependent cross sections, 
temperature sensitivities, ADFs were calculated by 
using Serpent-2 3-D Monte Carlo simulations with the 
ENDF/B-VII.1 cross-section library. The burnup- and 
temperature-dependent cross sections were calculated 
with Eq. (1) in this work. 
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Then 3-D nodal analysis was performed with a time-
dependent FORTRAN-95 code, which solves TH-
coupled reactor 2-group diffusion equations. The 
reactor core analysis with given conditions can be 
solved with nodal expansion method (NEM) or semi 
analytical nodal method (SANM) [8]. 

The steam generator was decoupled and the coolant 
inlet temperature was determined by power demand 
with constant average coolant temperature strategy, 
which was adopted in the ATOM system because the 
reactivity change can be minimized during a power 
transient. 

Since the startup simulation needs the control rod 
criticality search, the quasi-static (QS) method was used 
for reactor core analysis to reduce computing time at 
every one hour, which is one fourth of each power 
ramping interval. However, Xe-135 and Sm-149 
concentrations were calculated in time-dependent 
method with Eqs. (2)-(5).  
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To mimic real startup situation from HZP, the initial 
control rod positions were properly set in the numerical 
simulations: the shutdown bank is all fully withdrawn, 



and all regulating banks and mechanical shim banks are 
fully inserted.  

The criticality search was performed after every QS 
calculation until it finds control rod critical height with 
an error of 10pcm. The moving CEAs were selected 
with pre-determined withdrawal priority. 

3. Thermal-Hydraulic (TH) Modeling
The thermal-hydraulic analysis was done for all fuel 

assemblies in the ATOM core. From the reactor analysis 
information, axial temperature distributions can be 
calculated with the coolant inlet temperature obtained 
from power demand. 

First, the axial pressure drop which satisfies the mass 
balance equation is found from axial momentum 
balance equation and coolant flow velocity and pressure 
drop are updated until the mass balance is satisfied. 
Then, the energy balance equation is solved until the 
convergence of enthalpy and coolant temperature. In 
this TH model, the lateral momentum was not included 
and axial heat conduction was ignored. Therefore, all 
fuel pin sub-channels have identical TH parameters and 
all terms related with the lateral momentum are 
neglected. Eqs. (6)-(8) are mass balance equation, axial 
momentum equation, and energy balance equation used 
in TH analysis respectively [9].  
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The index i stands for axial node level for each 
assembly channel. im and iv are mass flow rate and speed 
of the coolant at i-th axial node, respectively. iz∆  is axial 

length of each axial node. iq ′ is linear power density of 
each fuel assembly and ih  stands for the enthalpy of the 
coolant at axial node i. 

In Eq. (7), iF  represents forces from wall friction and 
form drag. By using Eq. (9), it is calculated with friction 
factor f , unity phase multiplier φ , pressure loss 
coefficient of grid spacers K ,specific volume *V , and 
equivalent diameter hD . In equivalent diameter, p and 
d are pitch and fuel pin diameter, respectively. 

  From the converged axial coolant temperature 
distribution, the temperature distribution from cladding 
surface to fuel center is calculated by using finite-
difference method (FDM). Eq. (10) briefly describes the 
system matrix of heat conduction at fuel and cladding 
region. The method to construct the system matrix is 
similar with COBRA-III [10] 
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  With Eq. (11), specific heat capacity of coolant was 
calculated. Here, θ is Einstein temperature and aE is the 
electron activation energy divided by Boltzmann 
constant [11,12]. The effective fuel temperature for fuel 
temperature coefficient was calculated with Eq. (12) 
[13,14]. Then, thermal conductivities of UO2 fuel and 
Zircaloy cladding were evaluated with Eqs. (13)-(14) 
[15]. A non-linear iteration was performed until the 
convergence of temperature since all TH parameters are 
temperature-dependent. 

4. Numerical Results
In the numerical simulations, the beginning of cycle 

(BOC) condition was applied to initial power condition 
with Xe equilibrium state. In the initial condition, Sm-
149 density was assumed to be zero since Sm-149 
requires almost infinite time to reach an equilibrium at 
zero power. Also, the shutdown bank was fully 
withdrawn before the transient to make the ATOM core 
hot zero power (0.001%). Every regulating bank height 
was 15cm from the bottom of active core to find initial 
criticality height earlier. The pattern of mechanical shim 
banks and regulating banks are shown in Figure 1 [8]. 
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Figure 1. Control Rod Pattern 

As seen in Figure 2, the power demand reached full 
power after 66 hours and total simulation time was 144 
hours. The power ramp-up scenarios was step-
increasing to mimic real startup. After reaching 100% 
power demand, it remained constant until the end of 
simulation. 
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Figure 2. Power Demand 

In Figure 3, Xe-135 concentration keeps increasing 
after reaching full power because of its long half-life 
comparing with transient speed. Xe-135 convergence 
was observed a few days after transient in this figure. 
However, Sm-149 concentration did not reach the 
convergence since the simulation is quite short when 
comparing with speed of Sm-149 accumulation and 
ATOM core has lower power density than commercial 
PWRs, which results in slow accumulation of the Xe 
and Sm negative reactivity. 

Meanwhile, from Figure 4, the withdrawal of all 
regulating banks (F4, H4) started with increasing power 
demand. Because the simulation was performed with 
quasi-static method, the first point of control rod height 
in Figure 4 was about 36cm. Due to the negative 
reactivity of Xe-135 and Sm-149, the regulating bank 
withdrawal continued after reaching 100% power.  

The ASI value is initially very high because the height 
of all regulating banks was almost at the middle of 
active core, which leads to highly bottom-skewed axial 
power shape. With increasing power demand, the 
regulating banks are continuously withdrawn and the 
ASI value showed decreasing trend. However, the ASI 
value is still quite high because of very slow 
convergence rate of Sm-149. With Eq. (5) and hot full 

power flux of ATOM core, it requires about one month 
for convergence. 
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Figure 3. Xe-135, Sm-149 Concentration 
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Figure 4. Critical Heights of the various CEAs and ASI 

Both effective fuel temperature and coolant 
temperature are averaged over the whole fuel assemblies 
in the ATOM core. In Figure 5, since the inlet coolant 
temperature control strategy was constant average 
coolant temperature, inlet coolant temperature was 
controlled with power demand. Moreover, in Figure 6, 
the effective fuel temperature also increased with power 
demand. At each constant power demand interval, it 
slightly decreased by a maximum of 0.9K. The reason is 
that the accumulation of poisons provides negative 
reactivity and it slightly changed local power 
distribution even with identical power demand. Also, 
Figure 7 shows radial and 3D power peaking factors, 
which are near 1.2 and 1.8 at the end of the simulation, 
respectively. The 3D peaking factor is expected to 
decrease more after accumulation of Sm-149. 
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Figure 5. Coolant Temperature 

0 50 100 150

Time [hr]

560

580

600

620

640

660

680

700

720

740

Te
m

pe
ra

tu
re

 [K
]

Figure 6. Effective Fuel Temperature 
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Figure 7. Power Peaking Factor 

5. Summary and Conclusions
The ATOM core analysis for reactor startup from hot 

zero power to hot full power with 3-D TH-coupled 
quasi-static nodal method was performed to check the 
feasibility of reactor startup using control rods only. The 
total transient time was 100 hours to observe Xe-135 
convergence behavior. It was demonstrated that the SBF 
ATOM reactor startup can be done by using control 
rods without violating core design criteria. For further 
studies, an advanced control rod selection module will 
be investigated to minimize the ASI change during the 
startup stage. Also, DNBR analysis with in-house code 
will be performed to optimize power ramp-up rate. 
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