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Exponential Time Differencing method with Taylor Series Expansion 

(ETD-TS) is used for solving nonlinear systems of point kinetics 

equations (PKEs). Integral forms of PKE are expanded using Taylor 

Series Expansion method. Time step value and Taylor series expansion 

order (n) is chosen to minimize the truncation error.PKEs are highly 

stiff and nonlinear in nature in presence of thermal feedback. So, 

advanced method (ETD-TS) is used in the present work to estimate the 

power transients. Thermal Reactors benchmark with 

stepandcompensated ramp reactivity insertions are considered for 

estimation of power transients with feedback. Comparison of results 

with other accurate numerical methods likeCATS (Convergence 

Accelerated Taylor Series), SCS (Shifted Chebyshev Series), ITS2 

(Integral Taylor Series)etc confirms the validity and accuracy of this 

method.Time step of 10
-2

 – 10
-4

sec is considered for estimationof 

power and reactivity transients.  

 
Copy Right, IJAR, 2023,. All rights reserved. 

…………………………………………………………………………………………………….... 

Introduction:- 
The solution of linear Boltzmann transport equation is coupled with precursor concentration equationsthat are in 

different time scales. To estimate the accurate value of neutron densities and precursor concentrations, temperature 

and power feedbacks needs to be applied. Due to the presence of feedback, nonlinearity is introduced in PKEs.PKEs 

are derived from the time dependent neutron transport equations. After, considering weight based approximations, 

these integro-differential equations are converted to ODEs. For reactor safety, it is important to estimate the power 

values at different time intervals by solving point kinetics equations. These equations provide useful information on 

the dynamics of the reactor core during transients that involve considerable power change in the nuclear power 

plant. Temperature feedback effect is considered in PKEs for improving the accuracy of results. Different numerical 

schemes are available in literature to solve PKEs with temperature and power feedback. Recent examples are, 

methods based on  Reactivity Piecewise Constant Approximations(Kinardand Allen,2004), ET technique, based on 

Backward Euler (ET-BE) and Crank Nicholson (ET-CN) approximations (Nahla,2011), The Converged Accelerated 

Taylor Series Method (CATS) (Ganapol and Picca et al, 2012), The Enhanced Piecewise Constant Algorithm, 

EPCA (Picca etal,2013), Integral Taylor Series, ITS-2 (Serigo.Q et al, 2016) and Shifted Chebyshev Series,SCS 

(Hamda,2018.Each of these methods are having different levels of accuracy, computational time and complexity in 

implementing the algorithm, The numerical scheme used in this paper is based on Exponential Time Differencing 
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with Taylor series expansion (ETD-TS), which involves the exact integration of PKEs followed by multiplying by 

integrating factor. The integrand is expanded withTaylor series expansion method. Recently, (M.M.A.Razak etal., 

2015) used ETD method with Taylor series for solving the PKEs with step and ramp reactivity insertions in the 

absence of feedback, however in this paper we had used ETD-TS method for estimation of power transients by 

solving PKEs in the presence of temperature and power feedback. The coefficient matrix ‘A’ used here is 8×8 

matrix, here the last column of the coefficient matrix is corresponds to the function U(t) which is dependent on 

temperature of the reactor core, which is different from (M.M.A.Razak etal., 2015)  ETD-TS algorithm. 

 

Point kinetics equations and ETD-TS method  

Point kinetics equations are coupled equations and has to be solved simultaneously. ETD – TS method has four 

different steps:    

Multiplying the PKE’s with exponential Integrating factor 

1. Integrating the PKEs within the time limits ‘tn’ to ‘tn+1’ 

2. Expanding the neutron density and precursor concentrations using the Taylor series expansion 

3. Estimation of neutron density and precursor concentrations at n+1
th 

time step. 
dP t 

dt
 =  

 ρ t −β 

Λ
P t +  λi ∗ Ci

6
i=1  t … . . (1)  (1) 

 
dCi t 

dt
=  

βi

Λ
P t −  λi ∗ Ci  t   (2) 

P(t) = power in watts; Ci(t) = i
th
 group precursors concentration (atoms/cm

3
) ; 

β= effective value of beta;Λ = mean neutron generation time; 

λi = decay constant of i
th

 group precursor;βi = i
th 

group precursor beta value; 

 

For simplicity P(t) which is the neutron number density can be assumed as power of the reactor by assuming 

praportinal  

 

From Eq.(1) and Eq.(2) we can write PKE with feedback in the matrix form as shown below: 

 

 
 
 
 
 
 

dP(t)/dt
dC1(t)/dt
dC2(t)/dt

dC3(t)/dt
dC4(t)/dt
dC5(t)/dt
dC6(t)/dt

dTemp(t)/dt 

 
 
 
 
 
 

=

 

 
 
 
 
 
 
 
 

(ρ t − β)

Λ
λ1 λ2 λ3 λ4 λ5 λ6 0.0

β
1

/λ1 −λ1 0.0 0.0 0.0 0.0 0.0 0.0

β
2
/λ2

β
3
/λ3

β
4
/λ4

β
5
/λ5

β
6
/λ6

U(t)

0.0
0.0
0.0
0.0
0.0
0.0

−λ2 0.0 0.0 0.0 0.0 0.0
0.0 −λ3 0.0 0.0 0.0 0.0
0.0 0.0 −λ4 0.0 0.0 0. 0
0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0
0.0

−λ5
0.0
0.0

0.0 0.0
−λ6
0.0

0.0
0.0

 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 

P(t)
C1(t)
C2(t)

C3(t)
C4(t)
C5(t)
C6(t)

Temp(t) 

 
 
 
 
 
 

 

 

Right hand side of above 8×8 square matrix is the coefficient matrix ‘A(t)’. 

The general form of first order stiff ODE (Cox,2002)is written as: 
du

dt
= cu + F(u, t)                                                                                                         (3)   

Here ‘c’ is stiffness coefficient.The value of u(tn+1) can be written as follows after applying  

the procedure of exponential differencing method(Cox,2002): 

u(tn+1)=u(tn)ech +ech  e−cɽF(u(tn + ɽ)
h

0
,tn+ɽ)dɽ(4) 

P tn + 1 = P tn e
−h
Λ +

1.0

Λ
 P tn + ɽ e

ɽ−h
Λ

h

0

 1.0 − β + ρ tn + ɽ  dɽ 

+ e
ɽ−h

Λ  λiCi(tn + ɽ)6
i=1

h

0
dɽ(5) 

Ci tn + 1 =  Ci tn e
−h

Λ +  
βi

Λ
  e

ɽ−h

Λ P tn + ɽ dɽ +  
1.0

Λ
− λi 

h

0
 e

ɽ−h

Λ Ci tn + ɽ dɽ            (6) 

 

Eqns.(5) and (6) can be obtained after integration of (1) and (2) and multiplying both sides of 

 equation (1) and (2) with integrating factor et/Λ(M.M.A.Razak et al,2015,Cox et al,2002): 

With Taylor series expansion power at time tn+ɽ can be written as shown below: 
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P tn + ɽ =  
∂ i P(tn )

∂ɽi
n
i=0

ɽi

i!
(7) 

DifferentialCoefficients of power procurer concentrations, Reactivity and Temperature functions are obtained using 

the above matrix equations as follows: 
dF tn 

dt
= A tn F tn  

While estimating the higher order derivatives as we are choosing the smaller time steps, derivativtives  of A(tn) can 

be neglected. matrix equation can be written as follows:  
d2F tn 

dt 2 =A2 tn F tn ……… .
dn F(tn )

dt 2 =An tn F tn  

These Higher order derivatives are used in the taylor series expansion of P tn + ɽ  
, Ci tn + ɽ  ,ρ tn + ɽ  functions estimations in Eq(5) and Eq(6). 

 

TemperatureFeedback and it’sNumerical Solution  

Step change in Reactivity with thermal feedback (adiabatic model), which is mentioned in (Hetrick, 1971; Stacey, 

2001) is shown below: 

ρ tn = ρ
0
− α[Temp t − Temp0]-------   (8)     

dTemp(t)

dt
= Hn t ………….   (9) 

Here, Temp(t) is the reactor temperature at time ‘t’ and Temp0 is the initial temperature of the reactor ‘α’ is the 

Temperature coefficient of reactivity, H=AKc, whose units are K/MW.s is the reciprocal of the thermal capacity of 

the reactor  and units of A’ are MW.cm3.  Differtinating Eq. (8) and substituting in Eq. (9), we obtain: 

 
dρ(t)

dt
= −αHn t ……… . (10) 

 

After applying the procedure of (COX et al,2002) Eq. (9) & (10) can be written in the following integral form: 

ρ tn+1 = ρ tn e−h/Λ + e−
h

Λ(−αH n tn + ɽ e
ɽ

Λdɽ +
1.0

Λ

h

0
 ρ tn + ɽ e

ɽ

Λdɽ
h

0
)… (11) 

 

Temp tn+1 = Temp tn e−h/Λ + e−
h
Λ(H n tn + ɽ e

ɽ
Λdɽ +

1.0

Λ

h

0

 Temp tn + ɽ e
ɽ
Λdɽ)). (12)

h

0

 

Equations (11)&(12) are solved using Taylor series expansion method, These equations can be used for estimation 

of temperature and reactivity values at ‘tn+1’ sec. 

 

Temperature Feedback and it’s Numerical Solution Power Transients of thermal reactor caused by step reactivity 

with Temperature Feedback 

 

ETD-TS method has been applied to solve the point kinetics equations for thermal reactors, in presence of 

Newtonian temperature feedback. Six groups of delayed neutrons are consideredin this problem. The decay 

constants of neutron precursors, delayed neutron fractions and feedback parameters for thermal reactor are taken as 

λ1 = 0.0124s-1,  λ2 = 0.0305s-1, λ3 = 0.111 sec-1, λ4 = 0.301 sec-1, λ5 = 1.13 sec-1,. λ6 = 3.00 sec-1, β1 = 0.00021, 

β2 = 0.00141, β3 = 0.00127, β4 = 0.00255, β5 = 0.00074, β6 = 0.00027, βeff  = 0.00645, Λ = 0.00005 (sec),  α = 

0.00005 (K-1) and  Kc = 0.05 (K/MWs). 

 

Transient power, reactivity and temperature values initiated by step reactivity addition of 1.0 $, 1.5$ and 2.0 $ with 

temperature feedback was studied using ETD-TS method. The results are summarized in Table 1, 2 and 3 

respectively for 1.0 $, 1.5$ and 2.0 $. Results are compared with other numerical methods ET-BE, ET-CN, ITS2 and 

CATS method values. It is observed that even with higher step reactivity addition of 2 $, ETD-TS method is more 

accurate than ET-BE and ET-CN methods while estimating the transient power and reactivity values. Estimated 

values using ETD-TS method are giving identical results when compared with highly accurate i.e, ITS2 method 

values. Integrands in the Equations (4)-(6) & (8) expanded up to five Taylor series terms for better accuracy of 

ETD-TS method. 

 

In the Table.1 ET-BE, ET-CN and NAM methods are using fixed time step of h=0.001 sec, which is much larger 

than the time step sizes h=0.01 sec used in the ETD-TS method. computational time for ETD-TS method is 26 sec 
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for 1.0, 1.5 and 2.0$ step reactivity insertion case, with Intel ® Core ™ i9 computer and processer speed 2.8 GHz, 

which is less when compared with ITS2 method i.e,28.0 45.0,  52 sec.ITS2 method takes more computational time 

when compared with ETD-TS method. But, whereas ETD-TS method uses constant computational time for all the 

three cases. 

 

Table 1:- Comparison of transient values of power and reactivity values initiated due to step reactivity 1.0 $. 

* Numbers in the   parenthesis denotes powers of 10. 

 

 

 

 

 

 

 

 

 

Tim

e 

(sec) 

Power (Watt) 𝜌($) 

 

Temp 

ETD-

TS 

Method 

(
0
K) 

ET-BE 

Method 

Ref. 

ET-CN 

Method 

Ref. 

ITS-2 

Method 

Ref. 

ETD-TS  

Method(h=0.

01 sec)n=5 

ET-BE 

Metho

d 

Ref. 

ET-

CN 

Metho

d 

Ref. 

ITS2 

Metho

d 

(Ref.) 

ETD-

TS 

Metho

d 

0.0 1.00000 1.0000 1.0000 1.0000 1.0000

0 

1.0000

0 

1.0000

0 

1.0000

0 

293.000

0 

10.0 1.3210E+0

2 

1.3206E+0

2 

1.3203E+0

2 

1.3203E+02 -

0.1857

9 

-

0.1860

4 

-

0.1862

9 

-

0.1862

9 

446.032

7 

20.0 5.1727E+0

1 

5.1716E+0

1 

5.1699E+0

1 

5.1699E+01 -

0.5058

5 

-

0.5059

5 

-

0.5062

2 

-

0.5062

3 

487.303

8 

30.0 2.8189E+0

1 

2.8187E+0

1 

2.8174E+0

1 

2.8174E+01 -

0.6533

2 

-

0.6532

1 

-

0.6536

1 

-

0.6536

1 

506.316

3 

40.0 1.8154E+0

1 

1.8155E+0

1 

1.8146E+0

1 

1.8146E+01 -

0.7408

7 

-

0.7407

0 

-

0.7411

0 

-

0.7411

0 

517.602

2 

50.0 1.2788E+0

1 

1.2786E+0

1 

1.2779E+0

1 

1.2779E+01 -

0.7998

2 

-

0.8001

8 

-

0.8001

0 

-

0.8001

0 

525.213

4 

60.0 9.4828E+0

0 

9.4898E+0

0 

9.4749E+0

0 

9.4749E+00 -

0.8424

1 

-

0.8412

2 

-

0.8427

7 

-

0.8427

7 

530.718

0 

70.0 7.2485E+0

0 

7.2324E+0

0 

7.2444E+0

0 

7.2444E+00 -

0.8746

3 

-

0.8781

8 

-

0.8749

1 

-

0.8749

1 

534.864

7 

80.0 5.6467E+0

0 

5.6534E+0

0 

5.6462E+0

0 

5.6462E+00 -

0.8999

7 

-

0.8977

1 

-

0.8997

4 

-

0.8997

4 

538.066

7 

90.0 4.4588E+0

0 

4.4684E+0

0 

4.4568E+0

0 

4.4568E+00 -

0.9189

2 

-

0.9161

9 

-

0.9192

1 

-

0.9192

1 

540.578

6 

100.

0 

3.5507E+0

0 

3.5531E+0

0 

3.5501E+0

0 

3.5501E+00 -

0.9347

4 

-

0.9346

8 

-

0.9346

5 

-

0.9346

5 

542.570

4 
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Table 2:- Comparison of transient values of power and reactivity values initiated due to step reactivity (1.5 $). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ET-BE 

Method 

Ref. 

ET-CN 

Method 

Ref. 

ITS2 

Method 

Ref. 

ETD-TS  

Method(h=0.

01 sec)n=5 

ET-

BE 

Metho

d 

Ref. 

ET-

CN 

Metho

d 

Ref. 

ITS2 

Metho

d 

(Ref.) 

ETD-

TS 

Metho

d 

 

0.0 1.00000 1.0000 1.0000 1.0000 1.5000

0 

1.5000

0 

1.5000

0 

1.5000

0 

293.000

0 

          

10.0 1.08546E+

02 

1.08231E+

02 

1.07911E+

02 

1.07911E+02 -

0.8200

8 

-

0.8256

2 

-

0.8315

0 

-

0.8315

2 

593.764

7 

20.0 4.18325E+

01 

4.17205E+

01 

4.16042E+

01 

4.16042E+01 -

1.0789

9 

-

1.0838

0 

-

1.0889

5 

-

1.0889

7 

626.975

6 

30.0 2.34123E+

01 

2.33593E+

01 

2.32989E+

01 

2.32989E+01 -

1.1996

1 

-

1.2038

1 

-

1.2090

2 

-

1.2090

3 

642.464

4 

40.0 1.53686E+

01 

1.53360E+

01 

1.53034E+

01 

1.53034E+01 -

1.2733

1 

-

1.2773

2 

-

1.2821

0 

-

1.2821

1 

651.890

7 

50.0 1.09320E+

01 

1.09096E+

01 

1.08901E+

01 

1.08901E+01 -

1.3238

4 

-

1.3277

3 

-

1.3321

3 

-

1.3321

4 

658.345

4 

60.0 8.13017E+

00 

8.11509E+

00 

8.10103E+

00 

8.10104E+00 -

1.3606

8 

-

1.3646

9 

-

1.3685

7 

-

1.3685

8 

663.046

0 

70.0 6.20461E+

00 

6.19337E+

00 

6.18269E+

00 

6.18269E+00 -

1.3884

9 

-

1.3917

7 

-

1.3960

4 

-

1.3960

5 

666.589

5 

80.0 4.81225E+

00 

4.81004E+

00 

4.79331E+

00 

4.79331E+00 -

1.4090

4 

-

1.4102

5 

-

1.4171

7 

-

1.4171

8 

669.316

0 

90.0 3.76957E+

00 

3.76577E+

00 

3.75561E+

00 

3.75561E+00 -

1.4260

6 

-

1.4287

4 

-

1.4336

5 

-

1.4336

6 

671.441

1 

100.

0 

2.97798E+

00 

2.96556E+

00 

         

2.96607E+

00 

2.96607E+00 -

1.4386

9 

-

1.4472

2 

-

1.4466

1 

-

1.4466

2 

673.112

7 
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Fig.1:- Comparison of Transient Power (Watt) with initial stepreactivity (1.0$). 

 

 
Fig.2:- Comparison of Transient Reactivity values with initial step reactivity (1.0$). 
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Fig.3:- Comparison of Transient Power (Watt) with initial step reactivity (1.5 $). 

 

 
Fig.4:- Comparison of Transient Reactivity values with initial step reactivity (1.5$). 

 

 

-5000

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

-20 0 20 40 60 80 100 120

P
o

w
er

 (
W

at
t)

Time (sec)

ET-BE ET-CN CATS ETD-TS

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 20 40 60 80 100 120

R
ea

ct
iv

it
y 

($
)

Time (sec)

ET-BE ET-CN ITS-2 ETD-TS



ISSN: 2320-5407                                                                            Int. J. Adv. Res. 11(06), 567-582 

574 

 

Table 3:- Comparison of transient values of power and reactivity values initiated due to step reactivity (2.0 $). 
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Fig.5:- Comparison of Transient Power (Watt) with initial step reactivity (2.0 $). 

 

 
Fig.6:- Comparison of Transient Reactivity values with initial step reactivity (2.0 $). 
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Table 4. shows transient power values corresponding to different ‘h’ values using ETD-TS methods and results are 

compared with ITS2 method values for the transient power estimated up to 100.0 sec. Results are in excellent 

agreement with reference values.  

 

Table 4:- Comparison of transient values of power and reactivity initiated due to step reactivity (2.0$) with different 

‘h’ values. 

Time (sec) Power (Watt) 

ETD-TS Method (Observed) ITS2–Method 

(Reference) 

(h=0.1 sec) 

n=5 

(h=0.05 sec) 

n=5 

(h=0.01 sec) 

n=5 

0.0 1.0000 1.0000 1.0000 1.0000 

20.0 38.8049 39.0941 39.1389 39.1389 

50.0 10.2598 10.3090 10.3186 10.3186 

80.0 4.4771 4.4951 4.4994 4.4994 

100.0 2.7415 2.7524 2.7551 2.7551 

 

Similarly, Table 5 shows the comparison of ETD-TS results with NAM (New Analytical Method) (Nahla, 2011), 

PCA (Piecewise Continuous Approximation method) (Kinard, 2004) and SCS methods. Comparison shows that 

transient power values estimated with ETD-TS method is quite accurate when compared with NAM and PCA 

method values. Also, ETD-TS method uses the time step size of (h=0.01 sec), which is larger than the time steps 

used in NAM and PCA methods (h=0.001 sec).This indicates that present method is efficient and accurate even with 

finer time steps and the values are in good agreement with most accurate ITS2 method values. 

 

Table 5:- Comparison of ETD – TS power values with differentnumerical methods (with step reactivity of 2.0 $). 

Time (sec) 

Power (Watt) 

NAM Method 

h=0.001 sec 

PCAMethod 

h=0.001 sec 

 

ETD-TS Method 

(Observed) 

(h=0.01 sec) 

n=5 

0.0 1.0000 1.0000 1.0000 

20.0 39.1793 39.0022 39.1389 

50.0 10.3277 10.2872 10.3186 

80.0 4.4855 4.4994 4.4994 

100.0 2.7575 2.7463 2.7551 

 

Table.6, Shows comparison of Peak transient power values and corresponding time to reach peak power at the initial 

step reactivity values i.e,1.0, 1.5 and 2.0 $ with other numerical methods. ETD-TS Method estimated values are in 

good agreement with ITS2 method values. From the comparison, it is observed that ETD-TS method is quite 

accurate and similar values when compared with highly accurate method ITS2 method. 

 

Table 6:- Comparison of ETD – TS power peak values with different numerical methods with different initial 

reactivity values. 

Initial 

Reactivity 

𝜌0($) 

Time to Peak (sec) Peak Neutron Density 

ITS2 

 

ETD-TS ITS2 

 

ETD-TS 

1.0 0.953478 0.953476 8.078681E+02 8.078687E+02 
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1.5 0.168288 0.168289 4.302461E+04 4.302461E+04 

2.0 0.098390 0.098399 1.678457E+05 1.678456E+05 

* Numbers in the   parenthesis denotes powers of 10. 

Compensated ramp reactivity Insertion with neutron density feedback and its numerical solution 

Compensated ramp functions which are defined previously, as in (Aboanber and Hamada,2002). The reactivity at 

time ‘t’ can be described by the following equation.  

ρ t = a t − t0 − b n(t′)
t

t0
dt ………………  (13) 

After applying the procedure in (2002,Cox) the above equation can be rewritten as shown below: 

ρ tn+1 = ρ tn e−
h

Λ + e−
h

Λ  (a − b. n(tn
ɽ

0
+ɽ)+

1.0

Λ
)dɽ……….  (14) 

After expanding n(tn+ɽ) using Taylor series expansion, we can estimate the reactivity values at different time steps 

‘tn+1’using Eq.(14).
 

 

Power Transients of thermal reactor caused by compensated ramp reactivity with Power Feedback 

 

We next consider response to insertion of ramp reactivity as shown in Eq (13)in the thermal reactor.The power 

transients caused by compensated ramp reactivity is considered.Six group kinetic parameters are λ1 = 0.0124sec
-1

,  λ2 

= 0.0305sec
-1

, λ3 = 0.111 sec
-1

, λ4 = 0.301 sec
-1

, λ5 = 1.13 sec
-1

,. λ6 = 3.00 sec
-1

, β1 = 0.00021, β2 = 0.00141, β3 = 

0.00127, β4 = 0.00255, β5 = 0.00074, β6 = 0.00027.βeff  = 0.0065, Λ = 0.00005 (sec). Here, time step chosen for all the 

calculations using ETD-TS method is h = 0.000025 sec.Neutron Density values are estimated up to 10.0 seconds, 

with fixed shutdown coefficient b = 10
-11

 cm
3
 /sec and ‘a’ values are changed from 0.003-0.1 sec

-1
. Transient 

Neutron Density values are in excellent agreement with ITS2method values at all the time steps and results are 

shown in Table 7-8. Transient Neutron density and reactivity values are plotted against ITS2 and ETD-TS values 

corresponding to fixed shutdown coefficient (b=10
-11

 cm
3
 /sec) up to 10.0 sec with a=0.003sec

-1
 and up to 1.0 sec 

with a=0.1sec
-1

as shown in Fig.6-9. In Most of the cases, Neutron density and Reactivity values are well agreement 

with most accurate ITS2 method values up to 4decimal places.  

 

Table 7:- Comparison of Compensated response to a ramp change of reactivity witha = 0.003 sec
-1

 and b = 10
-11

 cm
3
 

/sec. 

Time (sec) Neutron Density (/cm
3
) Reactivity ($) 

ITS-2 ETD-TS 

n=3 ;h=0.000125 s 

ITS-2 ETD-TS 

n=3 ;h=0.000125 s 

     

0 1.0000 1.000 0.0 0.0 

0.5 1.3247E+00 1.3247E+00 2.3256E-01 2.3255E-01 

1.0 2.0532E+00 2.0532E+00 4.6512E-01 4.6511E-01 

1.5 4.3472E+00 4.3472E+00 6.9767E-01 6.9767E-01 

2.0 2.3921E+01 2.3922E+01 9.3023E-01 9.3024E-01 

2.5 1.4390E+04 1.4397E+04 1.1628E+00 1.1628E+00 

3.0 8.0571E+08 8.0525E+08 6.4673E-01 6.4669E-01 

4.0 3.4133E+08 3.4134E+08 5.0440E-01 5.0439E-01 

5.0 3.2933E+08 3.2934E+08 4.5283E-01 4.5283E-01 

10.0 3.1459E+08 3.1460E+08 2.7934E-01 2.7934E-01 

* Numbers in the   parenthesis denotes powers of 10. 
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Fig. 6:- Comparison plot of Reactivity ($) in compensated ramp with a = 0.003 sec

-1
 and b = 10

-11
 cm

3
/sec. 

 

 
Fig. 7:- Comparison plot of Neutron density in compensated rampwith a = 0.003 sec

-1
 and b = 10

-11
 cm

3
/sec. 
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Table 8:- Comparison of Compensated response to a ramp change of reactivity a = 0.1 sec
-1

 and b = 10
-11

 cm
3
 /sec. 

Time (sec) Neutron Density (/cm
3
) Reactivity ($) 

ITS-2 ETD-TS 

n=3 ;h=0.000125 s 

ITS-2 ETD-TS 

n=3 ;h=0.000125 s 

0.00 1.00 1.00 0.00 0.00 

0.10 2.4734E+01 2.4730E+01 1.5504E+00 1.5504E+00 

0.20 7.2379E+08 7.2371E+08 3.0965E+00 3.0964E+00 

0.30 8.1620E+08 8.1619E+08 -3.8677E-01 -3.8682E-01 

0.40 3.7509E+09 3.7504E+09 9.0487E-01 9.0481E-01 

0.50 9.9500E+09 9.9503E+09 7.2456E-01 7.2456E-01 

0.60 1.1466E+10 1.1466E+10 8.7409E-01 8.7411E-01 

0.70 9.7644E+09 9.7643E+09 8.2555E-01 8.2555E-01 

0.80 1.0086E+10 1.0086E+10 7.9324E-01 7.9324E-01 

0.90 1.0153E+10 1.0153E+10 7.8014E-01 7.8014E-01 

1.00 1.0104E+10 1.0104E+10 7.6207E-01 7.6207E-01 

* Numbers in the   parenthesis denotes powers of 10. 

 

 
Fig. 8:- Comparison plot of Reactivity ($) in compensated rampwith a = 0.1 sec

-1
and b = 10

-11
 cm

3
/sec. 

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

R
ea

ct
iv

it
y 

($
)

Time (s)

ITS-2 ETD-TS



ISSN: 2320-5407                                                                            Int. J. Adv. Res. 11(06), 567-582 

580 

 

 
Fig. 9:- Comparison plot of Neutron density in compensated rampwith a = 0.1 sec

-1
and b = 10

-11
 cm

3
/sec. 

 

Similarly, Neutron Density values are estimated up to 10.0 seconds, with fixed shutdown coefficient b = 10-13 cm3 

/sec and for three different ‘a’ values 0.003,0.01 and 0.1 sec
-1

. Transient Neutron Density values are in excellent 

agreement with other accurate methods likeEPCA and CATS at all the time steps and results are shown in Table 9. 

Transient Neutron density and reactivity values are plotted against CATS and ETD-TS values corresponding to 

fixed shutdown coefficient (10
-13

 cm
3
 /sec) up to 10.0 sec as shown in Fig.10. In Most of the cases, Neutron density 

and Reactivity values are well agreement with most accurate CATS method. 

 

Table 9:- Comparison of Neutron densities in compensated ramp changes of reactivity with b =10
-13

 cm
3
/secfor 

different ‘a’ values. 

Time (sec) EPCA 

(Reference) 

 

ITS-2 

(Reference) 

ETD-TS 

(Observed) 

n=3 (h=0.000125 sec) 

Case 1.  a =0.1 (sec
-1

) 

0.1 2.4734E+01 2.4734E+01 2.4730E+01 

0.5 1.5434E+12 1.5434E+12 1.5434E+12 

5.0 1.0030E+12 1.0030E+12 1.0030E+12 

7.5 1.0018E+12 1.0018E+12 1.0018E+12 

10.0 1.0012E+12 1.0012E+12 1.0012E+12 

Case 2.  a =0.01 (sec
-1

) 

0.1 1.1672E+00 1.1672E+00 1.1672E+00 

0.5 4.2699E+00 4.2700E+00 4.2697E+00 

5.0 1.0339E+11 1.0339E+11 1.0339E+11 

7.5 1.0195E+11 1.0195E+11 1.0195E+11 

10.0 1.0124E+11 1.0124E+11 1.0124E+11 

Case 3.  a =0.003 (sec-1) 
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0.1 1.0453E+00 1.0453E+00 1.0453E+00 

0.5 1.3246E+00 1.3246E+00 1.3246E+00 

5.0 3.2156E+10 3.2156E+10 3.2156E+10 

7.5 3.2102E+10 3.2102E+10 3.2102E+10 

10.0 3.1456E+10 3.1456E+10 3.1456E+10 

 

 

 

 
Fig. 10:- Comparison plot of Neutron density in compensated ramp change with b = 10

-11
 cm3/sec and different a 

(sec-1) values. 
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Conclusion:- 
ETD-TS method is used for solving point kinetics equations with multi group of delayed neutrons in the presence of 

temperature and power feedback. Thermal reactor benchmark problems with stepand compensated ramp reactivity 

insertions are considered for validation of this method. In ETD-TS method integral form of PKEs are solved using 

Taylor Series expansion method with temperature and power feedbacks. Time constant ‘-1/Λ’ is chosen as stiffness 

constant. PKEs are integrated using exponential factor. Smaller time step ~ 10
-2

sec is sufficient for estimation of 

power transients with step reactivity insertion. But, for transients with compensated ramp reactivity insertion, time 

step size ~10
-4

sec was used in ETD-TS method to estimate the power transients. Computational time is found to be 

relatively less without any loss of accuracy when compared with ITS2 method.It is observed that ETD-TS method 

estimates the power transients for longer duration of time with good accuracy. The method was found to give 

accurate results similar to PCA and NAM methods even with larger time steps in the case of compensated ramp 

reactivity insertion case. ETD-TS method can be further used for estimation of power transients in 3D space-time 

calculations. 
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