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Overview MELCOR

Brief history
* Fluid fuel point kinetics (FFPK) model developed in recent years
« Good performance in public demonstrations
« External users observed suspicious reactivity and power response under certain conditions
 Reviewed and slighty modified the model formulation, solution methodology, and results output

Mathematical model review
« Delayed neutron precursors and standard point reactor kinetics model
* Fluid fuel point reactor kinetics model
« System of equations
« Steady-state initialization
+ Reactivity
« “Perfect” control system model
« Ancillary fluid flow quantities

Validation - Zero power MSRE (ORNL) coast-down and ramp-up

Summary



Delayed Neutrons and Reactor Kinetics  fieLcor

Time-dependent neutron population (kinetics) plus system feedback mechanisms (dynamics)

Delayed neutron (DN) emission from DN precursor (DNP) decay governs dynamic response
Solid fuel -DNP's stay and hence DN's contribute to economy

* Fluid fuel - DNP’s move (ex-core) and lost DN's impact economy

DNP grouping helps with analyses (group decay, abundance)

87Br (55.6 5)

Process of DNP advection with flowing fuel is DNP “drift”

87Kr (excited)

Cannot neglect the kinetic/dynamic implications of DNP “drift”
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Standard Point Reactor Kinetics Model  fiLcor

6 DNP group PRKE's dP(t - 6 i
d(t):(p()/l B)P+Z/1zci(t)+30 s
=1 £ Powser Change
Z o — Tat Fhk
dC.(t ) % Doppler FI_:uk
O (Mpo-aco, =16 D
Where: E - Externd Reactivity
P(t) = Prompt neutron power [W] z B
p(t) = Reactivity 5 15
B = Total delayed neutron fraction B
A = Prompt neutron generation time [s] £
Ai = Decay constant of i-th precursor group [1/s] 5 35
c;(t) = Power of i-th delayed neutron precursor group [W] E .
By = Fraction of i-th delayed neutron group
So = Initial neutron source [W/s] 55 —
DNP drift

« Leads to lower effective DN fraction,
+ Looks like a negative reactivity insertion, and

+ Introduces a “reactivity bias” barrier to criticality for a given flow
Relatively lower (higher) DN emission in core as core DNP inventory decreases (increases)

Fuel flow (e.g. as driven by fuel pump) has direct reactivity implications
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Fluid Fuel Point Reactor Kinetics Model  eLcor

A - “Core” (in-vessel) DNP gain by fission

dCi(t)  (B;
dt (Z

dch(t)

dP(t) _ (P(f) _ﬁ(t))P(t) +ZG:;L.(;.C + S,
i=1

dt

)P(t) — (ki + Y )ef® + (L) clt—1,)i=1..6

A B - “Core” DNP loss by decay and flow

0 [/ C - “Core” DNP gain by “Loop” (ex-vessel) DNP flow
D - “Loop” DNP gain by “Core” DNP flow
E - “Loop” DNP loss by decay and flow

Ve

o o

Ve

dt

€

HORY RV IO = (%)im(t)
i=1

" ) - (A + Y )ck®, i=1.6
crL F - Definition of “effective” DN fraction

Note time-lag term C
* Numerically explicit source of “C” from “L"
+ Could inform by tracking a time history

Prompt neutron power [W] * Could approximate as:

Reactivity L L dck(t)

Prompt neutron generation time [s] Gl-m)=G0O-n—/F

Decay constant of i-th precursor group [1/s] . . _

Initial neutron source [W/s] * And thereby obtain an equation w/o time-lag term:
Effective delayed neutron fraction dCE) (R v

Stat!c delayed ngutron fraction ;’— = (Zl) P(t) — (4 + Z/Tc)cic(t) + (V_L) (A + Z/TL)CiL(t)
Static fraction of i-th delayed neutron group t c

Lost delayed neutron fraction

Core cohort i-th delayed neutron precursor group power [W]
Loop cohort i-th delayed neutron precursor group power [W]
Residence time of precursors in the core [s]

Residence time of precursors in the loop [s]

Fluid volume in core [m3]

Fluid volume in loop [m?]
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Fluid Fuel Point Reactor Kinetics Model  eLcor

To obtain a finalized form convenient for solution, modify the power/reactivity equation by substituting

the definition of “effective” DN fraction:

6 6
dpP —B+2
dit) _ (p(t) i+ ﬁ“’) P(t) - Z LCHO) + Z LCE @) + S

Where:

Bio = Initial lost delayed neutron fraction = p;(t = t;) = (%) Y1 4Gl (to)

Thus the final set of thirteen equations:

6 6
dP(D) _ (p(D) =B+ 2y
- —( - )P(t)—;Aicf(m;mf(mso

dce(®) _ (p; v .
== (G)Po -+ )@+ (v—i) (A +2fr, )t @, i=1..6

dcl(t) _ ( Ve

Cery— (1, + 1 L .
de rCVL)CL ) = (A4 + )i, i=1.6



FFPRK Model — Steady State Initialization fijeLcor

Assume criticality (all time derivatives zeroed) without a source and steady-state flow, then:
+ Initial power is P, and no source is present (S, = 0)
+ Feedback and external reactivity is zero

» Time-zero reactivity p(ty) equals “bias reactivity” Ap,, i.e. reactivity required to compensate for DNP drift

_ 6 o
dP(ty) _ o _ (M) Po+ Z 2iCE, = (Apo B+ Bl(to)) Py + Z s,
i=1 =1

dt A A

dC; (to) B Vi .
2= 0= ()P o et () Gor el =16

dck(t,) Ve .
L :0:( )CEO_(Ai+1/TL)C£0’ i=1..6

dt Vi
Solving:
Cho=aPy, i=1..6 AN < 6
o apy=F = (5) D Au(Chy + Ch) = =4 ) D1 + 1)
Ci{'[) =Vvia;Py = yicf[). i=1..6 0= =1
6
Ve _
_y_ — (TCVL)/ l - 1 6 ﬁ(tO) = :8 - Bl(to) = :8 - AZAinai
I (A + /7)) =1
8 « Bias reactivity a constant component of p(t)
i
(4) . . o
a; = v ,  i=1..6 « Initial effective DN fraction used in solution
G 2 v () v 2|



FFPRK Model — Reactivity MELCOR

Total reactivity p(t) includes feedback, external, and bias:  p(¢) = pss(®) + pexc (t) + 4po

dpP(t)

6
The “reactivity budget”: (P(t)) ( ) Prb(t) + pexe (£) + Apo — B(E) + (P( )) (Z ACE(E) + 50)
i=1

Substituting for bias reactivity, effective DN fraction, lost DN fraction, and collecting terms yields:

A N\ [(dP(¢)
(ﬁ) ( dt )
= be(t) + pext(t)

g+ (%)ﬁ(i /L-CiL(t)) + (%) (i ACE (t))]
()Y et + () Y e+ ()

6

6
Define “flow reactivity”: 4p(t) =5 - (%) (Z ACt (t)) - (%) (Z At (t))
i=1 i=1

Note the bias reactivity equals the initial flow reactivity

P(t)

» Dependence of criticality and power on flow via reactivity effects is more obvious from this budget

Thus obtain the reactivity budget in terms of flow effects: (L) (dl;it)) P () + Pexe(t) + Apo — Ap(t) + (P?t))

+ For criticality during a flow transient, ps, (t) + pexe(t) must balance deviation of flow reactivity from bias Apy — Ap(t)



FFPRK Model — Reactivity

CVH-FFPKM-REACT-FLOW

Ap() = - (%) (i Aicf(t))
i=1
6
_ (%) (; Act (t))

CVH-FFPKM-REACT-FLOW-CORE

3960 = (35) (i A cl-f(t))
i=1
() (3yne0)
i=1

CVH-FFPKM-REACT-FLOW-LOOP

6
A
19,0 = (55) <i21 /L-C,-L(t))

-()(3yne0)

CVH-FFPKM-REACT-FEEDBACK

prp(t)

CVH-FFPKM-REACT-CONTROL

Pext (t)

CVH-FFPKM-REACT-FLOWCONT

(“perfect” flow control system model)

Pext(t) = Apo () — Apy + 2(Bi(1) — Buo)

CVH-FFPKM-REACT-TOTAL

p() = psp () + pexc(t) + Apc(t) — ApL(8)

CVH-FFPKM-REACT-BIAS

ano =5 (2)(3: 260
i=1
-G)(pees)
i=1

11\1
MELCOR



FFPRK Model — “Perfect” Control System fieLcor

Derive a prescription for external (e.g. control system) reactivity required to maintain criticality:
« Arbitrary flow transient i.e. flow reactivity Ap(t) allowed to change arbitrarily as Cf (t) and €/ (t) evolve due to flow

« No source

+ No feedback reactivity (e.g. hot-zero power condition) such that ps,(t) = 0 and P(t) = P,
6 6
. . _ B B (A L A C
The power/reactivity equation then reduces to: 0 = pexe(t) + 4py — B+ 281 (Po) (; A (t)) + (Po) (; A:C; (t))

Algebraically manipulating:

pori®) =2 (57) (ia cL(t))

(S0 @(50)
S (5

1=

Finally:
Pexc (£) = Apo(t) — Apg + Z(Bl(f) - 51,0)

Where:

po(0) = B+ (5) (B CHO) + (37) (T ACE ()



FFPRK Model — Auxiliary Flow Quantities fieLcor

Gross characteristics of core and loop flow inform DNP cohort source/sink terms

Transit times approximate the time for flow to traverse both active core and balance of primary loop
Fluid volumes calculated from control volumes that comprise the core and loop

“Core” quantities consider all CV's identified as belonging to the core

“Loop” quantities consider all CV's identified as belonging to the balance of the loop

Resort to control volume averaged notions of flow path phasic (pool) flows

Nc¢ Where:
VC - Vj .
= N¢ = Number of control volumes comprising the core
N, = Number of control volumes comprising the loop
Vi |4 = Pool phase volume in CV
vV, = Z V; v = Volume-averaged pool phase velocity in CV
=1 A = CV area in direction of flow in CV
N¢
1
Tc = A (vAV);
c =
Ny,



FFPRK Model — Validation MELCOR

Zero-power coast-down (ORNL MSRE)

ORNL-DWG 65-8312A ORNL-OWS 67-12323
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FFPRK Model — Flow Ramp-Up MELCOR

Zero-power ramp-up (ORNL MSRE)
» Not truly a validation at this point, but a verification of expected FFPKM behavior
* Run the coast-down validation case followed by a quick pump ramp-up (return to flow)

+ Returning to steady flow and reversing coast-down control system reactivity leads to initial configuration
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Summary MELCOR

Reviewed mathematical model

« Time-lagged source term approximation

« Bias reactivity and initial delayed neutron fraction
 Steady-state initialization
 Reactivity budget

Validation

« Good comparison with experimentally-measured “circulating flow worth”
« Good benchmark comparison to another code prediction from literature

Verification

« Flow ramp-up after coast-down

« Control reactivity balances flow reactivity to preserve criticality
 System returns to initial configuration
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