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Abstract

The exact expression for the lift force on a fuel assembly in a reactor core is derived in
terms of calculable hydraulic parameters. The relation for the lift force, pressure drop, buoyan-
cy force, viscous force, and fuel assembly weight is discussed. Based on the derived exact
expression, error analysis is made for a simple expression applying COBRA 1V-i to a typical
PWR fuel assembly. The error analysis revealed that the error of the simple expression consists

of four terms and the overall error depends on the flow rate change direction, and its

magnitude is about 1%.
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1. Introduction

The hydraulic lift force of a fuel assembly is the
resultant force of the interaction between coolant

flow and a fuel assembly and is directly related to
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the mechanical integrity of a holddown device of
a fuel assembly. Analysis of the hydraulic lift force
is one of the important works in designing a fuel
assembly and analyzing the hydraulicmechanical
compatibility of a transition core. In the conven-

tional flow engineering area, the force to an ob-
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ject in a flow field is called drag or lift force
depending on the force direction and many works
on this subject are found in open literature.
However, works on nuclear application area are
quite few. One of the few works is Jin and Sim's
work/1/. They analyzed the relation among the
object shape, drag force and pressure drop for
CANDU reactor refueling device analysis. Con-
sidering the importance of the lift force analysis, it
is quite strange that nearly nothing has been so far
found in literature on analytical investigation of
the force. What has been found to the authors in
literature is only an equation /2/ stating the mag-
nitude of lift force is the product of pressure drop
and area. As described above, the lift force is
interrelated with pressure drop, shear stress, and
body force but nothing has been clarified in Refer-
ence 2. on the relation among them and the error
involved in the equation The authors feel that
many people think that an equation of the type of
the equation in Ref. /2/is exact in principle. In
open literature. even a single statement implying
analytic works on relation of the lift force are
described in a proprietary document is not found.
One possible explanation to this situation is that
the equation in Ref. /2/ was formulated by gues-
sing and calibrated to measurement data. For im-
provement of a lift force analysis method, works
are required on theoretical analysis of the interac-
tion between fluid flow and an fuel assembly. To
clarify the relationship between the hydraulic lift
force and relevant parameters, an exact express-
ion is first derived and discussion is made on the
relationships among buoyancy force, pressure
force, viscous force, and weight of a fuel assem-
bly. Also the error of the simple expression is
analyzed for the case of a typical PWR fuel and
core operation condition using COBR-IV-i /3/.

2. Derivation of the Exact Expression by Flow

Parameters

cv
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When an object of an arbitrary shape is located
in a flow as shown in Fig. 1, three different forces
are exerted to the object. First is the body force
by the gravitational acceleration. that is. weight
and second is the surface force by pressure and
viscous shear stress, and third is the external force
which is applied to keep the object in a fixed

position.

Since the three forces are in equilibrium, they

satisfy Eq.(1).

0= | o -dA+T (1)
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In Eq.{11), o is the stress tenser.
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When a control volume is drawn for the flow
around the object as the dotted volume in Fig. 1,
there are two surfaces, that is. A : inner control
surface contacting the object. and A.: outer con-
trol surface. The total force on the flow control

volume F' is the sum of the fluid body
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Fig 1. The Object and Control Volume

force and the surface (A=A +A.) force of the
viscous force and pressure force. And its express-
ion is given by Eq.(2).

F= F+ B+ Fu 2

f f

=5 o dat ja o da+ by PiaV @)

Application of the flow momentum theorem/4/ to
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the flow control volume vyields ;
2
A= ly oVau+l o (PVIV-da @

Equating Eq. (3) and Eq. (4), the force on the

inner control surface Fh is;

F;,:—aa—t Lo pVAV+ Un (PUV-dA— Ln

s-da— Lo pidv (5)

Since the surface stress tensor can be decom-
posed into two parts of pressure and viscous shear
stress as shown in Eq.(6), Eq.(5) becomes Eq.(7).

6 =—pit+¢ (6)

where ¢ is the shear stress tensor

FA‘:*S*{ zw oV dV+

{ PV -dA+ {a pl-dA

N P . (7)

Since the interest is only on a single force com-
ponet of a specific direction, let’s call it x-

direction, the x componet of the force (Fi) is;

(Fi).=i- Fx

:’St ZW £ V.dV+ zAf PV - dA+

Jupi-da—i- lam ¢ ~da— lurtdy (8
From the force balance on the inner-surface A,
O0=Fi+F& 9)

The force to the object on the inner control sur-

ob)

face Fa™ is the hydraulic lift force, which corres-
ponds to the second term of Eq(l). Combing
Eq.(9) and Eq.(8),

(Feh)=—{Fh)= _,,ST 2V( PV.dV

— e PuV-dA—

Upidati- Lo o -dat lupiav (0

The point to be noted in Eq.(10) is that it is an

exact expression for the lift force to the object in a
flow field and it does not contain any term which
involves calculation in the inner control surface A,
which is very complicated in a fuel assembly lift
force analysis. To make Eq.(10) more convenient,
K is defined as the sum of the pressure and body
force terms such as Eq.(11)

K=— lupi-dat Lu PLdv (11)

To apply the exact relation Eq.(10) to fuel assem-
bly lift force analysis, a restriction is now imposed

to the control volume and the restriction is ;

(The shape of the outer side of the control
volume is rectangular and it encloses completely
the fuel assembly under analysis. The shape of the
inner control surface is exactly same with the ob-
ject shape and contacts the fuel assembly at every
point.)

Also new parameters Ac and x are introduced. A.
denotes the cross section area of the rectangular
of the outer control volume side, and x denotes
the coordinate which is normal to the cross sec-
tion area.

Then, the integration of Eq.(11) results in Eq.(12).

K=A(Piwn~Piou) + P LA (tou— x.)— PifVoy, (12)

Where P is static pressure and # are defined by
Eq.(13)

p=luravs Luav (13)
Since the body force acceleration in our case is
the gravitational acceleration.

fi=—g (14)
Introducing this relation into Eq.(12) produces
Eq.(15).

K=A. [Pfan+ o vgm)— (Piow+ p lgxuut)] + P Vo) (15)

Plugging Eq.(15) to Eq.(10) produces Eq.(16).
o
oby IR
(Fa®). 51 2 v PV.dV

- 2Al{0VxV'dA+i' 2Ao < - dA
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FA[(Pant £ Ga) —(Piowt P igoud] + P fVan  (16)

The last term of Eq.(16) is commonly called as
buoyancy force. One point to note is that this
so-called buoyancy force is not present in the
original expression of Eq.(10) and comes to
appear in Eq. (16} which was derived by convert-
ing the static pressure and fluid body force in-
tegration terms into the difference of static press-
ures and elevation heads. It means the so-called
buoyancy force is not a generic force. Eq.{(16) is
an another exact expression for the force which
makes a fuel assembly lift, that is, lift force. This
expression will be used as the basis of further

analysis in this study.

3. Error analysis of a simple expression for lift
force

The exact equation for lift force, Eq.(16)} is
somewhat complicate for pracfical application and
a simple expression is introduced by Eq.(17) and
the lift force calculated by Eq.(17) is denoted as
F[Model

Fhtodel = Ac(Piin — Plow) +F&® (17)
Where F§” is the so-called buoyancy force of the
assembly and P' is the total pressure defined by

Eq.(18)
1 —
= PVAP.+ Pgx (18)
and
V= lu PV dA/ Ln dA (19)

Inappopriately the first term of the RHS of Eq.(17)
alone is usually called as lift force in the nuclear
engineering application and the inappropriate us-
age of the term, “lift force” causes confusion in
understanding the physics of the flow phenomena
in lift force. The expression of the error E in substi-
tuting the exact equation (16) by the simple equa-
tion (17) is derived here.
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E= [FA?M] — Pt

:—% L pudv— s PVV-dA+

i lwc - daA —Ac[(%/’—\/z)m ~<—;-Fv_>] 20)

The momentum flux integral of Eq.(20) can be

decomposed into three parts.

e PVV-dA= {pe PUVAA —

{ soon P VeI Vil dA + ! e PUWdA 21)

(&) (Ad),
' Where
_Vj-dA
T
or
Vik - dA
' |dA]

j, k are respectively the unit vector in the y- and
zdirections. Since V. is positive at (A and
(A:)2* in a condition of lift force analysis, plugging
Eq.(21) into Eq.(20) produces Eq.(22).

o 1 iR ol
—_ J— /’sz an PVZX xout
E=——2,{,/VidVt 5A (P (PR ]
El EI[
_ Q(AO)W PUWAA+i- | r -dA 22)
L Y |
E Ey

m

Eq.(22) shows that the error of the simple equa-
tion comes from four different sources. Ei is from
the unsteady effect of a reactor coolant flow rate.
It is positive when the flow rate decreases and the
simple equation overpredicts the lift force at a
flow rate increase but underpredicts the lift
force at a flow rate decrease..En is from the algeb-

raic simplification in equation treatment and
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zenerally positive since lift force analysis is usually
made with an inlet flow rate peak. Eu is from the
momentumn flow by lateral flow convection and is
generally negative since flow momentum is sup-
posed to flow out from the fuel assembly with a
inlet flow peak. Ew is from the shear stress on the
vertical sides of the control volume or equivalently
lateral momentum diffusion. And this term is
negative because of the inlet flow peak. When the
sign of each error term of a general case is put
together, the result is

E=(+)+(+H)+(—)+(—) {23)

Ei Eu Eu Ewv

From the definition of E, Eq{22), E needs to be
negative for the simple equation to be conserva-
tive in lift force design analysis. Among the terms
in Eq.(23), however, Ei is always positive and E
can be also positive depending on the flow condi-
tion. Because of this, it is not clear whether E will
be positive or negative and checking of the sign is
required. One interesting point of the error terms
is that the two error sources Ei and Ew counteracts
to each other and makes the total error smaller
than the case where only one of the two terms
are present since their signs are different from
each other but their magnitudes are usually close

to each other as Eq.(24) shows.

En*’Emii[l

o AN+ Vew) (vm;vm,)]

_ [; P Vot Vo) LW da|

5 P ANV No=Via)]

1 .
~[2 P (Va4 Vo)A, (v.w.\—vw)}:o 24)

Each error term was calculated to check its sign
and magnitude. The calculation was made for a
typical PWR fuel core at cold and hot coolant
conditions. The major parameters used in the

evaluation are as follows ;

9.5mm
fuel rod pitch : 12.3mm

fuel rod diameter :

.assembly pitch : 198.2mm

fuel rod configuration : 16 X16

.fuel rod length : 3850.0mm

flow rate distribution at the core inlet : See
Fig.2.

.average flow velocity in a free bundle region :
6.0m/s

.core inlet temperature & axial power distribu-

tion
: 289.8C and 1.55 chopped cosine
: 50C and iso-thermal uniform
transient rate of the total flow : 7% /sec
T L]
Yar | 1.02f 1.02f 1 1 .985| .985]Symmetry
N Plane
~
1~pz] 1.02f 2 1 .985] .98%
~
~o2f 1 1 985
~N
N .985
~
N
* ; Fuel assembly for - Symmetry Plane
the lift force analysis S

Fig. 2 Relative Flow Rate Distribution at the core
Inlet

In calculating error term Ei, the maximum flow
transient rate at the flow rate around 100% is
taken to be about 7~9% per second considering
the required total time for achieving the 100%
flow rate at a plant startup and the flow change
rate at the loss-of-flow event of KNU 7&8 /5/.
Calculation of Er and Ew is somewhat straighfor-
ward. The shear stress the for Ev was calculated
based on the model implemented in COBRA-IV-]
as described in Eq.(25) since the thermal-hydraulic
field calculation was made by the code.

rw:m%\f‘ =Cr- B, PV.+ AV. (25)
where Cr and by {3, are repectively the inverse of
the turbulent Prandtl number and the product of
the proportionality coefficients for the mixing
length and mixing velocity/6/



100

The calculation results are shown in Table 1.
The magnitude of the each error term is less than
2%. Among the error terms, the algebraic simpli-
fication error Ex and lateral momenmtum flow
term Eu are relatively large compared with other
terms. Also one can find that it is better to keep
the coefficient 1/2 of the dynamic head term of
Eq.(18) in using the simple equation Eq.(17) in-
stead of using the coefficient 1.00 from the exact
equation Eq.(20) unless one can not eliminate the
error of En completely. The shear stress error term
Ewv is nearly zero and the unsteady effect term is
about 0.3 to 0.4% depending on the flow change
rate. The overall error is estimated to be about +
1% at a flow rate decrease condition and less
than 1% at both conditions of flow rate increase
and steady flow. Since typical cases were selected
for the error analysis, it is deduced that the magni-
tude of the total error in applying the simple
equation Eq.(20) can be considered to be general-
ly about 1%.

Table 1 Magnitude of the Errors

'Tondition Semi- Error(%)?
Lift BN Em | EM | EQV) | Total
Force
50T Lo-| 917 | £33| 135 =71 | -02 95
Thermal (KN} 24
Cendition
289.8C 648 | +32| 74 =79 | -00 27
Power (KN) -37
Opera-
tion
Condition
NOTES

1) Semi-Lift Force=Ac(Pin—Plow)
2) Error relative to the semi-lift force in %
3) + ;for a flow rate decrease

— :for a flow rate increase
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Conclusion

The exact expression for the lift force on a fuel
assembly in PWR core has been derived in terms
of calculable hydraulic parameters, and the rela-
tion for the lift force, pressure drop, buoyancy
force, viscous force, and fuel assembly weight has
been discussed. the error of a simple equation has
been analyzed and the error analysis revealed that
the error of a simple expression consists of four
terms and the overall error depends on the flo-
wrate change direction and its magnitude is about

1%.
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