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ABSTRACT in this paper, the flow-solid coupling dynamic similarity criteria are derived from a
flow-solid fundamental equation, taking account of interface continuity and interactive conditions.
In terms of different study objects, some of the similarity can be relaxed.

The similarity criteria are applied in flow-induced vibration test of a reactor core barrel, seismic
test of a reactor internals and vibration test of a oxygen top-blown steel making turning furnace.
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1. INTRODUCTION

Owing to flowing fluid existing in many nuclear power plants' systems and
components, Vibration problem of the flow-solid interaction is very conspicuous. The
design cade'"! require to minimize the flow-induced vibration under operating
conditions. If analytic method is applied to resolve the flow-induced vibration, then,
two difficulties exist: the first is that the structure is probably very complicated so that

“the flow-solid coupling calculating model can be hardly built up. The second is that

the force function of the flow to the structure can be solved more difficulty by use of a
theoretical method?. For a prototype reactor (or other trade's equipment), the
vibration problem should be solved, in the phase of design, using simulating tests in
proportional models. For examples, flow-induced vibration of the reactor core barrel,
seismic tests of the reactor internals and some other components, rock of the storing
tank and pool and etc. All of these require a similarity criteriion which satisfies the
flow-solid coupling conditions, so as to design the models and convert test
parameters by means of the similarity.
In the model design and tests it is of importance that the essential problems
containing in the objects should satisfy the similarity for the model designed, namely,
the two satisfies the second similarity theorem. In this way, the results obtained from
the model tests can only be converted into the objects.

2. FLOW DYNAMIC SIMILARITY
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2?1"Fundamental*equationofﬂowdyhéfnics - e
Suppose that is Newtonian viscous fluid, its dynamic equation is described by
Navier-Stokes equation.

i + (V' grady = F — l—)l—gradp+ v (2-1)
s

Where: V =V i+ Vyj+VzKk, (2-2)
Vx. Vy, Vz are velocities of the fluid micro elements in x, y, z directions.

Ff= Fyi +'nyj + Fiz k; (2-3)
Ffx, Fy, Fiz are mass forces of the fluid microelements in x, y, z directions.
When gravity g is only considered, F=gk (2-4)

2
p is the pressure in the fluid. v?= S+ 55 + R grad is the gradient. pg, vare
ax’ ay

the fluid density and dynamic viscosity.

2.2 Derivation of similarity

There are six parameters in eq.(2-1): velocity, dimension, time, mass force,
pressure and viscosity. The proportional relation between a object and a model is
supposed as Cy, Cg, Ct, CFf, Cp, Cy. If the fluid movement in the model test is
similar with that in the objet, the fluid -elements both in the model and the object
satisfy eq.(2-1). then the relation is obtained as:

C./C=C,4C=Cy/CC=Cr=C,C,/C? (2-5)
From eq. (2-5), four basic similarities are obtained! Their physical meanings are:*I”’

1) C\,(Zit“/Ci= the criterion indicates that the ratio of the inertial force (C,2 /C, ).
related to the ﬂund micro element movement and the nonstatlonary inertial force
(CV/Ct) is equal, called as Strouhal number .

SVt /1 - (2-6)

(2) (C,)/CiCr=1, the criterion indicates that the ratio of the inertial force (C,2C))
related to the fluid micro element movement and the mass force C, is equal, also
called as Froued number

F=V?/lg (2-7)

3)C, /Cprv2=1, the criterion indicates that the ratio of the pressure (Cp/CCy) related
to the fluid micro element and the inertial force (C,2/C,) is equal, also called as Euler
number

Eu=p /p; V2 (2-8)
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——(4) C,C,/C,=1, the criterion indicates that the ratio of force (C,2/C)) related to the
fluid micro element and the viscous force C,,C./Cp2 is equal, also called as Reynolds
number ”

Re=Vl /v (2-9)

The four similarity criteria obtained form (2-6) to (2-9) are:
SgVt /1, F=V2 g, Eu=plps V2, Re=Vi/v (2-10)

For the four similarity criteria, we need to note as :
(1) in the fluid micro element movement, the velocity V and the pressure p consist of
average and pulse, namely:

V=V+V, p=p+p (2-11)

substitute into eq.(2-1), we have Cy=C,, , Cp=Cp- . For simplifying , using of symbol
V., p here means the similarity criteria for the average and the fluctuation have been
satisfied and equal.

(2) Mtis difficult to satisfy all of the similarity criteria in eq. (2-10) in model tests. In
terms of test requirements, major similarity criteria should be satisfied and others can
be relaxed.

3. SOLID DYNAMIC SIMILARITY

3.1 Fundamental equation of splid dynamics ,

Suppose that the displacement of a solid particle is very small, neglecting
nonlinear item, then the fundamental equation of solid dynamics can be expressed
as:

2
2 _ Mgrad div u+ £ 7 u+ Fs (3-1)
at p s 5 :
where: u is the particle displacement vettor.
usuyi+uyj+uyk (3-2)

ps is the solid density. A, u are the Lamme constants. E, v are the modules of
elasticity and Poisson's ratio. ‘
A=E/(1+vo)(1-2vp), p=E/2(1+vg)

Fs=Fex i+ Fgyj+ Fg k (3-3)
When only the gravity is considered,
Fs=gk (3-4)
The relation of stress cjj and strain is
o =A div u(Sy) + 2ue; (3-5)

where strain
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7'"*”1' au’,'*‘ au;“ e T T T
T f(a—f+_l5"—). . (3-6)
i, j=x.y. 2 5,~,-={0 i#jj
3.2 Derivation of similarity
There are five parameters in eq. (3-1): displacement, dimension, time, mass force,
physical parameter. The proportional relation between a object and a model is
assumed as Cy;, Cj, Ct, CFs, Cg, Cps, Cyy - If the solid movement in the model and
the object is similar, all the solid elements of the modet and the object must satisfy
eq.(3-1). Then the equation is obtained:

C,/C#=CgC,/C,sC=Crs (3-7)

C,= CeC, /C,, C.=C,/C (3-8)

From eq. (3-7), two basic similarity criteria are obtained. their physical meanings are:
(1) CeC2/C,C=1 , the criterion indicates that the ratio of the inertial force Ce/CpsCi
related to the solid micro element movement and the nhonstationary inertial force
Cy/Cis equal.

(2) C, IC{£Cgs=1, the criterion indicates that the ratio of the nonstationary inertial force
C/Ci? related to the particle and the mass force Cfg is equal.

4. SIMILARITY CRITERIA IN FLOW-SOLID COUPLING INTERFACE

In the flow-solid interface, normal stress of the solid is balanced with the flow
pulse pressure and the normal velocity continues, namely,

—p=(s)), (4-1)
(V v v ) _ (auk auy auz ) (4~2)
Ty’ z’n at ’ at’ at’n .

where (--....), means the projection fo boundary normal n. Two similarity criteria can
be obtained from eq.(4-1):
Cp=C,=CeC,/C,, C,=C,/C; (4-3)

5. SUMMARY OF FLOW-SOLID COUPLING SIMILARITY CRITERIA

‘By using the relation of the nonstationary movement time Cy and the frequency
Ct, CF=1/Cy, the flow-solid coupling similarity criteria can then be summarized as
shown in Table 5.1
6. APPLICATION OF SIMILARITY CRITERIA

6.1 Flow-induced vibration model test of the reactor core barrel .10
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~In this test, the St dynamic similarity was mainly concerned when Re is self-
similar and ranged from 103-107, it can be relaxed. If the influence of solid and flow
gravity to movement is neglected, Fr can also be relaxed.
Suppose that Cv=1, C;s=Cp=Cg=1, Cj=5 , then the corresponding similarities
are obtained and listed in Table 6.1.

8.2 Seismic test for the reactor internals.

If the flow-solid coupling effect is taken as a dominant factor, neglecting the
influence of the gravity velocity similarity is Cy=1 and acceleration similarity is
Ca=1/Cy . But for a model seismic test made in a same gravity, the similarity criteria
of C5and Cg are contradictory. The similarity criterion of Cg=1 can relaxed so long
as the model's right movement caused by vertical seismic excitation, or flow rock
caused by horizontal seismic excitation are involved. In the case, the similarity criteria
in Table 6.1 are still available, or else the method described in paragraph 6.3 will be
used. :

6.3 Modeling technique for a pure oxygen top-blown steelmaking turning furnace.
This example is a typical coupling vibration for gas (oxygen-blown), fluid (steel
liquid) and solid (furnace). Owing to steel liquid disturbance induced by top- or
bottom-blown oxygen, effect of the steel liquid's mass force can not be neglected,
namely, it is convinced for acceleration similarity in the flow and the solid to satisfy:
C.=C4=1.

Reasonably selecting model's material can satisfy eq.(6-1). In the test, hard PVC
plate is selected to manufacture the furnace model. its modules of elasticity E™=4 x
10° MPa density p,™=1.56kg/dm’. for the object, E®=2 x 10° Mpa, p,®'=7.8kg/dm®,
Then there are C¢=50, C,=5. Further, the dimension dcale are CI=CE/Cps=50/5=10,
steel liquid. pf(")=6.9kgldm3. Reasonably disposing iron thichloride solution with
certain concentration, its density is p{™=6.9/5=1.38kg/dm>. Other parameters are
listed in Table 6.2.

7. CONCLUSION

(1) In the paper, the similarity criteria is derived through the flow-solid coupling. In
engineering application of modeling techniques, some "primary" factors should be
stressed and some "secondary" factor can be relaxed. Meaning of the "primary" is
that it can ensure similarity for non-stationary internal item of the flow-solid coupling.
The "secondary" means that in the modeling techniques, some parameters' similarity
is very difficult to be achieved or cause contradictor results, but that givesless
influence to the "primary" similarity criteria.

(2) The similarity criteria of three engineering examples derived in the paper have
been applied and satisfactory test results have been obtained. We consider the
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- —similarity: criteria can be extended to-other relevant engineering-application, such fluid
rock, magnetic-flow coupling, and etc.
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Table 5.1 flow-solid coupling similarity criteria
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physical parameters | symbol unit . similarity .scale
dimension . 1 m C, S
density P kg/m’ C,=1 1
modulus'of elasticity] E MPa Ce=1 1
mass M kg Cp=C 125
amplitude u m C, =C, s
velocity \4 m/s C,= 1
acceleration a m/s? C,=1/GC 1/5
force F N Ce=C} 25
pressure P pa C,=1:. 1
stress a MPa C,=1 1
strain £ m/m C.=1 1
time t sec C,=C, 5
frequency f HZ C=1/C, 1/5
volume fiow cate Q m'/s Cq=Cl 25
pressure PSD G, (Pa’/HZ Cg,=C 5
stress PSD G, (MPa)’/HZ Ce. =C, 5
" acceleration PSD | G, (m/ s/ HZ Ce=1/C, /s
Table 6.2 Similarity criteria of mode! and object
physical parameters| Symbol unit similarity scale
dimension 1 m C=Cg/C, 10
density P Pr kg/ m? C,=C, 5
modulus of elasticity E MPa Ce 50
mass M kg C.=C,C} 5% 10°
amplitude m C, =C, 10
velocity v m/s C,= \[.CT V10
acceleration a m/s? C,= 1 1
force F N Cr=CyC, 5% 10°
pressure P pa C,=C¢ 50
stress g MPa C,=Cg 50
strain B m/m C,=C,/Cg 1
time t sec c=Jc, V10
frequency f HZ c,=1/Jc; 1/N10
oxygen flow rate Q m/s Co=(C, 7 Cc; | 1581
pressure PSD G, (Pa)’/HZ Cq=CiC, 50°V10
stress PSD G, (MPa)?/ HZ C,.=C:JC, 5010
acceleration PSD G, (m/s?*/HZ C,.=JC, Jio
forcePSD | G (N)'/HZ c,=cc;™ o’y
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