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Objectives and Motivation

m Comparisons of test results and analytical
approaches indicated the need to develop
improved models for particulate/fiber insulation
debris beds to conservatively predict

® pressure drop across and

B compression of insulation debris on a clogged screen
or perforated plate, and

B provide insight on how variations in debtis
concentrations can affect pressure drop.




Modeling Approach

m Methods developed for modeling a debris bed
using
B a single homogeneous calculational control volume

and

B two control volumes for heterogeneous debris
distribution.




Control Volume Modeling
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Pressure Drop Calculation

m  Calculation based on classical form of porous medium flow (Ergun) equation
Viscous Term Kinetic Term
A = H VS X (Ie? +b [ (l-e)uS_[oV2S (I
L KX) 1+X)> &’ oVo6 | 6 &

m The Viscous Term uses

m the Kozeny-Carman equation to relate permeability (K), porosity (€) and the debris
specific surface area (S,), and

m 2 dimensionless permeability function to relate the void ratio to permeability by using
the Happel free surface model for
® a bed with flow perpendicular to fiber cylinders
® 2 bed composed of spherical particles.

B The Kinetic Term uses

m 2 semi-empirical term based on relations for
= a woven metal screen of any weave and
= for beds composed of spherical particles.

m Calculations indicate that the kinetic term contributes < 8% of the total pressure drop;
therefore, the exact values of b and c is not critical to the pressure drop calculation.




Porous Medium Compression

® Analytical model uses a method to predict debris bed
compressibility for irreversible and elastic behavior.
= First compression during increase to maximum velocity is assumed to be
a nonrecoverable, irreversible process.
X/X=(P_/P )N
where X* void ratio at P_’ at compression start
P_’ mechanical stress at compression
After the first compression the bed is assumed to be elastic with constant
compressibility.
X / X(P, ) =exp N- NP WJ
P

max

where P__ highest compressive stress
X(®P,_,) void ratio at P___

m From PNNL test data, N = 0.230.




Information Needed for Calculations

m Debris material properties determined from PNNL test data

Debris Material Density Specific Surface Area
(Ibm/ ft%) (ft 1

Nukon Fibers 175 300,000

CalSil Particles 115 650,000

Fiberglass Fibers in CalSil 175 300,000

m [nitial bed thickness at calculation start
m A relation for bed thickness versus debris mass is obtained from PNNIL
test data at a bed formation velocity of 0.1 ft/s.
Liniiad = RNukont D) Myyeon T Xegsict 1) Mg

A N A Qcarsil
m From PNNL test data, the values for the void ratio at bed formation are
determined to be Xy, = 30, and X ; = 6.2




Information Needed for Calculations

B Mass of constituents in debris bed

m PNNL debris bed mass measurements indicate that only a fraction of the
mass added to the test loop is deposited in the debris bed.
m For Nukon-only tests
= 79% to 100% of added Nukon mass deposited

B For Nukon/CalSil tests
m 70% to 100% of added Nukon mass deposited
= 10% to 90% of added CalSil mass deposited

m For CalSil-only tests
= 5% to 17% ot added CalSil mass deposited

m Relation for maximum particulate concentration (“saturation”)
condition in a fiber bed.

m This effect 1s possible in beds of all thicknesses, but had initially been
observed in thin beds and called a “thin bed” effect.




Comparisons with Test Data

B One-volume Calculations compared to results from
= PNNL tests
= ANL tests
m LANL/UNM tests

B Two-volume Calculations compared to results from
= PNNL tests
m LANL/UNM tests




Pressure Drop for Nukon-Only Test

PNNL Benchmark BM-2 Test 060313_NO_1349_LP1 (Nukon Bed, 0.58 kg/m?, 19-22C)
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® One-volume predictions are comparative or higher than test data.




Bed Thickness for Nukon-Only Test

PNNL Benchmark BM-2 Test 060313_NO_1349_LP1 (Nukon Bed, 0.58 kg/m?, 19-22C)
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® One-volume predictions are close to test data.




Pressure Drop for Nukon/CalSil Test

PNNL Series 2 060331_NC_2024_LP1(Nukon/CalSil=0.60/0.13 kg/m?, 21-24C)
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® Two-volume predictions provide an upper bound.
® One-volume predictions provide a lower bound for test data.




Bed Thickness for Nukon-CalSil Test

PNNL Series 2 060331_NC_2024_LP1(Nukon/CalSil=0.60/0.13 kg/m?, 21-24C)-Two Vol Model
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® Two-volume predictions are close to test data.




Conclusions

One-volume Calculations

m Predictions for Nukon-only tests provide comparative or higher pressure
drops for all PNNL, ANL and LANL/UNM test data.

m Predictions for Nukon/CalSil tests provide lower pressure drop when
compared to PNNL test data.

Two-volume Calculations

m Predictions for Nukon/CalSil tests provide comparative or higher pressure

drops for PNNL and LANL/UNM test data .
Two-volume calculational method can be improved.

Bed thickness predictions for all cases are comparative to
measurements.




Head Loss Modeling

m Backup Slides




Head Loss Modeling

First Plastic Compression

& PNNL Series 1 A PNNL Series 2 —&— X/X'=(Pm/Pm')*-0.236 ® ANL Benchmark

® Using the PNNL test data for bed compression during the first velocity increase, the debris bed
void ratio is best fit to the mechanical stress ratio using an exponent of 0.236.




Head Loss Modeling

Elastic Compression Behavior

& PNNL Series 1 A PNNLSeries 2 —&— X/X(Pm(max)=e(.236-.236Pm/Pmax) ® ANL Benchmark

® Using the PNNL test data for the later elastic bed compressions, the debris bed void
ratio is best fit to the mechanical stress ratio using an exponent of 0.236.




Information Needed from Testing

m Initial bed thickness at calculation start

Initial Formation Insulation Bed Thickness at a 0.03 m/s Approach Velocity

¢ PNNL Series 2 B PNNL Series 1 A LANL Series 6 @® ANL Benchmark X Calculation Linear (Calculation)
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m A relation for bed thickness versus debris mass at bed formation is obtained from the PNNL test data at bed formation
velocity of 0.1 ft/s.

L = KNukont 1) Myyon T Kegsi 1) meyg;
A ONukon A Ocasil




Information Needed from Testing

B Actual material masses in debris bed

Debris Bed Mass / Added Mass

Test Nukon CalSil Total
Series 1 Tests (Using Metal Screen)
051108 _NO_3067_L1 1.086 1.086
060125_NO_3067_L1 1.045 1.045
051110_NC_0595 L1 0.801 0.679
051115_NC_4098 L1 0.843 0.875
051117_NC_2776 L1 0.996 0.896
051121_NC_1586_L1
051123 _NC_2181 L1
051128 _NC_2776_L2
Series 2 Tests (Using Perforated Plate)
060321_NO_0405 LP1 (BM-1)
060313_NO_1349 LP1 (BM-2)
060425 NO_2703 LP1,LP2,LP3
060731_NO_2703 LP1,LP2
060802_NO_2703 LP1,LP2 .
060512 _CO_8108 LP1,LP2,LP3 Incomplete
060323_NC_1619 LP1 (BM-3) . 0.140
060331_NC_2024 LP1 . 0.365
060817 _NC_2024 LP1,LP2 . 0.330
060404 NC 2698 LP1 . 0.468
060509 _NC_0505 LP1 . 0.458
060426 _NC 0708 LP1,LP2 . 0.029
060807 _NC _0708 LP1,LP2 . 0.113
060809 _NC 0708 LP1,LP2 . 0.030
060517_NC_0808 LP1,LP2 . 0.368

The PNNL debris bed mass measurements indicate that only a fraction of
the total debris mass added to the test loop is deposited in the debris bed.




Information Needed from Testing

m  Relation for maximum particulate concentration (“saturation”) condition in a fiber bed.

m  This effect is possible in beds of all thicknesses, but had initially been observed in thin beds and called
a “thin bed” effect.

‘ € using measured total thickness = = = Expon. (using measured total thickness) ‘
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Head Loss Testing and Modeling

Testing Summary

m Testing with screen and perforated plate provide
similar results.

m Head loss measurements decrease with increased
temperature, but results affected by test
performance and conditions.

m Debris preparation and loading sequence for
particle/fiber can affect head loss.

m Complete CalSil-only particle bed could not be
formed.




Head Loss Modeling

m [From literature, the pressure drop across a
porous medium has been calculated using:

® Darcy Equation for viscous tlow
Ap = uV

a

L K
® BEroun Equation for packed bed at higher Reynolds
numbers
Viscous Term Kinetic Term
Ap = 150p V. (1-e)? + 1.750V? (l-g)
L D ° 5




Head Loss Modeling

B The Ergun equation can be written using the material
specific surface area, S..

= For a spherical patticle bed, S, =6 / D,

Ap = 4167 VS? (le? + 02917 o V2S, (-
L 5 5

= For cylindrical fibers, S, =4 / D,

Ap = 9375uVS? (1-e)? + 043750V?S, (=)
L

g3 g3




Viscous Term for Pressure Drop

m Using the Kozeny-Carman equation,

K = g” where k,_is the Kozeny constant
K, S, (1-¢)2

m The general form of the Ergun equation

can be written as:

Ap — kkE‘LVSVZ —(—)—\1—8,2 - SQVZ Sv —u—\l—e,
L = =




Viscous Term for Pressure Drop

m [f a dimensionless permeability function is

defined as:

KX) = X5 where the void ratio X = Vol _.,/Vol_ .,
k, (1+X)?

m Then, k, can be written as:
k, = X?
K(X) (1+X)?




Viscous Term for Pressure Drop

m Using the Happel free surface model,

® For a bed with tflow perpendicular to fiber cylinders
K(X) = -0.5+ 0.5 In(1+X) + 1
2+ 2X + X?)
for 1.0 x 10 < X < 0.995

® For a bed composed of spherical particles
KX)=2-__ 3 + 5
A+X)13 3(1+X)>/3 + 2

for 1.0 x 10* < X < 0.995




Porous Medium Pressure Drop

m General Form ot Ergun Equation

Viscous Term Kinetic Term
Ap — a H V SV2 u—\l_e, 2 + 5 Q VZ SV u—\l_e,

L > >
m Head loss equation with viscous term from

Darcy equation

Ap = uV + BpV2S (le)
I, K &




Viscous Term for Pressure Drop

Multiplier for Viscous Term of Ergun Equation for Perpendicular Cylinders

‘—0— Kozeny Constant (Happel Model) = = Ergun Eqn. Constant (Sv=4/Dp) ‘
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Viscous Term for Pressure Drop

Multiplier for Viscous Term of Ergun Equation for Spheres

‘—0— Kozeny Constant (Happel Model) =8 = Ergun Eqn. Constant (Sv=6/Dp) ‘
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Kinetic Term for Pressure Drop

B Semi-empirical pressure drop relation

Viscous Term Kinetic Term
Ap = apVS?2 (1e? +b| (Ae)pS _|° oV2S (1
L 36 g’ L o Vo6 | 6 &
For plain square type woven metal screens
a=250,b=1.69,c=0.071
for 0.5 < _Re < 9.85x10* and 0.602 < ¢ < 0.919
(1-¢)
For a bed composed of spherical particles
a=150,b=3.89,c=0.13
for 440 < Re < 7.92x10* and 0.38 < & < 0.44




Porous Medium Pressure Drop

Viscous Term Kinetic Term
ADyepyis = B V S.2 X0 (e +b| (d-e)uS_[oV2S _(l-e)
L KX) 1+X)2 & | oVo6 J 6 &

Definitions Values determined from tests
K(X) dimensionless permeability function S,  debris specific surface area
dependent on debris type b, c empirical values dependent on
Ap gopsispressure drop across debris bed debris type
debris bed thickness

approach velocity
void ratio (Vol, ..y / Vol ;)
pOfOSity <VO]‘VOid / VOltotal)

Calculations indicate that the kinetic term contributes < 8% o.f
the total pressure drop; therefore, the exact values of b and c 1s
not critical to the pressure drop calculation.




Head Loss Modeling

m Hquation for Nukon and CalSil Mixture Debris Beds

Ap total — Ap debtis bed + Apirreversible loss

_ 2 3 2 2 3 2
Apdebris— — ( SNukon XNukone—-exuron)s T —SCaBiL X casil (A-ecsi) 1 pV o+
2 3 2 3
KXukon) 1 X\ ukon)”  ENukon KXcasp) 1+ Xcausn)”  Ecasi
0.071 0.13

Ldebris

( S\ukon 1-95 Ml—‘eNukorﬁ—@Nukon—] (-enukont T Scasi 3-89 ((1‘8%1511) 93 SCalSil——I ﬂ—‘ecalsu)—] -QLVZ

o Vo6 o Vo6 8c315113 6

3
ENukon

for Nukon with 0.5 < _Re < 9.85x10% and 0.564 < ¢ < 0.919

(1-2)
for CalSil with 440 < Re < 7.92x10* and 0.38 < ¢ < 0.44

Apirrevelfsible loss — Apdebris entrance + Apdebris exit




Head Loss Modeling

P =P +P,

tot
At entrance, y =0,
Atexit,y =t,

Aty =a,




Head Loss Modeling

m Compressibility related to void volume.
B, =NP_P whereb=1
N = material specific parameter

B Therefore, for the first compression:

X=X (P_/P_ )™ where X’ void ratio at P_ at start of compression

P’ mechanical stress at start of compression

B After first compression:
B,=NP__ -1 where P___ highest compressive stress on material

X =X(P_.)exp {N - NP where X(P_ ) void ratio at P___
P

max

Note, the value of N will be determined from test data.




Head Loss Testing

m Project Title: Head Loss Testing
= Confirmatory head loss testing using typical debris
®m Objectives:
m Characterize PWR sump head loss for insulation and coating debris.
m Characterize head loss sensitivity to
B debris bed composition

m debris distribution in bed,
m fluid temperature.
® Design test facility to improve
B temperature measurement and control,
B bed thickness measurement,
B measurement of constituent mass in bed.
= Provide data to improve head loss calculational method.

m Contractor: Pacific Northwest National LLaboratory
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