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fraction=0.5
&( 300.000 440.000 580.000 720.000 860.000 1000.000
50.0000 8.41877 8.41762 8.41720 8.41700 8.41689 8.41682
145.000 15.2817 15.2761 15.2740 15.2730 15.2725 15.2721
240.000 20.1852 20.1733 20.1690 20.1669 20.1657 20.1650
335.000 24.2376 24.2184 24.2113 24.2080 24.2061 24.2050
430.000 27.7791 27.7516 27.7415 27.7367 27.7341 27.7324
525.000 30.9693 30.9327 30.9193 30.9129 30.9095 30.9073
620.000 33.8985 33.8521 33.8351 33.8270 33.8226 33.8198
715.000 36.6236 36.5669 36.5460 36.5361 36.5306 36.5273
810.000 39.1834 39.1157 39.0909 39.0790 39.0725 39.0685
905.000 41.6059 41.5267 41.4976 41.4838 41.4762 41.4715
1000.000 43.9118 43.8205 43.7871 43,7712 43.7624 43.7570
fraction=0.3
q&b 300.000 440.000 580.000 720.000 860.000 1000.000
50.0000 11.2230 11.2206 11.2196 11.2192 11.2190 11.2188 oot
145.000 20.2621 20.2502 20.2458 20.2437 20.2425 20.2418
240.000 26.7043 26.6796 26.6704 26.6661 26.6637 26.6623 «
335.000 32.0234 31.9835 31.9688 31.9619 31.9580 31.9557 T Senepns
430.000 36.6698 36.6129 36.5920 36.5820 36.5765 36.5732
525.000 40.8544 40.7789 40.7511 40.7379 40.7307 40.7262
620.000 44 .6963 44.6007 44 .5657 44.5490 44,5398 44.5342
715.000 48.2706 48.1538 48.1110 48.0907 48.0795 48.0726
810.000 51.6284 51.4893 51.4383 51.4142 51.4008 51.3927
905.000 54.8064 54.6439 54.5844 54.5562 54.5406 54.5311
1000.000 57.8318 57.6451 57.5767 57.5443 57.5264 57.5155
fraction=0.25
q&b 300.000 440.000 580.000 - 720.000 860.000 1000.000
50.0000 12.4276 12.4243 12.4231 12.4226 12.4222 12.4220
145.000 22.3959 22.3804 22.3746 22.3719 22.3704 22.3695
240.000 29.4952 29.4630 29.4512 29.4456 29.4425 29.4406
335.000 35.3554 35.3037 35.2847 35.2756 35.2706 35.2676
430.000 40.4741 40.4004 40.3733 40.3605 40.3534 40.3490
525.000 45.0841 44.9863 44.9505 44.9335 44,9241 44,9183
620.000 49.3166 49,1932 49.1479 49.1264 49.1146 49.1073
715.000 53.2547 53.1039 53.0487 53.0225 53.0080 52.9992
810.000 56.9546 56.7751 56.7094 56.6782 56.6610 56.6506
905.000 60.4568 60.2472 60.1706 60.1342 60.1141 60.1019
1000.000 63.7912 63.5503 63.4623 63.4206 63.3975 63.3835
fraction=0.10
q&b 300.000 440.000 580.000 720.000 860.000 1000.000
50.0000 20.6433 20.6308 20.6262 20.6240 20.6227 20.6220
145.000 36.9002 36.8424 36.8211 36.8110 36.8055 36.8020
240.000 48,4523 48.3344 48.2912 48.2707 48.2593 48.2524
335.000 57.9873 57.7992 57.7304 57.6977 57.6797 57.6687
430.000 66.3205 66.0542 65.9569 65.9108 65.8853 65.8698
525.000 73.8319 73.4806 73.3524 73.2917 73.2581 73.2377
620.000 80.7355 80.2932 80.1320 80.0557 80.0136 79.9879
715.000 87.1659 86.6274 86.4314 86.3385 86.2873 86.2561
810.000 93.2145 92.5750 92.3423 92.2322 92.1715 92.1345
905.000 98.9466 98.2016 97.9309 97.8028 97.7322 97.6891
1000.000 104.4107 103.5562 103.2460 103.0992 103.0183 102.9691
3 ™y
I = e = (000 ¥
¢ See oot q8 ¢
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re=1000m

&(5:>—57 300.000 440.000 580.000 720.000 860.000 1000.000 ———]
240

50.0000 6.71503 6.71358 6.71304 6.71279 6.71265 6.71256
.000 46.7003 46.4689 46.3848 46.3449 46.3229 46.3095
430.000 92.0962 90.7757 90.3056 90.0849 89.9638 89.8901
620.000 141.475 137.571 136.216 135.586 135.242 135.033
810.000 195.264 186.646 183.724 182.380 181.649 181.208 T
1000.000 254.023 238.098 232.758 230.323 229.006 228.213

re=2000m N

q&b 300.000 440.000 580.000 720.000 860.000 1000.000
50.0000 7.46703 7.46511 7.46440 7.46406 7.46387 7.46376
240.000 51.3081 51.0133 50.9062 50.8555 50.8276 50.8106 B
430.000 101.1419 99.4664 98.8725 98.5943 98.4416 98.3489 ——————————
620.000 155.707 150.752 149.044 148.252 147.820 147.559
810.000 215.650 204.732 201.052 199.365 198.450 197.897 v———
1000.000 281.523 261.569 254.857 251.805 250.158 249.167

R
re=3000m ——)
S . gs&b 300.000 440.000 580.000 720.000 860.000  1000.000
50.0000 7.91267 7.91043 7.90961 7.90921 7.90900 7.90886 SE—
240,000 54.0263 53.6895 53.5673 53.5097 53,4779 53,4585
i AR

— 430.000 106.499 104.5889 103.9140 103.5981 103.4249 103.3197
620.000 164.190 158.541 156.601 155.704 155.215 154.918
T———————— 810.000 227.878 215.454 211.278 209.367 208.332 207.707
1000.000 298.028 275.533 267.926 264.471 262.609 261.489 T
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********************************************************************** dkok Aok kK

write(9,*) gqgpp, ( abl(iq,ib), ib = 1,nb )

T~

** Given a pump rate (gpp) and an aquifer thickness (b), the screen length ** gpp = gpp + qinc
———— ** is estimated by trial and error using Muskat’s equation for *% 400 continue
*#* adjusting specific capacity from that of a fully penetrating well. * K
———— *# Increments of Q and b are used to build a matrix of screen length values. ** stgp
* % *k en
** Borehole dilution, modification to TPA code at 5km #*
m—— *x RFedors (11Dec97) *x
******************************************************************************
s— ** Assumes consistent units across all variables; meters & days work
** well for the incrementing. f
—— ** gpp = pump rate for partially penetrating well (input value) ~ : k /l -
* % satk = hydraulic conductivity (input value) ;}5',4 ¢ }Z ' (b’ Ié/z,q/%o(b
** b = aquifer thickness (input value) 2 Srcrraa ‘
em—— * %k screen = screen length (usually "1" in equations) 69 i )
* rw = well radius (input value) - w 2 i 'R‘Q
ee— * % re = radius of influence (=575%sw*sqrt(bK); Bear, p.306) - w 'H, 1(3’_«,_ L Cey’——-‘
*% sw = drawdown at well (fraction of screen length, sw=0.5*screen) ’ )f gwb
***********************************************:('****************************** ; T /< (
m— * 1 2 3 4 5 6 7
*23456789012345678901234567890123456789012345678901234567890123456789012
S—— program musk
——— parameter (pi=3.14159265, max=1000, tol=0.001)
implicit real (a-h,o-z) o~
implicit integer (i-n)
—— real qgbl(max,max)
mm— open(8,file='gblin’, status='unknown’ ) 1

L
read(8,*) ngq, nb

— — ' P V4 xR
sem—— read(8,*) gql, g2 ‘}’k k 'F,( ]+ ?(n ‘ s .5’_1‘;

read(8,*) bl, b2

open(9, file='qgblout’ , status="unknown’) JZAA ( e ) ( /3\‘
R . P
read(8,*) satk, frac, rw R — @ ind

fnqg = float(ng)
fnb = float(nb) 9
qginc = ( g2 - q1 ) / (fnq - 1) . - < ( ) L
binc = ( b2 - bl ) / (fnb - 1) WL"’\-’L- Ye © 57’5’ dw bK
—— b = Dbl
¢ Loop through all values of pump rate and aquifer thickness. o W“,
_ do 300 ib = 1,nb K=b WY 6
3pp2zoql 1

o ig = 1,nq p) Q.
s screen = 50. Sw ‘ N‘F& ‘.
¢ Use Picard method to solve for screen length;
——— ¢ drawdown now is fraction of screen length.
do 50 j = 1,max

cs = pil * screen *0.5 / b -F: r@hﬁm«
T— tmp = 1. + 7. * sqrt(rw*0.5/screen) * cos(cs) {

re = 575. * frac * screen * sqgrt( b * satk/24./3600.)

m—— scn_tmp = sqrt( gpp *log(re/rw) *0.5 / (pi*satk*frac) / tmp )
if(abs(scn_tmp-screen).le.tol) goto 100

screen = scn_tmp

50 continue
100 gbl(iq,ib) = scn_tmp
c write(6,*) j, ’ iterations’
app = gpp + gqinc
—— 200 continue

b = Db + binc
300 continue

¢ Print matrix to file.

—— gpp = ql
b = Dbl .
o wri te(9,*) ’ q &b ‘', b, btbinc, b+2.*binc

; b+3.*binc, b+4.*binc, b+5.*binc

&
do 400 iq = 1,nqg

Thursday December 18, 97 musk.f ‘ 11
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&(é)“ﬁ? 300.000 440.000 580.000 720.000 860.000
50.0000 7.12166 7.25819 7.35538 7.43068 7.49204
145.000 13.7213 13.9480 14.1107 14.2372 14.3406
240.000 18.5809 18.8664 19.0728 19.2339 19.3657
335.000 22.6596 22.9901 23,2310 23.4196 23.5743 |
430.000 26.2613 26.6287 26.8984 27.1103 27.2843 |
525.000 29.5314 29.9295 30.2242 30.4565 30.6476
620.000 32.5525 32.9770 33.2938 33.5444 33.7508
715.000 35.3779 35.8251 36.1618 36.4289 36.6494
810.000 38.0438 38.5109 38.8655 39.1478 39.3813 !
905.000 40.5764 41.0608 41,4319 41.7282 41,9737
1000.000 42,9955 43,4950 43.8811 44.1905 44,4473

T
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Method to account for borehole dilution at Skm in TPA code

This is the development of a methodology to incorporate wellbore dilution into the TPA code for a
pumping well located at Skm from the repository. The conceptualization necessarily accounts for a lack of
information on aquifer production zones, radionuclide configuration, and well pumping flow rate through
the treatment of these as sampled parameters.

The conceptual model consists of a single, partially penetrating well pumping in an aquifer of unknown
thickness (see figure 1). The well pumping flow rates are limited to a range appropriate for up to a few
hundred households. The radionuclides are assumed to be uniformly mixed in a plume which is the width
of the currrently employed streamtubes but of unknown thickness. The range of plume thicknesses are
limited from 10 to 100m. The aquifer thickness is also unknown but will be constrained between 300 and
1000m.

The conceptual model recommended for use assumes homogeneous, isotropic porous media. A more
tangible model incorporating production zones along fault and fracture zones was not pursued due to a
lack of data for both the number of production zones as well as the properties of the indivivdual
production zones. Whereas, the vertically-averaged parameter values currently used in the site-wide
models are appropriate for the homogeneous, isotropic porous media model.

1. Assumptions.

Assume steady state flow in a homogeneous, isotropic porous media with a plume which is the width of
the streamtubes but vertically mixed over an unknown thickness. Also assume constant values for the
parameters hydraulic conductivity (K=1m/d), well radius (r,=0.254m), and regional hydraulic gradient
(Vh=0.00125). The streamtube width (t,) will be calculated from the existing streamtube.dat file as the
sum of the widths of all the streamtubes.

2. Sampling Distributions.

Sample uniform fields for pump flow rate, Q=U[50,1000m*/d], aquifer thickness, b=U[300,1000m], and
mixing zone (plume) thickness, B=U[10,100m]. The pump flow rate is based a range of 15 to 300
households annually using 1 ac-ft per household, or about 300 gpd per person if there are 3 people per
houschold.

3. Well Design.

Compute screen length needed to support the sampled pump flow rate and aquifer thickness using Thiem’s
equation for confined radial flow (Lohman, 1972) and Muskat’s adjustment for partially penetrating wells
(McWhorter and Sunada, 1977). A maitrix of screen lengths for various pump flow rates and aquifer
thicknesses will be used to develop the lookup table described in part 4, below.

The Thiem equation for confined radial flow for a fully penetrating well is
QO _ 2nKb
s, In(/jr.)

where the ratio of pump flow rate to drawdown (s,,) is the specific capacity, and r, is the radius of
influence. The Muskat equation for a partially penetrating well is

1 ‘ RFedors: ./Muskat/muskat.wp6
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(9 - (2155
s, , s, )b A 2b

where the subscript “p” denotes the the partially penetrating well and S; is the length of the screened
portion of the well. This solution accounts for the nonuniform distribution of flux along the well screen
due to the partial penetration. Kruseman and de Ridder (1983) describe an alternative solution for this
problem which they refer to as the Huisman method. However, the Huisman equation is in the form of an
infinite series solution, and as such, is not as readily manipulated (nonlinear in screen length) as the
Muskat approximation.

Reasonable estimates of the drawdown and radius of influence, both a function of the pump flow rate, are
needed. For the purpose of designing a screen length for a well, the drawdown will be constrained to be a
specified fraction of the screen length. In terms of specific capacity and lift costs, 0.7 can be taken as an
upper limit (U.S. Department of Interior, 1981). Instead of using the upper limit, a fraction equal to 0.5
will be used here; this leads to reasonable screen lengths and drawdowns. As for an estimate of the radius
of influence, rather than using a representative value for the entire range of pumping rates, the empirical
relation

[STE

r,=3575s, (b K)

from Bear (1979) is used noting that the units of hydraulic conductivity must be meters per second. This
relation produces results similar to the capture widths estimated using analytic element method (Haitjema,
1995). This is certainly not a justification for the empirical relation since radius of influence and capture
width are two slightly different concepts, but it does offer a means of approximating the relation between
discharge and radius of influence.

4. Well Operation.

Determine capture width and depth as a function of pump flow rate, aquifer thickness, and screen length
using using the analytic element method of GFLOW (Haitjema, 1995). The pump flow rate, aquifer
thickness, and screen length triplets are obtained from parts 2 & 3 above. Matrices of both capture widths
and capture depths for various pump rates and aquifer thicknesses will be incorporated into the TPA code
as lookup tabies.

5. Fraction of Mass Captured.

The fraction of the plume captured by a well at Skm is calculated as the ratio of the area of the plume
captured by the well and the entire area of the plume. The numerator is the well capture width multiplied
by the sampled plume thickness for screen lengths greater than the plume thickness; otherwise the
numerator is the capture area minus any elliptical portion below the plume. The denominator is the
streamtube width multiplied by the sampled plume thickness.

2 RFedors: ./Muskat/muskat.wp6
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Figure 1. Definition of parameters plume thickness B,
aquifer thickness b, and screen length S, .
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TPA Modifications

1. Sample uniform distributions for:
(1) pump flow rate, Q=U[50,1000m*/d];
(ii) aquifer thickness, b=U[300,1000m]; and
(111) mixing zone (plume) thickness, B=U[10,100m].

2. Interpolate three parameters from lookup tables.

Interpolate capture width (c,,) and thickness (c,) from 2-dimensional lookup table based on pump flow rate
and aquifer thickness; e.g., capture width= ¢ (Q,b). The first interpolation direction should be for pump
flow rate. An example of the tables is included here; 6 rows and 5 columns are expected to be included,
missing entries will be added shortly. The categories for the table of capture widths (table 1) correspond to
those for capture thickness (table 2) thus simplifying the interpolation for the second table lookup.

Also interpolate screen length as a function of pump flow rate (Table 3).

Table 1. Capture Widths (meters). /&Z 7/{/2/?
b=300m | b=475m | b=650m | b=825m | b=1000m

Q=50m*/d 327 323 320 319 319
Q=240m’/d 850 760 ¢ 7@ 720 712
Q=430m*/d 1292 1084 1010 984 966
Q= 620m*/d 1728 1378 1260 1204 1178
Q=810m*d 2180 1662 1490 1412 1370
Q=1000m*/d 2590 1940 1706 1600 1532

Table 2. Capture Thicknesses (meters).
b=300m b=475m b=650m b=825m b=1000m

Q=50m’/d 150 156 158 159 159

Q=240m%*/d 268 314 330 338 341

Q=430m’/d 300 387 423 440 449

Q= 620m*/d 300 427 485 513 529

Q=810m*/d 300 451 530 571 593

Q=1000m>/d 300 464 564 617 646
4 RFedors: ./Muskat/muskat.wp6

RE ez

(Iw ) “S

A

Vl&\?) ﬂquﬂ) MO rﬁ“flk“”‘“ qAn)?ﬂ 7&@,9&,6?

BRI e

T Bx"\l r -

Y

# )01
t2/1¢ 421




DRAFT 29Dec97

Table 3. Screen Lengths as a function of pumping flow rates.

Pump Rate (m*/d) Screen Length (m)
50 8
240 19
430 27
620 34 ; \
810 40 * s b o
1000 45 :

3. In the TPA code, the IF-THEN hierarchy for calculating the fraction of mass captured would be:
(i) if screen length (S, ) is greater than plume thickness, or, if capture depth is greater than 90% of

the aquifer thickness then {TM frm *
Mass Captured (MC) @/: plume_thickness * capture width  _ Be, _ % W e
plume thickness * streamtube width B t, t, | /7/4‘5

where t,, is the streamtube width which is calculated from the streamtube.dat file;

_(i1) if screen length is less than plume thickness but capture thickness is greater than the plume

thickness then
capture area - area of ellipse below plume

MC @/
plume thickness x streamtube width ) .
| N
¢, - B P .
-yl 7 S

P% i3 o 1 ML
.ﬁ% e Si] + &7‘1(01 - S)| - l;_ 2W} {1_
;W - =
B,

= 5
R, e
(ii1) if screen length and capture thickness are less than plume thickness then
P
e “‘—"(C -Sp| + fe S
MC (@/ _ capture area _ '
plume thickness x streamtube width Bt,

The capture area is calculated assuming that the portion below the screen is the shape of an ellipse. This

may be in error when the capture depth approaches the thickness of the aquifer. This error occurs for the

situation of large pump flow rates and thin aquifers, however, the second criteria in item (i) catches the

most prominent cases.

5 RFedors: ./Muskat/muskat.wp6
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4. Calculate the concentration to be used for dose estimates by multiplying the fraction of the mass
captured times the mass rate of radionuclides (Mg, transported to the 5km line and divide by the volume
pumped over a specified time period. The radionuclide concentration (Cy,) is calculated as:

radionuclide concentration =

mass rate * fraction of mass captured

volume rate pumped

which is, when using annual values and units restricted to meters and days for the pump flow rate:

W( Cz) * MC@/ | (/7[%

c”{)

[

1)

i

"‘d‘“’-d’V TPA  waeq Co andl neveo cdka;%ﬂiﬂx a Conl

7 -
# i/?(o;g

Table of variable descriptions

sample from distribution Q pump rate (m3/d)
sample from distribution b aquifer thickness (m)
sample from distribution B plume thickness (m)
interpolate from table 1 Cy capture width (m)
interpolate from table 2 c capture thickness (m)
interpolate from table 3 S screen length (m)
calculate from existing input streamtube width (m)
T pi=3.14159...
existing computation RN mass rate (Ci/yr)
calculate Can concentration (Ci/l)

RFedors: ./Muskat/muskat.wp6
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* % X .
constant ([gf%g
DistanceToCriticalGroup[km]} [should_be_5_or_20]

5.0

%* %

*% yyr 1/5/98 modified values for Skm dilution determination

** new values are from 50 to 1000 m~3/day
uniform

WellPumpingRateAtCriticalGroup5km[gal/day]
1.32086ed, 2.64172e5
**

** original values 7.2e3, 1.44e5
j=— @

*% ryr 9/3/97 modified name for 20 km critical group
**WellPumpingRateAtCriticalGroup30kmigal/day]

uniform

WellPumpingRateAtCriticalGroup20km[gal/day]
**

*% ryr 1/5/98 modified parameter name to plume thickness
*% for 5km dilution determination

**uniform
**MixingZoneThickness5km[m]

*%10, 100 > ‘B

uniform
PlumeThicknessSkm[m]

10, 100

**

** rwr 9/3/97 modified name for 20 km critical group
**MixingZoneThickness30km{m]
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3. In the TPA code, the IF-THEN hierarchy for calculating the fraction of mass captured would be:
(i) if screen length (S,) is greater than plume thickness, or, if capture depth is greater than 90% of
the aquifer thickness then

Bcw c

plume thickness * capture width -
B,

Fraction of Mass Captured (MC) =
plume thickness * streamtube width

LA
t

where t,, is the streamtube width which is calculated from the streamtube.dat file;
(i1) if screen length is less than plume thickness but capture thickness is greater than the plume
thickness then

capture area within plume
plume thickness * streamtube width

SN {(B -8) (e~ -B-8)* + (¢, sin™ f—iLH

MC =

2(c— ) 1L

Bi,

where the first term in the numerator is the portion at the level of the screen, and the second term
is the portion below the screen yet still within the plume (the result of integrating the equation for
an ellipse for portion which is in the plume);

(iii) if screen length and capture thickness are less than plume thickness then

[cw SL] + E%("F Ll
Bt '

w

capture area

MC =
plume thickness * streamtube width

The capture area is calculated assuming that the portion below the screen is the shape of an ellipse. This
may be in error when the capture depth approaches the thickness of the aquifer. This error occurs for the
situation of large pump flow rates and thin aquifers, however, the second criteria in item (i) catches the

. most prominent cases.

4. Calculate the dose by multiplying the mass rate of radionuclides (My,) transported to the Skm line by
the fraction of the mass captured and by the dose conversion factor (dcf) and then divide by the volume
pumped over a specified time period. The dose is calculated as:

mass rate * fraction of mass captured * dose conversion factor

dose =
volume rate pumped

which is, when using annual values and units restricted to meters and days for the pump flow rate:
. . 3
Mm{g-) * MC *df(ﬂ’_”_) ie
dose | em| - yr yr Ci
yr
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Methodology to Account for Borehole Dilution at Skm in TPA code

Two changes have been made to the calculation of borehole dilution at 5 km:

1. The range of pump rates has been extended to include lower rates. The lower end of the range now
corresponds to the water needed by a single household; the previous lower end was for 15 households.

2. An additional criteria has been added to ensure that the fraction of mass captured equal to 1 when the
capture zone for the pumping well was wider than the streamtube. Rob Rice has confirmed that this
criteria is covered by a final check on the value of the mass fraction; the check ensures that it is not
greater than one.

DRAFT 27Sep99 1 RFedors: ./Bore-Update1999/Muskat/tpa-5km-update.wpd
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Methodology to Account for Borehole Dilution at 5km in TPA code

This is the development of a methodology to incorporate wellbore dilution into the TPA code for a
pumping well located at Skm from the repository. The conceptualization necessarily accounts for a lack
of information on aquifer production zones, radionuclide plume configuration, and well pumping flow
rate through the treatment of these as sampled parameters. Analytic solutions for a partially penetrating
pumping well in a uniform flow field are used to estimate capture zones for a range of pump rates.
Together with a plume configuration based on the streamtube width and an stochastically-sampled plume
thickness, the well capture zone is used to estimate the fraction of mass captured by the well.

This approach does not explicitly estimate the dilution effects caused by transverse dispersion along the
plume pathway, nor the dilution by mixing of clean (no repository-based radionuclides) water from the
well extracting water from depths below the plume; these dilution effects lumped into the dilution
estimate through the use of a uniformly mixed plume of uncertain thickness. This approach does not
account for the uncertainty in hydraulic conductivity or hydraulic gradient at the 5 km location.

Conceptual Model

The conceptual model consists of a single, partially penetrating well pumping in an aquifer of
unknown thickness (see figure 1) located 5 km downgradient from the repository. The well pumping flow
rates are limited to a range appropriate to support the domestic requirements of one to a few hundred
households. The radionuclides are assumed to be uniformly mixed in a plume that is the width of the
streamtubes but of unknown thickness. The range of plume thicknesses are constrained to a range from
10 to 100m. The aquifer thickness is constrained between 300 and 1000 m.

The conceptual model assumes a homogeneous, isotropic porous media. A more realistic model
incorporating production zones for water flow along fault and fracture zones was not pursued due to a
lack of data for both the number of production zones as well as the properties of the individual
production zones. Whereas, the vertically-averaged parameter values currently used in the site-wide
groundwater flow models are appropriate for the homogeneous, isotropic porous media model used here.

B 1 plume

[~ > 4 & 4 & y_ v 4 v 4 & & r 4 & &)

Figure 1. Definition of parameters of plume thickness B, aquifer thickness b, and screen length S,

DRAFT 27Sep99 2 RFedors: ./Bore-Update1999/Muskat/tpa-Skm-update.wpd
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Parameter Values and Ranges

Steady state flow in a homogeneous, isotropic porous media is assumed with a plume that is the
width of the streamtubes but vertically mixed over an unknown thickness. The streamtube width (z,) is
calculated from the existing streamtube.dat file as the sum of the widths of all the streamtubes. It is also
assumed that constant values for the parameters hydraulic conductivity (K=1m/d) and regional hydraulic
gradient (VA=0.00125) are appropriate for the 5 km location. Extension of this approach for modeling
borehole dilution to include the uncertainty in K and V% would require regression equations, instead of
two-dimensional lookup tables, for estimating capture width and thickness as functions of pumping rate,
aquifer thickness, and the composite parameter of K, V.

Pump flow rate, aquifer thickness, and mixing zone (plume) thickness are intended to be sampled
parameters with uniform distribution. The range of pump flow rates is based on the domestic needs of 1
to 300 households. Annual use is assumed to be 1 ac-ft per household, or about 300 gpd per person if
there are 3 people per household (Fedors and Wittmeyer, 1998). This leads to the volumetric flow rate of
3.4 m%d for one household, 50 m%d for 15 households, and 1000 m*d for 300 households.

Well Design
Two important parameters of well design well are wellbore radius (r,) and screen length. For this

analysis, a wellbore radius reflective of domestic or quasi-municipal wells is 0.254 m and is considered
constant in this analysis. The other important well design parameter is screen length. It is used to

_determine the extent of the capture zone for a partially penetrating well and for calculation of the fraction

of radionuclide mass captured. Intuitively, a greater screen length is needed to support larger pump rates;
hence, screen length is estimated using the an analytic expression for flow from a partially penetrating
well.

The computed screen length needed to support the sampled pump flow rate and aquifer thickness
using Thiem’s equation for confined radial flow (Lohman, 1972) and Muskat’s adjustment for partially
penetrating wells (McWhorter and Sunada, 1977). The Thiem equation for confined radial flow for a
fully penetrating well is

O _ 2zKb

s, ) In(r /r.)

where the ratio of pump flow rate (Q) to drawdown (s,,) is the specific capacity, T is 3.14159....and r, is
the radius of influence. The Muskat equation for a partially penetrating well is

’ 1
S 5 S
._Q.. = g L 1+7 i Zcosh
s, s, )| b A 2b
p .

where the subscript “p” denotes the the partially penetrating well and S, is the length of the screened
portion of the well. This solution accounts for the nonuniform distribution of flux along the well screen
due to partial penetration into the aquifer. Kruseman and de Ridder (1983) describe an alternative
solution for this problem that they refer to as the Huisman method. However, the Huisman equation is in

DRAFT 27Sep99 3 RFedors: ./Bore-Update1999/Muskat/tpa-Skm-update.wpd
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the form of an infinite series solution, and as such, is not as readily manipulated as the Muskat
approximation.

Reasonable estimates of the drawdown and radius of influence, both a function of the pump flow
rate, are needed. For the purpose of designing a screen length for a well, the drawdown will be
constrained to be a specified fraction of the screen length. In terms of specific capacity and lift costs, 0.7
can be taken as an upper limit (U.S. Department of Interior, 1981). Instead of using the upper limit, a
fraction equal to 0.5 will be used here. The estimate of the radius of influence, rather than using a

representative value for the entire range of pumping rates, is allowed to vary with the pump rate. The
estimate uses the empirical relation

1
r, = 575 s, (b K)?

from Bear (1979) is used noting that the units of hydraulic conductivity must be meters per second. This
relation produces results similar to the capture widths estimated using analytic element method of
GFLOW v1.0 (Haitjema, 1995) described below. This is certainly not a Justification for the empirical
relation since radius of influence and capture width are two slightly different concepts, but it does offer a
means of approximating the relation between discharge and radius of influence.

Well Capture Zone Estimation

Once values of wellbore radius and screen length are specified, the capture zone for partially
penetrating well in a uniform flow field can be estimated. The capture width and depth are determined as
a function of pump flow rate, aquifer thickness, and screen length using using the analytic element
method of GFLOW v1.0 (Haitjema, 1995). Matrices of both capture widths and capture depths for
various pump rates and aquifer thicknesses will be incorporated into the TPA code as lookup tables.

The Analytic Element Method (AEM) used in GFLOW v1.0 provides a composite analytic
solution which satisfies the differential equation in an unbounded domain. Delineation of streamlines is
more precise than with standard numerical methods since both the head and the velocities are known at
every point, rather than solely at computational nodes. Combined 2D and 3D modeling is accomplished
by superposition of 3D effects on the general 2D solution. For example, near a partially penetrating well,
a 3D solution is used. At a location sufficiently far from the well, however, the vertical flow components
are negligible and a 2D approximation for the pumping well may be superimposed on the solution.

The equations for flow in AEM are written in terms of discharge potentials instead of hydraulic
head. The discharge potential is defined differently for confined, unconfined, 1D flow, 2D flow, or for
any other analytic element. Once the strength of the potential is known for each analytic element, the
head or groundwater discharge may be determined at any point in the flow domain. The solution for the
partially penetrating well is based on work by both Muskat and Polubarinova-Kochina (Haitjema, 1995)
for the representation of the strength distribution along a line sink (point sinks along a line) while
constraining the discharge to a fixed value.

GFLOW v1.0 is used to estimate the capture zone geometry for a partially penetrating well in a
uniform regional gradient . The 3D effects of the partially penetrating well are superimposed on the 2D
regional flow field. At some distance from the well, the vertical components due to pumping become
negligible. Forward or backward particle tracking is used in GFLOW to determine a capture area at some
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distant, upgradient point where vertical flux components become insignificant. This capture area is a
vertical plane normal to the direction of regional flow.

Fraction of Radionuclide Mass Captured

The fraction of the plume captured by a well at Skm is calculated as the ratio of the area of the
plume captured by the well and the entire area of the plume. The numerator is the well capture width
multiplied by the sampled plume thickness for screen lengths greater than the plume thickness; otherwise
the numerator is the capture width multiplied by the screen length plus the elliptical portion of the
capture area within the plume. The denominator is the streamtube width multiplied by the sampled plume
thickness.

IMPLEMENTATION OF WELLBORE DILUTION AT 5 KM IN TPA CODE

Wellbore dilution at 5 km is implemented in TPA 3.2 through three sampled parameters, three lookup
tables, and equations for the calculation of mass fraction captured based on criteria relating the wellbore
construction, capture depth, and aquifer thickness.

Parameter Distributions

The three parameters values and distributions for pump flow rate, aquifer thickness, and mixing
zone thickness are in the tpa.input file. Although other distributions may be used, uniform distributions
for all three parameters are chosen here since there is little data to support a more complex distribution.
The ranges specified below are the minimum and maximum allowed since the tables developed in
following section (Interpolation Tables) were developed for these ranges, and hence, extrapolation would
be avoided:

« pump flow rate, Q=U[3.4,1000m?/d];
+ aquifer thickness, b=U[300,1000m]; and
» mixing zone (plume) thickness, B=U[10,100m].

Interpolation Tables

The three parameters that need to be determined by interpolation from lookup tables are screen
length, capture width (c,,), and capture thickness (c,, depth of capture zone). All three parameters are
functions of pump rate and aquifer thickness. The method used to calculate screen length, described
earlier, led to screen length strictly as a function of pump rate (table 1); aquifer thickness did not
significantly affect the estimated screen length. Practical limitations are imposed for the lower pump
rates where small screen lengths were estimated. The screen lengths were restricted to be greater than or
equal to 3 m; this restriction affected the two smallest pump rates in table 1.

Capture zone width (table 2) and thickness (table 3) are interpolated from 2-dimensional lookup
tables based on pump flow rate and aquifer thickness; e.g., capture width= c,(Q,b). The categories for the
table of capture widths (table 2) correspond to those for capture thickness (table 3) thus simplifying the
interpolation process for the two parameters. Figure 2 illustrates the variation in capture geometry caused
by variations in pump rate and aquifer thickness.
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v g\ Table 1. Screen Lengths as a function of pumping flow rates.
Pump Rate (m?/d) Screen Length (m)
< g
\; § = % 34 3
\§~ T 10 3 qpﬂ(@ﬁ'
% E ‘)§ 50 8
N § 240 19
N
§ ”5& § > 430 27
"
N 620 34
Al 3 § -
10 40
SRR
-s? 1000 45
g; \é v Table 1. Capture Widths (meters).
PN \é b=300m b=475m b=650m b=825m b=1000m
ﬁa
o 3
% Q o Q=34m’d 82 82 82 82 82
= W& Q=10m%d 142 142 142 142 142
2
é_ \ 3 : Q=50 m%d 327 323 320 319 319
~ ¥
g -2 Q=240 m¥d 850 760 730 720 712
§\§ CE Q=430m%d 1292 1084 1010 984 966
, Eg & ~ Q=620 m%d 1728 1378 1260 1204 1178
%— %dé?_ Q=2810m%d 2180 1662 1490 1412 1370
:’i; Q= 1000 m%/d 2590 1940 1706 1600 1532
< __ ﬁ Table 2. Capture Thicknesses (meters).
S
N b=300m b=475m b=650m b=825m b=1000m
N =
— Q=3.4m¥d 11 41 41 41 41
& )
Q=10m%d 71 71 71 71 71
Q=50m%d 150 156 ' 158 159 159
Q=240 m%d 268 314 330 338 341
Q=430 m%d 300 387 423 440 449
Q=620 m%d 300 427 485 513 529
Q=810 m%d 300 451 530 571 593
Q = 1000 m%*d 300 464 564 617 646
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Figure 2. Surface plots of capture width and thickness versus pump rate and aquifer thickness
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Criteria for Calculation of Mass Fraction

To calculate the fraction of mass captured, the relationship between the screen length, the capture
zone geometry, and the aquifer thickness must be considered. The first criteria ensures that all the mass is
captured if the well capture zone is larger than the streamtube. The remaining three criteria calculate the
portion of the plume captured using different equations based on the geometry of the capture zone and

the plume thickness. In the TPA code, the IF-THEN hierarchy for calculating the fraction of mass
captured is:

Criteria 1: If the capture width is greater than the streamtube width (c,.> t,), then:
Fraction of Mass Captured (MC) = 1
where t, is the streamtube width that is calculated from the streamtube.dat file;

Criteria 2: If screen length (S)) is greater than plume thickness, or, if capture depth is greater than 90%
of the aquifer thickness then:

i ] B c c
Fraction of Mass Captured (MC) = plume thickness x capture width - _ =

plume thickness * streamtube width Bt

w
?
tw

Criteria 3: If screen length is less than plume thickness but capture thickness is greater than the plume
thickness then:

MC - capture area within plume
plume thickness * streamtube width

Cw o B-S
kwﬂ%@%WWWWMMWWmQA

13 L

B1,

where the first term in the numerator is the portion at the level of the screen, and the second term is the

portion below the screen yet still within the plume; the latter term is the result of integrating the equation
for an ellipse for portion that is in the plume);

Criteria 4: If screen length and capture thickness are less than plume thickness then:

) [cw SL] +

plume thickness * streamtube width Bz,

€
MC = capture area E—zw(cz_SL)

The capture area is calculated assuming that the portion below the screen is the shape of an ellipse. This
assumption may be in error when the capture depth approaches the thickness of the aquifer. This error,
however, occurs for the situation of large pump flow rates and thin aquifers for which the second part in
Criteria 1 catches the significant cases.
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Estimation of Dose

Once the mass fraction is known, the dose is calculated by multiplying the mass rate of
radionuclides (M) transported to the 5 km distance by the fraction of the mass captured and by the dose

conversion factor (dcf) and then dividing by the volume pumped over a specified time period. The dose is
calculated as:

mﬁ&n .

el
ol s

dose = M4ss rate x fraction of mass captured * dose conversion Jactor
- )
volume rate pumped '

cpdied > oncleLe e
conoidt

/0

which is, when using annual values and units restricted to meters and days for the pump flow rate:

. w3
M,,N( 2) . MC dcf(ieﬂij
dose(re—m) = il yr Ci
o o ™ |[ 3654
d yr

Table 4 contains a summary of variables, their definitions, and how obtained in the TPA
implementation of wellbore dilution at 5 km. ‘

netthvoft oo
0/(@‘4;( P o chlf

(0F _d

o
4 el v wsirs a_pumesiod podol fo

&1’.;1/\; M?M ,A;‘ZM I
g Ve pofud fo weleds Kok

g
¢ Table 4. Variable descriptions
Sg Source of Value Symbol Description
sample from distribution 4] pump rate (m*/d)
%_ :)2 sample from distribution b aquifer thickness (m)
- sample from distribution B plume thickness (m)
& - Interpolate from table 1 c, capture width (m)
-~
N o interpolate from table 2 C capture thickness (m)
<=
— .,_‘5_,2;_, interpolate from table 3 Sy screen length (m)
calculate from existing TPA input z, streamtube width (m)
T pi=3.14159...
existing computation Mg, mass rate (Ci/yr)
existing parameter dcf dose conversion factor
[(rem/yr)(m®Ci)]
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