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OutlineOutline

•• How Multilayer Systems Ought To WorkHow Multilayer Systems Ought To Work
•• How Radial Collector Wells In A Multilayer How Radial Collector Wells In A Multilayer 

Aquifer Ought To WorkAquifer Ought To Work
•• Hooray, a Use For that 3D Model!Hooray, a Use For that 3D Model!
•• Proof that Bigger IsnProof that Bigger Isn’’t Always Bettert Always Better



What?What?

•• Separate aquifer into individually Separate aquifer into individually 
homogeneous horizontal layershomogeneous horizontal layers

•• One layer contains RCWOne layer contains RCW
•• Arms of RCW modeled with Arms of RCW modeled with multiaquifermultiaquifer

line sinksline sinks
•• RCW complexities incorporatedRCW complexities incorporated



Why?Why?

•• Horizontal flow modeled analyticallyHorizontal flow modeled analytically
•• Vertical stratification / anisotropyVertical stratification / anisotropy
•• BCsBCs such as friction, head lossessuch as friction, head losses
•• Can be combined with regional 2D modelCan be combined with regional 2D model



Analytic Multilayer ApproachAnalytic Multilayer Approach

•• Divide aquifer vertically into Divide aquifer vertically into NN individually individually 
homogeneous layers (Dhomogeneous layers (D--F approx in each)F approx in each)

•• Transmission between layers governed by:Transmission between layers governed by:
–– vertical discharge from center to centervertical discharge from center to center
–– vertical hydraulic conductivityvertical hydraulic conductivity
–– vertical resistancevertical resistance

•• Net result: system of Net result: system of NN differential differential 
equations.....equations.....



Multilayer System EquationsMultilayer System Equations
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The Radial Collector WellThe Radial Collector Well

•• The RCW is in one of the N layersThe RCW is in one of the N layers
•• Thickness of this layer = diameter of RCW Thickness of this layer = diameter of RCW 

armsarms
•• Each arm modeled by M Each arm modeled by M multiaquifermultiaquifer line line 

sinks (constant strength)sinks (constant strength)
•• Each sink of length LEach sink of length L
•• Discharge of arm j:Discharge of arm j:
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A Call To ArmsA Call To Arms
q

(φ)

φ: head inside arm [L]
h: head outside arm [L]
c: resistance to inflow [T]

R

σ = q (2 π R)  ; q = (h - φ) / c 

=>  σ = (h - φ) / d ; d = c / (2 π R)

(h)



Head LossHead Loss
•• Quantified by comparison of conditions at Quantified by comparison of conditions at 

the centers of adjacent line sinksthe centers of adjacent line sinks
•• φφmm : head at center of line sink : head at center of line sink mm

12M <== m

Δ φm = φm - φm+1Δ φM = φM - φc

Recall: σm = (hm - φm) / d



For adjacent line sinks (m < M):For adjacent line sinks (m < M):
σm = (hm - φm) / d
σm+1 = (hm+1 - φm+1) / d

Combine:

d(σm − σm+1) = (hm - hm+1) - Δφm

Or
(hm - hm+1)  - d(σm − σm+1) = Δφm



For link sink MFor link sink M

σM = (hM - φΜ) / d    ;  Δ φM = φM - φc

=>

dσM = hM - (Δ φM + φc)

hM - d(σM) - φc = ΔφM



Finding Finding ΔφΔφmm (for m < M)(for m < M)

•• DarcyDarcy(2)(2)--Weisbach for m < MWeisbach for m < M
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Finding Finding ΔφΔφmm (for m = M)(for m = M)
•• For m = M:                 For m = M:                 
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Good Grief, Now We Need Good Grief, Now We Need QQmm

•• For m < M ...For m < M ...
•• SSmm : total discharge at center of sink m: total discharge at center of sink m

SSmm = = σσ11 LL11 + ... + + ... + σσmm--11LLmm--11 + (+ (σσmm LLmm)/2)/2
SSm+1m+1 = = σσ11 LL11 + ... + + ... + σσmmLLmm + (+ (σσm+1m+1 LLm+1m+1)/2)/2

•• QQmm: average discharge, (: average discharge, (SSmm + S+ Sm+1m+1) / 2) / 2
QQmm = = σσ11LL11 + ... + + ... + σσmm--11LLmm--11 + + 

(3(3σσmmLLmm + + σσm+1m+1LLm+1m+1)/4)/4



QQmm for m = Mfor m = M

•• Compare center of sink M to end of Compare center of sink M to end of 
arm at caisson:arm at caisson:

SSMM = = σσ11 LL11 + ... + + ... + σσMM--11LLMM--11 + (+ (σσΜΜ LLMM)/2)/2
SScc = = σσ11 LL11 + ... + + ... + σσΜΜLLMM

•• QQMM: average discharge, (S: average discharge, (SMM + S+ Scc) / 2) / 2
QQMM = = σσ11LL11 + ... + + ... + σσmm--11LLmm--11 + + 

33σσΜΜLLMM/4/4



Recap: For m < M,Recap: For m < M,
(hm - hm+1)  - d(σm − σm+1) = Δφm (**)

QQmm = = σσ11LL11 + ... + + ... + σσmm--11LLmm--11 + + 
(3(3σσmmLLmm + + σσm+1m+1LLm+1m+1)/4)/4

where
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Recap: For m = M,Recap: For m = M,

hM - d(σM) - φc = ΔφM (**)

QQMM = = σσ11LL11 + ... + + ... + σσmm--11LLmm--11 + + 
33σσΜΜLLMM/4/4

where

and
42
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Pop Quiz!Pop Quiz!
•• Is the number of equations equal to the number Is the number of equations equal to the number 

of unknowns? of unknowns? 
•• No! The number of equations is balanced by the No! The number of equations is balanced by the 

unknown line sink strengthsunknown line sink strengths σ,σ, but the head in but the head in 
the caisson, the caisson, φφcc, is also unknown, is also unknown

•• Need one extra equation.  Let the total discharge Need one extra equation.  Let the total discharge 
of a well with P arms be of a well with P arms be QQww,,
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Pop Quiz, continuedPop Quiz, continued

•• Are our equations (**) linear in terms of Are our equations (**) linear in terms of 
the unknown strengths the unknown strengths σσ??

•• No!  The left hand sides are, but the right No!  The left hand sides are, but the right 
hand side contains Qhand side contains Qmm

22, and , and QQmm is linear in is linear in 
terms of the terms of the σσ’’ss

•• Solve iteratively, given an initial guess as Solve iteratively, given an initial guess as 
to inflow along the arms.to inflow along the arms.



Comparison to 3D: Comparison to 3D: HorizHoriz. Well. Well
•• center at (0,0); length = 60mcenter at (0,0); length = 60m
•• elevation = 3m, radius = 0.15melevation = 3m, radius = 0.15m
•• total discharge = 12,000 mtotal discharge = 12,000 m33/d/d
•• 10 line sinks, 6m each10 line sinks, 6m each
•• φφ00 = 24m at (60,0)= 24m at (60,0)
•• k = 150 k = 150 m/dm/d; unconfined; unconfined
•• ““aquiferaquifer”” = 12 layers; well in layer 8= 12 layers; well in layer 8
•• constant constant transmissivitytransmissivity in layer 1in layer 1
•• no head loss, etc.no head loss, etc.



Layer 1
Head (phreatic sfc)
Dashed - ML
Solid - 3D

Layer 8
Head at well
Dashed - ML
Solid - 3D



Streamlines
Dashed - ML
Solid - 3D

Cross section: heads 
Dashed - ML
Solid - 3D



Comparison to 3D: RCWComparison to 3D: RCW
•• center at (0,0); 5 arms, length of each = 60mcenter at (0,0); 5 arms, length of each = 60m
•• elevation = 3m, radius of each arm = 0.15melevation = 3m, radius of each arm = 0.15m
•• radius of caisson = 3mradius of caisson = 3m
•• total discharge = 60,000 mtotal discharge = 60,000 m33/d/d
•• 10 line sinks per arm, 6m each10 line sinks per arm, 6m each
•• φφ00 = 24m at (100,0)= 24m at (100,0)
•• k = 150 k = 150 m/dm/d; unconfined; unconfined
•• ““aquiferaquifer”” = 12 layers; well in layer 8= 12 layers; well in layer 8
•• constant constant transmissivitytransmissivity in layer 1in layer 1



Layer 1
Head (phreatic sfc)
Dashed - ML
Solid - 3D

Layer 8
Head at well
Dashed - ML
Solid - 3D



ApplicationApplication
•• (Slightly) new well geometry, aquifer (Slightly) new well geometry, aquifer 

propertiesproperties
•• Add laterals; investigate increase in well Add laterals; investigate increase in well 

yield as a function of length of laterals and yield as a function of length of laterals and 
friction coefficient in Darcyfriction coefficient in Darcy--WeisbachWeisbach
equationequation



Well / AquiferWell / Aquifer
•• center at (0,0); 3 arms, length of each = 60mcenter at (0,0); 3 arms, length of each = 60m
•• elevation = 3m, radius of each arm = 0.15melevation = 3m, radius of each arm = 0.15m
•• radius of caisson = 3m; radius of caisson = 3m; f = 0.02f = 0.02

•• specified head in caisson specified head in caisson φφcc = 20m= 20m
•• φφ00 = 24m at (200,0)= 24m at (200,0)

•• kkhh = 200 = 200 m/dm/d in bottom 10m; 100 in bottom 10m; 100 m/dm/d aboveabove

•• kkvv = 60 = 60 m/dm/d
•• ““aquiferaquifer”” = 18 layers; well in layer 14= 18 layers; well in layer 14
•• => RESULT: Q = 22,400 m=> RESULT: Q = 22,400 m33/d/d



Modifications to wellModifications to well

•• Add 3 arms in layer 9; skewed positionAdd 3 arms in layer 9; skewed position

•• Maintain Maintain φφcc = 20m, change lengths= 20m, change lengths







SummarySummary

•• Multilayer modeling of radial collector Multilayer modeling of radial collector 
wells rules!wells rules!

•• Vertical stratification / anisotropyVertical stratification / anisotropy
•• Boundary conditions along arm includedBoundary conditions along arm included

–– (friction factor has significant effect on well (friction factor has significant effect on well 
yield)yield)

•• Can be combined with regional 2D modelCan be combined with regional 2D model


