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Abstract

The main objective of the presented thesis was to develop the theme of evaluation of
short-term hydrodynamic pumping test on production wells (i.e. drilled wells),
especially in the water supply practice of groundwater pumping for drinking purposes.
The medium of solution is the non-steady groundwater flow into the so-called "real"
well and the object of research are the additional resistances on the well casing
including the influence of the intrinsic volume of these objects. As a tool for the
description of the non-steady radial flow, the solution of the partial differential equation
in the Laplace domain is used, where the numerical inversion of the Laplace transform
is applied for the solution in real space using the Stehfest 368 algorithm. The source of
data for the study of this problem was a number of field hydrodynamic tests carried out
on the pumping wells operated by waterworks companies: Severoceské vodovody a
kanalizace, a.s., RAVOS Rakovnik, a.s. and Stfedoceské vodarny, a.s.

In the course of the solution, attention was paid mainly to the well rehabilitation
(regeneration) and their influence on the assessed hydraulic parameters. In connection
with the running research projects, intensive work was also carried out on the
description and testing of well rehabilitation techniques, especially the ultrasonic well
rehabilitation technology. These methods were developed to reduce well clogging (i.e.
to reduce additional resistivity) and therefore, from an operational point of view, to
maintain initial production capacity. The ultrasonic method was introduced in
prototype form and successfully tested on several pumping wells during the course of
this work. The present dissertation is a compilation of 3 published and peer-reviewed
scientific articles.



Abstrakt

Hlavnim cilem ptfedklddané disertacni prace byl rozvoj problematiky vyhodnocovani
kratkodobych hydrodynamickych zkousek na jimacich vrtech (tj. vrtanych studnich) a
to zejména ve vodarenskou praxi jimani podzemni vody pro pitné ucely. Prosttedim
feSeni je nestacionarni proudéni podzemni vody do tzv. ,,skute€ného* vrtu a predmétem
vyzkumu jsou dodateCné odpory na plasti vrtu v¢. vlivu vlastniho objemu téchto
objektti. Coby nastroj popisu nestacionarniho radialniho proudéni je pouzito fesSeni
parcialni diferencialni rovnice v Laplaceove oblasti, kdy pro feseni v redlném prostoru
je aplikovana numericka inverze Laplaceovy transformace s vyuzitim algoritmu
Stehfest 368. Zdrojem dat pro studium této problematiky bylo mnozstvi provedenych
terénnich hydrodynamickych zkousek na jimacich vrtech provozovanych spole¢nostmi
Severoceské vodovody a kanalizace, a.s., RAVOS Rakovnik, a.s. a StfedocCeské
vodarny, a.s.

V pribéhu feseni byla pozornost vénovana piedevsim regeneracim vrtiim a jejich vlivu
pravé na posuzované hydraulické parametry. V souvislosti s feSenymi vyzkumnymi
projekty byla dale provadéna intenzivni ¢innost na popisu a testovani technologii
regeneraci vrtd, a to zejména technologie regenerace vrti ultrazvukem. Jedna se o
metody vyvinuté za UcCelem snizeni kolmatace plast€ a obsypu vrtd (tj. snizeni
dodate¢nych odport) a z provozniho hlediska tedy pro udrzovani vychozi jimaci
kapacity. Ultrazvukova metoda byla v pribéhu feSeni této prace predstavena ve formeé
prototypu a Gspe€sné otestovana na vice jimacich objektech podzemni vody.
Predkladana disertacni prace je kompilatem 3 publikovanych a recenzovanych
védeckych ¢lankd.

Kahuda, D.; Pech, P.: A New Method for the Evaluation of Well Rehabilitation from
the Early Portion of a Pumping Test, Czech University of Life Sciences Prague, Water
12 (3), 744 (2020): https://doi.org/10.3390/w12030744

Ficaj, V.; Pech, P.; Kahuda, D.: Software for Evaluating Pumping Tests on Real Wells,
Czech University of Life Sciences Prague, Adapted from Applied Sciences. 2021;
11(7):3182. https://doi.org/10.3390/app11073182

Kahuda, D.; Pech, P.; Ficaj, V.; Pechova, H.: Well Rehabilitation via the Ultrasonic
Method and Evaluation of Its Effectiveness from the Pumping Test, Czech University
of Life Sciences Prague, Coatings. 2021; 11(10):1250.
https://doi.org/10.3390/coatings11101250
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Kapitola |
Obecny uvod

Horninové prostiedi jako propustné (porézni) médium

K proudéni podzemni vody dochazi v propustnych partiich horninového prosttedi, a to
ptimo umérné ke gradientu tlakové vysky a mife jeho propustnosti. V tomto smyslu
proudéni ptredpoklada vlastnost dotéené horniny jako porézniho prostiedi (rovnéz
nazyvano prulinové prostfedi) nebo existenci puklin, které v jinak nepropustném
prostiedi tvoii jednotlivé polohy s poréznimi vlastnostmi, popf. pfimo oteviené
prutoéné profily (napt. krasové). V praxi se lIze obvykle setkat s kombinaci vyse
uvedeného pfi rizné mife (ne)homogenity a (an)izotropie, typicka je existence
preferencnich cest, kdy se pukliny s vy$si propustnosti nachazeji i v kolektorech
podzemni vody jinak rovnéz porézné propustnych.

Definice zakladnich hydraulickych parametrii

Porovitost

Porovitosti n[-] je definovan procentualni podil prazdného prostoru v horninovém

prostiedi. V piipadé¢ podzemni vody se jednd specificky o podil objemu pord k

celkovému objemu horninového prostiedi. (Freeze & Cherry, 1979):
Vp

Tl—VC

(I-1)

JelikoZ pouze ¢ast zvodnélych pori je propojena k Gcasti na proudéni podzemni vody,
je definovana jesté efektivni porovitost ne-], ktera tvoti pfislusnou ¢ast porovitosti
celkové.

|%
pef
T
Propustnost

kp[L?] je schopnost porézniho materialu propoustét tekutiny. Lze ji definovat na zakladé
Darcyho zékona, v jehoz teoretickém odvozeni je obsaZena v proporcionalni konstanté,
ktera vztahuje rychlost proudéni a fyzikalni vlastnosti tekutiny k rozdilu tlakovych
vysek v poréznim prostiedi



AP h, — hy

p:v*u—:v*u I

k Ax

(I-3)

Kde: x4 — dynamicka viskozita tekutiny [P*T], AP — gradient tlakové vysky [L], Ax —
rozdil vzdalenost [L]
Propustnost k, muize byt rovnéz definovana ze vztahu k hydraulické vodivosti, kde
reprezentuje vlastnost porézniho prostiedi propoustét tekutiny bez ohledu na jejich
fyzikalni vlastnosti (Pech, 2010)
k. — Nef. D?

p 32

(1-4)

Kde: nes — efektivni porovitost [-], D — pramér port [L]
Na zaklad¢ hydraulické vodivosti Ize stanovit pfimo hodnotu propustnosti, kterou je
rovnéz mozné stanovit empiricky na zakladé rovnice (Holub, 2019):

k, = C * dZ (I-5)

kde: C — konstanta orientace efektivnich poru [-] (45 jilovy pisek az 140 pisek), d —
prumérny nebo efektivni pramér pora [L]

Konduktivita

K [L/T] je oznacovana rovnéz jako ,,hydraulickda vodivost®, nebo koeficient filtrace.
Parametr popisuje schopnost porézniho materialu propoustét tekutinu (obvykle vodu)
Vv zavislosti na propustnosti prostedi, stupné nasyceni prostiedi a rovnéz na hustoté a
viskozité tekutiny.

k. x p*g
K="= I—6
. ( )
Storativita

Storativita (nebo koeficient storativity) je definovana jako objem vody uvolnény
Z jednotkové plochy zvodnélého porézniho prostiedi pii jednotkovém poklesu
hydraulické tlakové vysky. V praxi tento parametr popisuje schopnost prostiedi
prijimat ¢i uvoliiovat (gravitacni) zasobu vody. Je bezrozmérnd a vzdy S > 0.

dv, 1
S=—ro=Sb+s, (I-7)



kde: Vi —uvolnény objem vody ze zasoby [L?], H — tlakova vyska (piezometricka) [L],
A — plocha [L?], Ss — specificka storativita, b — mocnost porézniho prostiedi [L], Sy —
specificka vydatnost

V prostiedi s napjatou hladinou dochazi kuvolnéni objemu vody (pfi poklesu
piezometrické tlakové vysky) pouze vlivem (de)komprese vlastniho porézniho
materialu a samotné vody. Storativita dosahuje nizkych hodnot a odpovida S = Ssb a
uplatiiuje se tedy pouze specificka storativita Ss.

Specificka storativita Ss

Jedna se o hmotnostni (nebo objemovy) podil uvolnéné vody z celkové hmotnosti
porézniho prostfedi (napf. kolektoru podzemni vody) pii poklesu (piezometrické)
tlakové vysky o jednotku. Pro podzemni vodu je zpravidla pouzivand objemova
specificka storativita

1dV, 1dV,dp 1dV
SS:__W:__W_p:__WW (I—8)
V,dh V,dpdh V,dp

kde Ss — objemova specificka storativita [L7], Va — objem pevné slozky porézniho
prostiedi (kolektoru podzemni vody) [L%], dVw — uvolnény objem vody z porézniho
prostiedi [L?], dp — pokles tlaku porézniho prostiedi
[ML1T2], dh — pokles (piezometrické) tlakové vysky [L], s — mérna tiha vody
[MLT?]
Specifickou storativitu Ss 1ze rovnéz vyjadrit na zakladé méfitelnych fyzikalnich veli¢in
jako

Ss = 7W(:Bp + nﬁw) -9

kde % — méma tiha vody [ML?T?], n — pérovitost materialu [-], B — stladitelnost
(kompresibilita) pevné slozky porézniho prosttedi [M1L1T?],
Bw — stlagitelnost (kompresibilita) vody [M?1L!T?]

V prostiedi s volnou hladinou odpovida hodnota storativity hodnoté specifické
vydatnosti Sy, jelikoz tato dosahuje zpravidla fadové vysSich hodnot ve srovnani se
specifickou storativitou S.

Sy»Ssh (I —10)

1363

Specificka vydatnost Sy v tomto smyslu predstavuje ,,odvodnitelnou* cast pord a
muze tedy dosahovat az hodnot efektivni porovitosti prostiedi Ner [-].



de

Sy:V_T (1—11)

kde: Vg — objem vody [L®], V1 — objem pevné slozky [L?]

Darcyho zdkon

Francouzsky inzenyr Henry Darcy experimentalné odvodil zakladni popis proudéni
podzemni vody jako zavislost mezi pritokem Q[L3/T], rozdilem hydraulickych vysek
dh [L], plochou priitoéného priitezu A[L?], propustnosti ve formé hydraulické vodivosti
K[L/T] a délkou L[L]. V roce 1856 jej publikoval ve form¢ rovnice:

hy — hy
Q=KA=2 (I —12)

kde: K — hydraulicka vodivost [L/T], h — piezometricka vyska [L], L — délka [L]

Rovnice byla pozdéji rovnéz odvozena z Navier—Stokesovych rovnic a je analogicka
s Fourierovym zédkonem pienosu tepla

(cit. https://en.wikipedia.org/wiki/Darcy%27s_law). Platnost rovnice je omezena pro
nasycené prostiedi a laminarni proudéni, v zakladni formé popisuje pouze jednofazové
proudéni v izotropnim prostredi.

Z Darcyho rovnice je odvozena primérnd rychlost proudéni vody skrz cely pratocny
profil a tato je zpravidla ozna¢ovana jako Darcyho rychlost q[L/T™] (resp. Darcy flux),
objemovy tok jednotkou plochy, fiktivni rychlost...apod.

Q. h—h
9=y =K—7

(I —13)

V mikroskopickém méfitku probiha ve skute¢nosti proudéni podzemni vody pouze
skrz prito¢né (tj. efektivni) pory a prislusnym podilem je tedy definovana (primérnd)
skute¢na rychlost proudéni podzemni vody V[L/T].

q Q  h—h
vV=—= —K—= 2
nef Anef Lnef

(I —14)

Omezeni platnosti Darcyho zdkona

Darcyho zakon je v principu platny pro laminarni proudéni v poréznim prostiedi. Jedna
se o linearni vztah mezi tlakovou vySkou a pritokem pii aplikaci parametri proudéni
podzemni vody. Horni hranici platnosti tohoto vztahu je mez turbulentniho proudénim,
ktera je definovana kritickymi hodnotami Reynoldsova ¢isla Re. Hodnoty pro porézni
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prostiedi jsou udavany cca v rozsahu 1-4 (Richardson, Lindquist), 7-9 (Pavlovskij) pfi
zahrnuti vliv poérovitosti. Reynoldsovo Cislo ovSem neni pro porézni prostiedi
vystihujici charakteristikou, hranici mezi linedrnim a turbulentnim proudénim je
vzhledem k plynulosti prechodu obtizné stanovit. Platnost Darcyho vztahu se uvazuje
v rozmezi hodnot Reynoldsova ¢isla 0 az 10. (Holub, J.).

V ptipad€ jemnozrnnych materialii pisobi na vodu v molekularnim méfitku sorpéni a
vazebné sily, Darcyho vztah tedy zaCina platit az po piekroceni urcité hodnoty
hydraulického gradientu (Pech, 2010). U hrubozrnnych materiald s prevahou
setrvacnych sil nad viskéznimi dochazi k poruseni linedrni zavislosti mezi rychlosti
proudéni a hydraulickym gradientem dle Reynoldsova ¢isla Re (Valentova, 2007).

ved

Re—T (1—15)

kde: vs — stfedni hodnota rychlosti proudéni kapaliny [LT], d — primér efektivniho
zrna [L], v — kinematicka viskozita [L2T]

PROUDENI PODZEMNI VODY

Zakladnim principem mechaniky tekutin (resp. vyjadienim zakona zachovani hmoty)
je rovnice kontinuity, ktera se uplatiiuje rovnéz v proudéni podzemni vody, kdy
celkova zména rychlosti a hustoty proudici kapaliny v elementarnim objemu se rovna
casové zméné objemu kapaliny uvniti elementu (Holub, 2019).

_d(pvy)  A(pvy) (pvy) _ 0 on
dx 3y oz ‘ot Par

(I —16)

kde: n—poérovitost materialu [-], p — hustota [M/V], vy, Vy, V; - vektorové slozky rychlosti
proudéni [L/T]

Po zavedeni specifické storativity Ss ve smyslu mnozstvi uvolnéné vody z
jednotkového objemu zvodnélé vrstvy pii jednotkovém poklesu hydraulické vysky,
tedy casovou zménu objemu:

oh

= (I —17)

pSs

Spolecné s predpokladem konstantni hustoty vody a zavedenim vztahu pro rychlost
proudéni dle Darcyho zakona lze definovat neustalené anizotropni proudéni nasycenym
poréznim materialem

a(K ah)+a(K ah>+a(Kah)_Sah /18
ax\"*ox/) ay\' Yay) oaz\ “az/ "ot ( )

11



v redukci pro homogenni izotropni porézni prostiedi

o’ (9h*\ (3h*\ _S,oh 1
(axz) dy? dz2) K ot ( )

resp. vyjadienim specifické storativity Ss pomoci tzv. diftizni rovnice

oh? dh? oh?\ pg(a+np,oh
(axz) + (6312) + (622> - K ot (=20

Resenim je funkce h(x,y,zt) definujici (piezometrickou) hladinu v misté a ¢ase.
Rovnice dale piredpoklada znalost hydraulickych parametrii K, o, n & parametri pro
kapalinu p a Bv. Pro specialni pfipad horizontalniho kolektoru s napjatou hladinou o
mocnosti b 1ze rovnici vyjadrit ve tvaru

dh? N dh? N 0h*\ Soh a1
(axz) dy? dz2) Tot ( )

kde bezrozmérny koeficient storativity S = Ss b a transmisivita kolektoru T =K. b
[L2/T] (Freeze & Cherry, 1979)

Stacionarni proudeni podzemni vody

K proudéni podzemni vody dochdazi za zaklad¢ gradientu tlakové vysky (hydrostatické
¢i hydrodynamické) a Ize jej vyjadrit napt. pomoci vektoru rychlosti. Pokud je mistné
prislusny vektor v daném Case konstantni (tj. neméni se gradient a tim ani rychlost
proudéni), lze mluvit o proudéni ustdleném (stacionarnim). Ve smyslu zakona
zachovani hmoty (kontinuity) zde mnozstvi pfitékajici vody do elementarniho objemu
odpovida mnozstvi vody, ktera jej opousti (resp. za predpokladu, Ze v uvazovaném
objemu nedochazi ke vzniku ani zaniku bilancované vody).

_ a(pvx) . a(pUJ’) _ a(va) =0

I —22
0x dy 0z ( )
resp. v Gprave pro konstantni p (tj. nestlacitelnou) kapalinu
ov, dvy, O0v,
—_—+ = =0 (I —-23)

6x+6y+g

kde: vy, Vy, V; — vektorové slozky rychlosti proudéni [L/T], p — hustota kapality [ML?]

12



Kombinaci Darcyho zdkona s rovnici kontinuity lze definovat obecny vztah pro
ustalené proudéni (potencialné neizotropnim) poréznim prostiedim

6(K6h> B(Kah) B(Kah)_o /o4
ox\ *ox/ oay\ Yay/ oz\ “odz) ( )
kde: h — tlakova vyska [L], Ky, Ky, K; — hydraulicka vodivost dle jednotlivych dimenzi
[L/T]

Pro izotropni prosttedi plati hodnota Ky = Ky = K, ktera je navic konstantni v pfipadé
prostiedi homogenniho, tedy: Kuyz = konst. Upravou pro izotropni homogenni
prostiedi

92h\ [(3%h\ [(8h
72) t57) +57) = (I — 25)

Jedna se o tzv. Laplaceovu rovnici. Jejim feSenim funkce h(x,y,z), ktera popisuje
hodnoty hydraulické tlakové vysky v jednotlivych bodech trojrozmérné oblasti feseni
a predstavuje tak zakladni rovnici pro popis proudéni podzemni vody v poréznich
materialech v ustaleném rezimu proudéni (Freeze, Cherry, 1979).

Dupuit-Forchheimerovy postulaty
Jedna se o zjednoduseni analytickych rovnic proudéni podzemni vody (pro ustalené
proudéni), které formulovali Jules Dupuit a Philipp Forchheimer na konci 18.stol. Tyto
predpokladaji pouze horizontalni slozku proudéni podzemni vody pro kolektory
S volnou hladinou (s od@vodnénim pfili§ nizkého gradientu tlakové vysky), a dale
ptimou iméru ptitoku podzemni vody k mocnosti kolektoru.

e hydraulicka tlakova vyska H(X,y,z) je rovna vysce podzemni vody h(x,y),

proudnice jsou horizontalni a ekvipotencialy vertikalni
e gradient potencidlu je dan sklonem volné hladiny a je po svislici konstantni

Piedpokladem je ptrevazné horizontalni smér proudéni podzemni vody v kolektoru
S volnou hladinou a rovnéz, Ze objemovy tok vody je pfimo umérny nasycené mocnosti
kolektoru. Po zavedeni postulatt 1ze vyjadtit (tzv. Darcyho) rychlost proudéni ve sméru
x pro homogenni izotropni prostfedi jako

dh

Ux:—K§

(I —26a)

Pratok podzemni vody ¢ [L?/T], vztazeny na jeden metr §itky zvodné, je definovan
vztahem

13



=—Kh dh I —26b

Vyhodnoceni zakladnich hydraulickych parametrii dle Theise -

Jacoba

Zaucelem stanoveni koeficientil transmisivity a storativity kolektor podzemni vody z
hydrodynamickych zkousek je standardné pouzivana klasickd metoda Jacobovy
semilogaritmické aproximace, ktera vychazi z feSeni zakladni parcialni diferencialni
rovnice neustaleného axialné-symetrického proudéni ve tvaru (Theis, 1935)
d’s 1ds S 0s |97
dr? * ror T Ot ( )

kde: s — sniZeni piezometrické hladiny [L]; r — radialni vzdalenost od osy studny [L]; t
- ¢as [T]; S — storativita [-]; T — transmisivita [L2 T

Theis publikoval feSeni rovnice (I - 27) ve tvaru

s(r,t) = 47QT_T W(u) (1 —28)

W(u) — je Theisova studiiova funkce a U je argument Theisovy studnové funkce

‘ 1 2§
W) = j ae‘“ du a u= ITE (I —29)
u

kde: Q — Cerpané mnozstvi vody [L3T?], s(r,t) — snizeni piezometrické hladiny
podzemni vody [L]

Theisovu studitovou funkci Ize rozepsat do nekonecné rady, potom snizeni

s[m] vyjadiime rovnici

r2S r2S§ 1 rz \? 1 rz\?
—0,5572 —In + ..

Q
4Tt TaTe 2210\aTe) T331\aTe

=47TT

S

(1-30)
Pro 1/u>100 (tj. to > 25) Ize s chybou mensi nez 0,25% v nekoneéné fadé uvazovat
pouze prvni dva Cleny (Jacob, 1947), t.
W(u) = —-0,577216 — lnu (I —31)

Po uprave vznikne vztah pro sniZeni ve tvaru

14



Q  2246Tt
s(r,t) = AT In 25 (I1-32)

Pouzijeme-li misto pfirozeného logaritmu dekadicky se zakladem 10, po uprave, pro
snizeni v ¢ase t a ve vzdalenosti I od odCerpavaného vrtu dostaneme vztah ve tvaru

2,3Q 2,246Tt

s(r,t) = AT log 25 (I —33)
nebo

() = 0,183 Ql 2,246 Tt 34
s(r,t) = 7 og g ( )

Pro vyhodnoceni koeficientu transmisivity z druhé ptfimkové ¢asti grafu odecteme pro
dva Casy tr a t1 snizeni S2a 1 a dosazenim do (1-34) vyjadiime koeficient transmisivity
zvodnéného prostiedi ve tvaru

T =10,183 g (I —35)

kde: i = (s2 —s1) /(log t2 — log t1)
K urceni koeficientu storativity S[-] z dat hydrodynamické zkousky na pozorovacim
vrtu: (Horne, 1990)

0.35

1E+00 1E+01 ¢, 1E+02 1E+03
t(s)

Obrazek 1. Graf ¢erpaci zkouSky na pozorovacim vrtu (S vs. log t)
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Odectenim casu to (Obrazek 1), kdy se snizeni irovné HPV zacina projevovat na
pozorovacim vrtu, a s vyuzitim rovnice (I - 27) vypocteme koeficient storativity ze
vztahu

o 2246T 36
T (1=30)
REALNY VRT

Bezrozmeérné parametry

Pro odvozeni zéakladnich vztahl jsou pouzivany bezrozmémé parametry (Lee, 1982),
jejichz vyznam spociva ve zjednoduSeni modelovani proudéni podzemni vody
zahrnutim hydraulickych parametrd (tj. konduktivity, transmisivity a storativity) do
bezrozmérnych veli¢in, ¢imZz se redukuje pocet neznamych. Vyhodou je rovnéz
nezavislé feseni na pouzitém systému jednotek. Pfedpokladem ovsem zde je, ze ostatni
parametry vypoctl jsou konstantni (tj. permeabilita, viskozita, stlacitelnost, porovitost
a vySka zvodnéné vrstvy).

Bezrozmeérné snizeni v libovolné vzdalenosti od od¢erpavaného vrtu je definovano
jako

2w T
Sp(Tp,tp) = T(H —h(r, 1)) (I =37)

kde Q — ¢erpané mnozstvi vody [L3T]; T- transmisivita [L?T?]; H-piezometricka
vySka vody v dosahu depresniho kuZelu [L]; h(r,t) — piezometricka vySka v ¢ase t a ve
vzdalenosti r od osy odcerpavaného vrtu [L]; rp — bezrozmérny polomér; tp —
bezrozmérny Cas.

Bezrozmérné snizeni v ¢erpaném vrtu

2nT
syp(rp = 1,tp) = T(H — hy (D)) (I —38)

kde hy — vyska vody ve vrtu v ¢ase t [L]; H — piezometricka vyska v dosahu
depresniho kuzelu [L];

Bezrozmérny Cas
Tt

2 S

tp = (I —39)

kde T — transmisivita [L2T™]; ry — polomé&r od&erpavaného vrtu [L]; S - storativita [-]; t
-Cas [T];

bezrozmérny polomér
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= — (I — 40)

kde r —radialni vzdalenost od osy ¢erpaného vrtu [L]; rv — polomér ¢erpaného vrtu [L]
Bezrozmérny koeficient storativity vrtu

C

Cp = —o— I —41
P onn2s ( )

kde C —jednotkovy faktor storativity vrtu [L?]

Bezrozmeérny sklon prvniho pfimkového useku v semi-logaritmickém grafu s vs log t
(Obrazek 1)

2T Lip
Iipp = T (I —42)

kde: 1:p — sklon prvni pfimkové ¢asti v grafu Cerpaci zkousky

Storativita vrtu

Na uplném pocatku hydrodynamickych zkousSek (Cerpacich a stoupacich), kdy je voda
okamzik od¢erpavana pouze z vlastniho objemu vrtu, resp. kdy se tento vrt zac¢ina plnit
od okamziku ukonceni ¢erpani, ovliviiuje tento jev pribéh snizeni v zavislosti na Case,
a to az do chvile, kdy nastupuje tzv. druhd ptimkova ¢ast v grafu hydrodynamické
zkousky (tj. do pocatku pritoku podzemni vody z kolektoru). V ptipad¢ vyhodnoceni
dodate¢nych odporti z 1. ptfimkového useku je nutné vliv objemu vody ve vrtu v
poc¢atku hydrodynamické zkousky brat v uvahu, protoze v ptipadé zanedbani tohoto
efektu dochazi k vyrazné nepiesnosti v urceni velikosti koeficientu dodate¢nych odport
W [-]. Podrobnéji se tomuto vlivu vénoval (Ramey, 1970) a (Lee, 1982) v oblasti
vyhodnocovani Cerpacich zkousek na naftovych vrtech. Pfi odvozeni zavislosti sklonu
prvniho pfimkového useku Cerpaci zkousky na dodatecnych odporech a bezrozmérné
storativité vrtu je vliv plnéni, resp. prazdnéni vrtu vzat v uvahu.
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Obrazek 2: Realny vrt — pocatek Cerpaci zkousky (Qov — Cerpané mnozstvi vody
z vrtu; Qu — piitokové mnozstvi vody ze zvodnéné vrstvy (Pech, 2010)

Pti odbéru konstantniho mnozstvi vody z vrtu Qc, je nejprve ¢erpana voda z vlastniho
objemu vrtu a ptitok ze zvodnéné vrstvy je nulovy (Q=0). Hladina vody ve vrtu klesa
a hydraulicky gradient mezi vrtem a zvodnénou vrstvou za paznici vzrista, poté zacina
pritékat do vrtu voda i ze zvodnéné vrstvy. Nasleduje ¢asovy interval, kde je Cerpané
mnozstvi vody z vrtu dano kombinaci ¢erpané vody z vlastniho objemu vrtu, Qo @
ptitokového mnozstvi vody ze zvodnéné vrstvy, Qu. Se vzristajicim Casem podil
cerpaného mnozstvi vody z vlastniho objemu vrtu postupné klesa a na cCerpaném
mnozstvi vody z vrtu, Q¢ S ¢asem vliv objemu vody ve vrtu postupné mizi a Cerpané
mnozstvi vody z vrtu, Q. se vyrovna s pritokem vody ze zvodnéné vrstvy, Qu.

Podle (Ramey, 1970) je vliv objemu vody ve vrtu na c¢asovy pribéh sniZeni
charakterizovan vlastnosti nazvanou storativita vrtu (wellbore storage) a parametrem

,jednotkovy faktor storativity vrtu® C [-]. Pro rovnovahu podzemni vody vstupujici do
vrtu ze zvodnéné vrstvy a od¢erpavané vody lze psat obdobné jako v (Lee, 1982)

Qzv = Q¢ —C—— (I —43)

kde: sy — snizeni vody ve vrtu [L]; C — jednotkovy faktor storativity vrtu [L2]; t
— Cas [T];
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Rovnice (I - 36) je vnitini hrani¢ni podminkou pro pfipad konstantniho
cerpaného mnozstvi vody, Qc pfi uvazovani storativity vrtu. Pii pouziti
bezrozmérnych velic¢in — rovnice (1-30), (1-32)a (Il - 34) v rovnici (I - 36)
dostavame

Qzv dsp

A [y I —44

Pro malé hodnoty Cp nebo malou hodnotu poméru (dsp/dtp) je (Qz/Qc) =1, tj.
storativita vrtu, resp. pfitok ze zvodnéné vrstvy jsou zanedbatelné. (Ramey, 1970)
uvadi, ze pro pocatecni Casy Cerpacich i stoupacich zkousek, danou hodnotu storativity
vrtu Cp i vétSinu hodnot koeficientu dodateénych odportt W [-] 1ze nalézt v grafu
hydrodynamické zkousky (log s vs. log t) ¢ast s jednotkovym sklonem (odklon
pfimkového pribéhu od horizontdlni osy je 45° viz (Obrazek 4). ,,Ptimkova cast* s
jednotkovym sklonem ,trva“ dokud je vS§echna voda ¢erpana pouze z vlastniho objemu
vrtu, tj. (Q2v/Q) = 0 a z rovnice (I - 17) dostavame

1- ¢, %0 _ I —45
b Ge = (1 —45)

nebo
dtD = CD d SD (I - 46)
Integraci v mezich tp =0 sp=0a tp Sp dostaneme
Cpsp =tp
nebo
Cps

D2 _ 4 (I —47)
tp

Libovolny bod v grafu log sp vs log to musi spliiovat rovnici (I -47). Dosadime-li za
bezrozmérné veli¢iny vztahy (I -37) — (I -41), dostaneme pro jednotkovy faktor
storativity vrtu, C [-] vztah

tj
c=Q-2 (I — 48)

kde: t; — jednotkovy ¢as [T], sj — jednotkové sniZzeni hladiny [L]
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E /./t'
d jednotkovy sklon
N
0,1 \\
M
Sb = P — — B
Y
45°
| \l
0,01 [ | |
1E+00 1E+01 t, 1E+02 1E+03

t(s)
Obrazek 3. Graf log s vs. log t na poéatku ¢erpaci zkousky, kdy je voda ¢erpana jen
z vlastniho objemu vrtu (Pech, 2010)

Na pocatku cerpaci zkousky (Obrazek 3) pro libovolny bod B odecteme na svislé a
vodorovné ose Sp aty, a vypoéteme ,,jednotkovy faktor* storativity vrtu z rovnice
(1-41)

tp
C=Q — (I —49)
Sb
A z rovnice (Obrazek 3.)se ur¢i bezrozmérny koeficient storativity vrtu:
C
Cp = ——— [ —50
DT o2nn2s ( )

Dodatecné odpory (skin effect)

Snizeni hladiny vody ve ,skuteném® vrtu (tj. pfipad, kdy uvazujeme existenci
dodate¢nych odport na Cerpaném vrtu a jeho blizkém okoli) zavisi na tlakovém odporu
nasycené¢ho porézniho prostfedi, viskozit€¢ a na tzv. dodatecnych ztratdch tlaku
vznikajicich ve vrtu, na jeho sténach a v blizkém okoli. Pod pojmem dodate¢né odpory
rozumime souhrn jevu, jejichz vlivem dochazi k odchyleni naméfenych hodnot snizeni
vody na “skute¢ném” vrtu, oproti teoretickému snizeni ziskanému za ptedpokladu
»idealniho* modelu proudéni vody k Gplnému vrtu (jedna se o ptipad, kdy se na vrtu
neuvazuje existence dodate¢nych odpori a vlastni objem vrtu se neprojevi na prubéhu
snizeni hladiny pfi Cerpaci zkousce, (tj. nedochazi k ovlivnéni snizeni timto objemem
vrtu). Snizeni hladiny vody (resp. zvySeni) namétfené na cerpaném (resp. infiltracnim)
vrtu je potom veétsi nez vypoctové snizeni (resp. zvyseni) hladiny vody ve vrtu, které
by vyvolal dany hydraulicky zasah prostiednictvim hydrodynamicky dokonalého vrtu
bez téchto dodatecnych odport. Nekteré druhy dodatecnych odport mohou vzniknout
jiz pti zhotovovani vrtu a jejich zdrojem jsou nedostatky a nedokonalosti techniky a
technologie hloubeni, a zejména vystrojovani jimacich vrtt (napf. snizeni propustnosti
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v bezprostfednim okoli vrtu vlivem ztraty vrtného vyplachu do porézniho prostiedi pii
metod¢ rottary, disledkem cehoz je vznik tzv. ,kalové kiry,” nebo pii ndrazovém
vrtani, kdy dochazi ke zhutnéni porézniho prostfedi v blizkosti vrtu a tim ke snizeni
propustnosti). Dalsimi pfi¢inami vzniku dodatecnych odpori na vrtu jsou rdzné
hydromechanické, chemické a biologické jevy, které se mohou vyskytnout na vrtu a
jeho okoli v prabéhu vyuzivani vrtu. Znalost velikosti dodate¢nych odpori, resp.
dodatecného snizeni, ptipadajiciho na piisobnost dodate¢nych odpord, je nezbytna pfi
stanoveni storativity z Udaji o sniZeni hladiny naméfenych na odbérovém vrtu za
nestacionarniho rezimu proudéni a pii stanoveni koeficientu filtrace za stacionarniho
rezimu (Pech, 2010).

Snizeni hladiny, ptipadajici na ptisobeni dodatecnych odport, je mozné rozd¢lit na cast
sniZeni zptisobené:

a) kolmataci (s1) tj. ucpavanim pérd obsypu, rozhrani horninového prostiedi a
perforacnich otvorti vystroje jemnym materialem, ¢imz dochazi ke snizZeni
pratocnosti porézniho prostiedi nebo narusenim pavodni vnitfni struktury
porézniho prostiedi v tésném okoli odbérového vrtu pii jeho hloubeni a
vystrojovani (jde o snizeni propustnosti porézniho prostedi vlivem vniknuti
vyplachu do zvodnélé vrstvy - pii rotacnim zptisobu vrtani, jehoz diisledkem
je tzv. kalova kiira, nebo ptipad, kdy pii narazovém vrtani dojde ke zhutnéni
porézniho prostfedi v okoli vrtu, a tim ke sniZeni propustnosti.

I.  mechanicka kolmatace (S11): zanaseni porézniho prostiedi zejména
jemnozrnnym sedimentarnim materidlem. Dochazi k ni pfirozené
zejména na rozhrani horninové prostfedi/obsyp vrtu v zavislosti na
gradientu hladiny pfi vtoku vody do jimaciho vrtu, nebo vlivem rezidui
vrtného vyplachu ¢i tésnéni vrtu.

Il.  chemicka kolmatace vrtu (S1.2): zanaseni porézniho prostiedi produkty
oxidace (zpravidla Fe, Mn a Ca), tvorba tvrdych mineralnich naristt
(inkrust). Projevuje se zejména v perforacnich otvorech na rozhrani
obsyp vrtu/vystroj vrtu.

. biologickd kolmatace vrtu (Si13): doprovodny efekt oxidacné-
reduk¢nich procest a jeho produktem jsou polotekuté slemy (biofilm).

b) zmensSenim aktivniho prurezu stény vrtu pro piitok vody (S2) tam, kde je sténa
vrtu tvorena filtrem, perforovanou paznici apod.

C) neuplnym prunikem (S3) - neuplnym otevienim mocnosti zvodnélé vrstvy vrtem
(tzv. neuplné vrty)

d) t#fenim (Ss) vody o stény vrtu a jejim vnitinim tfenim (do této skupiny
zafazujeme 1 dodate¢né odpory vznikajici turbulenci uvniti vrtu)

e) turbulentnim rezimem proudéni_(Ss) ve zvodnélé vrstvé, zejména v blizkosti
odbérového vrtu

f) dalsimi druhy dodate¢nych odpori (sn)
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\ 4 Static water level

s %&’Measured groundwater
)///<\ surface

Calculated groundwater surface
(after Dupuit)

tot

Se

ok Groundwater flow

BIIY

s \Borehole wall
Skin layer

Outer gravel pack
Inner gravel pack

Obrazek 4. Dodate¢né odpory ve vrtu bez znazornéni vlivu vertikalniho proudéni
(Houben, 2015)

Celkové snizeni pripadajici na piisobeni dodate¢nych odpord vyjadiime

n
S0 = Sskin = ) (- 5D

i=1

Spo = Sskin — dodate¢né snizeni hladiny ve vrtu (tzv. skok na plasti) zpisobené
dodate¢nymi odpory (v tzv. kolmata¢ni z6ng) si— ¢ast dodatecného snizeni pripadajici
na i-ty dodate¢ny odpor n — pocet uvazovanych dodate¢nych odporl. Separace
jednotlivych slozek dodateénych odpord je velmi problematicka, a proto je k
charakteristice dodatecnych odportt uzivan sumdrni bezrozmérny koeficient
dodateénych odpori (Pech, 2010), W (v anglosaské literatufe oznacovaném jako skin
faktor). Celkové snizeni hladiny vody naméfené v odbérovém vrtu béhem piitokové
zkousky, 1ze vyjadrit vztahem (Obrazek 3)

Sy = STg + Sw (I - 52)
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kde: ste - je teoretické snizeni hladiny vody na “idealnim” vrtu (nulové dodate¢né
odpory) [L], sw - dodate¢né sniZeni vody ve vrtu zptisobené vlivem dodate¢nych odpora
[L].

Pii zanedbani ¢asti snizeni, které pripada na ptisobeni nelinearnich odport St a Stp, je
velikost dodate¢ného snizeni zavisla na odebirané vydatnosti, Q podle linearniho
vztahu (Van Everdingen, 1953).

_Q
Spo =5 W (I —53)

kde: W — bezrozmérny koeficient dodate¢nych odport [-]; Sbo — sniZeni zpiisobené
dodate¢nymi odpory [L]

Vliv dodatecnych odpord zahrneme do celkového snizeni na ,,skutecném® vrtu pti
proudéni s napjatou hladinou:
- pro stacionarni proudéni

Sy = ¢ (ln£+W> (I —54)

kde: R — dosah depresniho kuzelu [L]; rv — polomér vrtu [L]; W — koeficient
dodate¢nych odpori [-]

- pro nestaciondrni proudent

a) dosazenim bezrozmérného koeficientu dodateénych odpori, W do Theisova
feSeni neustdleného radidlné-symetrického proudéni podzemni vody k
uplnému vrtu

sv = o (W (W) +2W) (I — 55)

kde: W(u) je Theisova studiiova funkce a W je bezrozmérny koeficient dodate¢nych
odpord.
b) Pro hodnoty 1/u > 100 s chybou mensi nez 0,25% (bezrozmérny ¢as tp > 25)
bude upraveny Jacobiv vztah pro realny vrt

Q  2246Tt
(In +2W) (I — 56)

= 4T r2S

Po prevedeni ptirozeného logaritmu na dekadicky a upraveé dostdvame vztah
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_0,183Ql 2,246Tt+2W /57
== (g = ) (1= 57)

Sy

Z rovnice (| -50 ) vyplyva, ze hodnotu transmisivity lze na realném Cerpaném vrtu
vyhodnotit pomoci metody Jacobovy semilogaritmické aproximace, protoze vysSe
dodate¢nych odporti tento parametr neovliviluje (pouze miru vysledného poklesu
hladiny). Pfimkovy usek, pro vyhodnoceni Jacobovou semilogaritmickou metodou,
neméni svij sklon, ale posouva se s velikosti dodate¢nych odpord ve svislém sméru,
coz na vyhodnoceni nema vliv (Pech, 2010).

Odvozeni vztahu pro vyhodnoceni dodatecnych odpori ze sklonu

pocatecniho useku hydrodynamicke zkousky

Za ,realny lze oznacit takovy vrt, u kterého bereme (oproti vrtu idealnimu) v tivahu
existenci dodate¢nych odporti na vrtu a jeho nejbliz§im okoli a v pocatecnim tseku
hydrodynamické zkousky zahrnujeme do vypocti i vliv storativity vrtu. Pi feSeni byla
pouzita rovnice radialné symetrického pfitoku podzemni vody k vrtu za neustalenému
rezimu (I- 21) pfevedend do bezrozmérnych veli¢in s pocateCnimi a okrajovymi
podminkami, ktera byla ptivodné zavedena v naftové oblasti (Agarwal, Al-Hussainy,
& Ramey, 1970). Rovnice pro proudéni podzemni vody ma tvar (Pech, 2010)

0°sp 1 dsp _ dsp

01t pdr, 9t

(I —58)

Predpoklady jsou stejné jako pro Theisovo feseni idealniho vrtu s predpoklady:

Vrt je kone¢ného objemu a na poc¢atku Cerpani se uvazuje s vlivem objemu vody ve
vrtu na prubeh snizeni

Koeficient storativity vrtu je konstantni a v pribéhu Cerpani se neméni

Uvazuje se vliv dodate¢nych odpori vznikajicich ve vlastnim vrtu a jeho nejblizSim
okoli, kdy dosah kolmata¢ni zony obvykle dosahuje pouze cca <0,2m (De Zwart,
2007).

Pocatecni a okrajové podminky pro realny vrt v bezrozmérnych veli¢inach maji tvar

sp(1p,0) =0 (I —59)

sp(rp,tp) = 0prorp — oo (I - 60)
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Pro dodatecné odpory W

dsp

S‘UD = SD + <TD a_r) W (I - 61)

Pro storativitu vrtu Cp

dsp d sp

CD m— (TDE)=1 (1—62)

K teSeni rovnice (I -57) byla uzita jednorozmérna jednostranna uprava Laplaceovou
transformaci, pomoci které byla pfevedena parcidlni diferencidlni rovnice v
bezrozmérnych parametrech (I -58) prostou diferencialni rovnici. K tomuto ucelu je
uzita transformacni funkce, jenz ma pro feSeny piipad tvar

co

Fp) = L(f(tp)) = f f(tp)e Pt dt, (1 - 63)
0

Jedna se o integralni transformaci s jadrem exp (-ptp), kde p je komplexni proménna a
F(p) je obraz daného predmétu f(tp). V Laplaceové prostoru ma feseni tvar:

1 1 1
_ Ko (zﬁ) +Wp2 K (zﬁ)
Sp = S I I I I I (- 64)
P [p2 K, (pZ) + Cpp> (Ko (pZ) + Wp2 Ky (pZ))]

kde: 5p je feSeni bezrozmérného snizeni pro rp a tp v Laplaceové prostoru, p —
komplexni proménna; Ko— je modifikovana Besselova funkce druhého druhu nultého
fadu (imaginarniho argumentu); K1 — Besselova funkce druhého druhu prvniho fadu
(imaginarniho argumentu); Cp — bezrozmérny koeficient storativity vrtu; W —
bezrozmérny koeficient dodatecnych odporti;

Dalsi fazi feSeni je nalezeni pfedmétu f (tp ), z daného obrazu F(p)

sp(rp, tp) = f(tp) = L7H(F(p)) (I —65)

Pro original f(tp) k Laplaceové oprazu F(p) byl pouzit Stehfestiv algoritmus 368
(Stehfest, 1970), ktery je Casto aplikovan pro hydraulické vypocty v oboru t€Zby ropy
a rovnéz v hydraulice podzemnich vod (Chu, Garcia-Rivera, & Raghavan, 1980),
(Raghavan & Tongpenyai, 1981) a (Pech, 2010). Pro feSeny pfipad plati
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n/2

f(tp) = ZX]' (g) Pnj241-j) (I —66)
=1

kde: . o
% (3) = %;],) @j(% 1 -G (1 -67)

In2 (2n)! noon ; In2
P oD Zi=o(i)( 1 F((n+l) tD) (I - 68)
Pro konkrétni vypocty je vhodné pouzit hodnotu n=12 (Raghavan & Tongpenyai,
1981). Programem STEHFEST (Pech, 2010) byly vypocteny hodnoty bezrozmérnych
snizeni v odbérovém vrtu pro bezrozmérné ¢asy 1 az 107 a pro koeficienty dodate¢nych
odportt W=0; 2; 4; 6; 8; 10; 12,5; 15; 20; 30; 35;40; 50 a pro bezrozmérné koeficienty
storativity vrtu Cp = 10, 50; 5.10? ; 10% ; 5.10%; 10*; 5.10%; 10°; 5.105; 10°; 5.10° a
107. Piiklad vypocti (Kahuda, Pech, 2020) pro Cp =103 a W= 0, 10, 20 a 30.

Odvozeni zavislosti sklonu I. primkového useku na W a Cp

Z Obrazku 6 vyplyva, ze ve vztahu Sp Vs. log tp existuji 2 zakladni ptimkové useky.
Prvni usek se objevuje v poc¢atecnim casovém useku, tj. v dobe, kdy snizeni na vrtu (pii
konstantnim odbéru Q) je ovlivnéno dodatecnymi odpory na vrtu a jeho blizkém okoli
(rovnéz objemem vrtu - resp. storativitou vrtu Cp). Sklon prvni piimkové Casti je
oznacen izp . Druhy pfimkovy tsek potom odpovida oblasti, ktera je vyhodnotitelna
Jacobovou semilogaritmickou aproximaci. V praxi je rovnéZz mozny vyskyt vétsiho
mnozstvi pfimkovych usekl (v pfipadé¢ dosahu snizeni hladiny podzemni vody do
prostfedi s odliSnou konduktivitou nebo pii tlakovém kontaktu s okrajovou
hydraulickou podminkou), nebo i jen jediného (v ptipadé neexistence dodate¢nych
odport, zanedbatelnému objemu vrtu nebo vyrazné puklinovému charakteru zvodn¢lé
vrstvy, kdy pfitok do vrtu jiz v pravém smyslu neodpovidd proudéni podzemni vody
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Obrazek 5. Piiklad grafu sp vs. log tp na redlném vrtu

Po vypoctu hodnot bezrozmérnych sklonti ptimkovych tsekt Iipp.pro uvazovany
rozsah hodnot koeficientu dodatecnych odporti, W= 0-50 a bezrozmérného koeficientu
storativity vrtu, Cp = 10%-10" Ize zavislost bezrozmérnych sklonti prvnich piimkovych
usekd lipp  pro koeficienty dodatecnych odporti, W a bezrozmérné koeficienty
storativity vrtu Cp vyjadrit graficky jako soustavu ptimek dle zakladni rovnice:

IlPD:aW‘l‘b (1_69)

A aplikaci metody nejmensSich ¢tvercl odvodit vztahy pro vyhodnoceni parametra a a

b
Wi (za)i— i Wi Xica(izay,

- n N, wi- Gk, w;)’ (I - 70)

R WE X (za)i — B W X Wiliza,
b= YL WE — (X, Wy)? =71
n X Wi — (s W)

Po dosazeni vypoétu a dosazeni koeficientt @, b do rovnice (I -69)
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Lpp = 0,86 W + 1,0127 (log Cp) + 1,0237 (I—72)

Do rovnice dosadime za bezrozmérny sklon lipp (1-42). Vyjadiime bezrozmérny
koeficient dodate¢nych odporti

1 (27TT11P

= Gge\—g 107 log Cp — 1,0237) (I—73)

w
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A New Method for the Evaluation of Well Rehabilitation from the Early Portion of a
Pumping Test

Abstract

This study analyzes the unsteady groundwater flow to a real well (with wellbore storage
and the skin effect) that fully penetrates the confined aquifer. The well is located within
an infinite system, so the effect of boundaries is not considered. The Laplace-domain
solution for a partial differential equation is used to describe the unsteady radial flow
to a well. The real space solution is obtained by means of the numerical inversion of
the Laplace transform using the Stehfest algorithm 368. When wellbore storage and the
skin effect dominate pumping test data and testing is conducted for long enough, two
semilogarithmic straight lines are normally obtained. The first straight line can be
identified readily as the line of the maximum slope. The correlation of the
dimensionless drawdown for the intersection time of this first straight line, with the log
time axis as a function of the dimensionless wellbore storage and the skin factor, is
shown. This paper presents a new method for evaluating the skin factor from the early
portion of a pumping test. This method can be used to evaluate the skin factor when the
well-known Cooper—Jacob semilogarithmic method cannot be used due to the second
straight line not being achieved in the semilogarithmic graph drawdown vs. the log
time. A field example is presented to evaluate the well rehabilitation in Veseli nad
Luznici by means of the new correlation.

Keywords: groundwater; unsteady flow; pumping test; Laplace transform; well
rehabilitation; wellbore storage; skin effect
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Introduction

For groundwater, a pumping test is a field test in which a well is pumped at a constant
rate, and “drawdown” (the difference between the height of water at time = 0 and the
height of water in actual time) is measured and analyzed. In petroleum engineering, the
“drawdown” test is a test with a constant rate, g, that measures the pressure response.
Pumping tests are widely used for the evaluation of aquifer hydraulic parameters,
including transmissivity, T, and the storage coefficient of the aquifer, S. These tests
have wide applications in the field of petroleum engineering and groundwater
hydraulics based on the Theis analytical solution (Theis, 1935) for drawdown at the
well caused by pumping at a constant rate from a full well in a homogeneous, uniform,
and confined aquifer with a negligible well radius, as well as when the flow to the well
is not influenced by the outer boundaries and additional resistances in a well and in its
surroundings. The most commonly used method in well testing derived from the Theis
solution is based on a semilogarithmic presentation of the drawdown at the well vs. the
logarithm of pumping time. This method was introduced by Cooper and Jacob for
drawdown tests (Cooper & Jacob, 1946). The Cooper—Jacob semilogarithmic method
is a more restricted version of the Theis well function and describes the drawdown at
an “ideal well”, which means a well with a negligible well radius and without additional
types of resistance in the well and its surroundings. There has been a continuous
development of analytical models and well-testing procedures for petroleum and
groundwater areas. This testing is reflected in the many books published on petroleum
engineering and groundwater hydraulice (Bourdet, 2002), (Lee, 1982), (Horne, 1990),
(Kresic, 2007), (Watlton, 2007), (Batu, 1998), (Kruseman & de Ridder, 2008).

In reality, the radius of a pumping well and the additional resistance in a well and its
surroundings are non-zero; thus, these assumptions may lead to some errors in the data
analyses (Tongpenyai & Raghavan, 1981), (Novakowski, 1989). Under the assumption
of a finite radius for the pumping well (rw # 0), the “wellbore storage effect” (the
volume of water inside a wellbore), and its influence on pumping test evaluations, was
published by Papadopulos-Cooper (Pasandi, Samani, & Barry, 2008), (Papadopulos &
Cooper, 1967) , who presented a close form solution for the drawdown in a large-
diameter well, while also accounting for the effect of wellbore storage.

Other authors have studied this phenomenon and its influence on well drawdown in
petroleum and groundwater areas during early periods of pumping (Moench, Transient
flow to a large-diameter well in an aquifer with storative semiconfining layers, 1985),
(Chen & Lan, 2009) , (Ramey H. J., 1970) , (Yeh, Yang, & Peng, A new closed-form
solution for a radial two-layer drawdown equation for groundwater under constant-flux
pumping in a finite-radius well, 2003) , (McKinley, 1971) , (Kabala, 2001). Testing the
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wellbore storage during the early period of pumping has an influence on well
drawdown (Ramey & Agarwal, 1972); neglecting its effects could result in
overestimating the storage coefficient from, for example, the type curve method.
Additional resistance in the pumping well and in the damaged zone near the well
induces extra a head loss known as the skin effect. There are many factors that cause
the skin effect, including physical, chemical, and biological processes acting on the
well and its immediate surroundings. These processes include the invasion of mud
during the drilling process, incomplete perforations, fine material migration near the
well, and others. The skin effect is presented by a dimensionless skin factor, denoted
here as SF. This factor is used to characterize all additional resistance in the pumping
well and in the surrounding well: the larger the skin factor, the greater the drawdown
loss. The permeability damage to aquifers caused by drilling operations with drilling
mud ranges from a few millimeters to several centimeters and during ageing
(exploitation) of the well, the permeability damage is caused by physical, chemical, and
biological processes; moreover, the skin zone can reach several meters (Novakowski,
1989). The additional resistance (the skin effect) and finite volume of a wellbore
(wellbore storage) are the two main factors that influence the pumping test data
measured at a well. The drawdown caused by additional resistance (the skin effect) was
introduced, for the first time in petroleum engineering, by van Everdingen and Hurst
(Van Everdingen, The Skin Effect and its influence on the Productive Capacity of a
Well, 1953), (Hurst, 1953) , (Hawkins Jr., 1956). Since then, many authors in the fields
of petroleum and groundwater hydraulics have published articles focused on the
problem of the influence of the skin effect and wellbore storage on the measured values
of the real drawdown or pressure drops in a well (Park & Zhan, 2002), (Barua & Bora,
2010) , (Jargon, 1976) , (Yang & Yeh, Solution for flow rates across the wellbore in a
two-zone confined aquifer, 2002) , (Chen & Chang, 2006) , (Basak, 1979) , (Sen, 1989)
, (Chu, Garcia-Rivera, & Raghavan, 1980). In 1970, Agarwal (Agarwal, Al-Hussainy,
& Ramey, 1970) presented a fundamental study of the importance of wellbore storage
and skin on the short-time transient flow and introduced the idea of log—log type curve
matching to analyze pressure data for a well dominated by the skin effect and wellbore
storage. Subsequently, many other type curve methods have been presented. A type
curve method is a graphical representation of the theoretical solution to flow equations.
A type curve analysis consists of finding the theoretical type curve that “matches” the
actual response from a test well and reservoir when subjected to changes in production
rates or pressures. These tests are usually presented in terms of dimensionless pressure,
dimensionless time, dimensionless radius, and dimensionless wellbore storage rather
than real variables. The reservoir parameters (such as permeability) and well
parameters (for example, skin) can be evaluated from the dimensionless parameters
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defining that type of curve (Earlougher & Kersch, Analysis of short-time transient test
data by type-curve matching, 1974), (Earlougher R. J., 1977) , (Bourdet, Whittle,
Douglas, & Pirard, 1983) , (Gringarten, Bourdet, Landel, & Kniazeff, 1979) , (Yeh &
Chang, 2013) , (Yeh & Chen, 2007) , (Mashayekhizadeh & Ghazanfari, 2011) ,
(Kuchuk & Kirwan, 1987) , (Wattenbarger & Ramey, 1970) , (Moench, Transient flow
to a large-diameter well in an aquifer with storative semiconfining layers, 1985) , (Wen,
Huang, & Zhan, 2006)]. Among the many type curve methods, two are mentioned
further: Gringarten type curves (Gringarten, Bourdet, Landel, & Kniazeff, 1979) and
the pressure derivative method (Bourdet, Well test analysis: The use of advanced
interpretation models, 2002). There are three dimensionless groups that Gringarten uses
when developing a type curve: dimensionless pressure, the ratio of dimensionless time
and dimensionless wellbore storage, and the dimensionless characterization group, CD
e2SF. All type curve solutions are obtained for the drawdown solutions. The Gringarten
type curve can also be used for a gas system, but the dimensionless pressure drop and
time must be redefined. Bourdet defined the pressure derivative as the derivative of
dimensionless pressure with respect to dimensionless time. From a mathematical point
of view, the derivative of pressure with respect to time is even more fundamental than
pressure itself, as the pressure’s partial derivative appears directly in the diffusivity
equation describing the transient fluid flow in an aquifer system. Bourdet and his co-
authors proposed that flow regimes can have clear characteristic shapes if the “pressure
derivative”, rather than pressure, is plotted against time in the log-log coordinates.
Since the introduction of the pressure derivative type curve, well-testing analysis has
been greatly enhanced. The use of pressure derivative type curves offers the following
advantages: flow regimes have clear characteristic shapes on the derivative plot, and
the derivative plots are able to be displayed in a single graph with many separate
characteristics that would otherwise require different plots. This derivative approach
improves the definition of the analysis plots and, therefore, the quality of the
interpretation and quantitative estimation of aquifer properties becomes more reliable.
By using this method, interpretation is not only simple but also more accurate
(Tongpenyai & Raghavan, 1981). Interesting methods for evaluating the transmissivity,
wellbore storage, and skin factor from the early-time portion of pumping test data was
published in (Chu, Garcia-Rivera, & Raghavan, 1980). If the skin effect and wellbore
storage dominate the drawdown data, and if testing has been conducted long enough,
two semilogarithmic straight lines are normally obtained. For an infinite aquifer (where
the boundary effect does not interfere with the pumping test data), the second straight
line is the appropriate Cooper—Jacob straight line. The first straight line is the line of
the maximum slope and is typical for early time points. The slope of this straight line
is affected by wellbore storage and skin effect. The new method for evaluating the skin
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factor in a single well fully penetrating the confined aquifer from the early portion of a
pumping test is derived under the following assumptions: non zero additional resistance
at the pumping well, a finite well radius (wellbore storage effect), and the well being
situated in an infinite aquifer (where no observation well is available). The solution of
the general partial differential equation of a symmetrical radial water flow to a well in
Laplace space was used (Chen & Lan, 2009). The Laplace transform was numerically
inverted by the Stehfest algorithm 368 (Stehfest, 1970), which is very often used in
groundwater flow problems (Agarwal, Al-Hussainy, & Ramey, 1970), (Wen, Huang,
& Zhan, 2006) , (Van Everdingen & Hurst, 1949) , (Pech & Novotny, 2005) , (Novotny
& Pech, 2005) , (Pech P. , Estimation of a well damage or stimulation, 2004) , (Holub,
Pech, Kuraz, Maca, & Kahuda, 2019) , (Raghavan R. , 1993). Here, we present a
correlation of the dimensionless drawdown in dimensionless time for the intersection
the first straight-line with the horizontal axis (log time) in a semilogarithmic graph as
a function of the dimensionless wellbore storage constant and skin factor. Using this
correlation, a new procedure for evaluating the skin factor is presented. This new
method to evaluate the skin factor from the early portion of a pumping test is not
intended to replace any of the approaches presented in the literature but rather to
supplement them.

Materials and methods

In deriving a new method for evaluating the coefficient of additional resistance (skin
factor, SF) from the early part of a pumping test, dimensionless parameters were used,
as is commonly done in petroleum engineering (Lee, 1982), (Horne, 1990) , (Agarwal,
Al-Hussainy, & Ramey, 1970) , (Raghavan R. , 1993). Dimensionless parameters
simplify the solution of hydrodynamic tests on wells by including parameters such as
hydraulic conductivity, transmissivity, aquifer storage coefficient, time, well radius,
etc. into the dimensionless parameters. By introducing dimensionless parameters, we
reduce the number of unknowns, ensuring that the solution is independent of the unit
systems being used. To solve the groundwater flow to the well, these dimensionless
parameters were defined as follows (Lee, 1982), (Pech P. , Estimation of a well damage
or stimulation, 2004) , (Holub, Pech, Kuraz, Maca, & Kahuda, 2019):« Dimensionless
drawdown at any distance from the well being pumped:

2T
T (H - h(T, t)) (II - 1)

where Q is the pumping rate [L3T']; T is the transmissivity [L>T']; H is the hydraulic
head within the radius of well influence [L] and h(r, t) is the hydraulic head at
time t and at a distance r from the well axis [L]; and rp is dimensionless radius and tp is
dimensionless time.

sp(rp, tp) =
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» Dimensionless drawdown in the pumped well:

Swn (T = 1,p) = Z”TT( H = ha (©) (11 -2)

where hy is the hydraulic head in the well at time t [L], and H is the initial hydraulic
head in time equal zero [L].
» Dimensionless time:

Tt
tp = 75 (11 —3)
where ry is the well radius [L]; Sis the storage coefficient (aquifer storativity) [-];
and t is time [T].
» Dimensionless intersection time

. Tt
tp = TMZ,_S (1 —4)
where t* is time where the “first semilogarithmic straight line” intersects the horizontal
axis log tp
+ Dimensionless radius
rp = — (I - 5)
TW

where r is the radial distance from the well pumped axis [L], and ry is the well radius

[L].
» Dimensionless coefficient of wellbore storage
C

Cp = ——

PTonnzs
where C is the “unit factor” of the wellbore storage [L?] defined in [20].
« Dimensional drawdown for the intersection time t” of the “first straight line” with

the horizontal axis, log tp:

. 2nT |
Sp = 0 S (-7

where s* is the drawdown at the point of intersection between the “first straight line”
segment with the time axis [L]

One of the criteria divides wells into two groups. The first are ideal wells, and the
second are real wells. An ideal well is a well whose radius is infinitely small (rw — 0)
and whose additional resistance in the well and its immediate vicinity is zero. In this
article, we will not focus on ideal wells and the evaluation of hydrodynamic tests on
these wells. The basic literature dealing with the evaluation of hydrodynamic tests on
ideal wells includes (Bourdet, 2002), (Lee, 1982) , (Horne, 1990) , (Kresic, 2007) ,
(Batu, 1998) , (Kruseman & de Ridder, 2008) ,.

(I — 6)
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REAL WELLS

Wellbore Storage

The first assumption that distinguishes real wells from ideal wells is the effect of the
well’s own volume (wellbore storage) on the pumping (build-up) tests—i.e., the well
radius is not negligible and must be considered in an evaluation. At the beginning of
the hydrodynamic tests on the well (pumping and build-up), when the water is pumped
from the wellbore’s own volume or the well is filled after stop pumping, this
phenomenon affects the shape of the drawdown curve as a function of time until the
pumping rate (or inflow into well) Qws from the well volume is equal to zero. In more
detail, Papadopulos and Cooper (Pasandi, Samani, & Barry, 2008) (for groundwater)
and Ramey (for petroleum engineering) (Ramey & Agarwal, 1972) described and
discussed the impact of the well volume on the pumping test during the first part of a
pumping (build-up) test. The effect of the well radius (wellbore storage) on
dimensionless drawdown gradually diminishes (Figure 1) as the time of pumping
increases. Figure 1 shows the relationship between the pumped amount from the well
volume, Qus, and the inflow rate from the aquifer, Qaq, as a function of time.

|
I
I
|
|
|
|
|
L
I

PURE I ' time
WELBORE- TRANSITION

STORAGE

FLOW FROM
AQUIFER

Figure 1. Pumping rate from wellbore storage, Qus, and groundwater inflow rate from
aquifer, Qaq, as a function of time.

Ramey (Chen & Lan, 2009), (Ramey H. J., 1970) states that, for the start of a pumping
test (from several seconds to approximately several minutes, depending on the well
diameter and pumping rate), a straight line with the “unit slope” can be found in the
pumping test graph (log s vs. log t) (Figure 2) (i.e., the deviation of the straight line
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from the horizontal axis is 45°). The “straight line” with the “unit slope” lasts until all
the water is pumped from the well’s volume. According to (Ramey H. J., 1970), we can
determine the unit factor of the wellbore storage, C, from the following equation:

tp
C=0Q — (Il - 8)
Sp
where tg is time for the arbitrarily selected point B on the “unit” slope line (Eigure 2)
[T], and sg is the drawdown at time tg [L].
1 -

© logs (m)
-

E

0.01 —TTT T —TTTTTm

b
1 10 ’ logt(s) 100

Figure 2. Graph log s vs. log t at the beginning of the pumping test when the water is
pumped only from the wellbore’s own volume.

Using Equation (1 - 6), the dimensionless coefficient of wellbore storage, which is one
of the basic characteristics of the initial pumping test section, is determined. This
parameter affects the shape of the drawdown curve during the pumping test during the
time before reaching Cooper—Jacob’s semilogarithmic straight line, when the effect of
water in the well volume disappears completely. The dimensionless storage coefficient
can be expressed from Equation (11 - 6) in the following form:

tp

C,= —25 1I—9
b= 2nrzs ( )

Additional Resistance (Skin Effect)

The drawdown of the water level in a “real” well depends on the resistance of the
aquifer and the so called “additional losses” or resistance generated in the well, on its
walls, and in the vicinity of the well. The term “additional resistance” refers to the sum
of the phenomena that result in deviations of the measured values of water drawdown
in a “real” well compared to the theoretical drawdown obtained under the assumption
of an “ideal” model of water flow to a complete well (this is the case for additional
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resistance, and the actual borehole volume will not be reflected in the course of the
inflow test (i.e., the reduction in this volume is not affected). The drawdown in the
water level (or increase) measured at the pumping well (or recharge well) is, then,
greater than the calculated drawdown (or increase) in the borehole, which would cause
a hydraulic intervention through a hydraulically perfect well without this additional
resistance. Additional resistance in the well and its surroundings increase in the
following ways (Houben & Treskatis, 2007):

a) by clogging of pores (s1) with e.g. a fine material, which reduces the flow rate of the
porous environment or disrupts the original internal structure of the porous
environment in the vicinity of the wellbore during its digging and equipping (it
decreases porous environment permeability) in rotary drilling, the result of which is so-
called sludge bark, or in the case of impact drilling, the porous environment in the
vicinity of the well is compacted, thereby reducing throughput (Adebayo & Bageri,
2019), (Elkatatny, Jafarov, Al-Majed, & Mahmoud, 2019) , (Iscan, Kok, & Bagci,
2007).

b) Through a reduction of the wellbore wall cross-section (s;) for water inflow where
the borehole wall is formed by a filter, perforated casing etc. by trapping rock particles
or backfill in filter openings, including chemical incrustation and blockage of filter
openings by microorganisms and bacteria (Ralph & Stevenson, 1995), (Houben G. ,
2003) , (Patel & Singh, 2016).

c) via the friction (s3) of water on the borehole walls and its internal friction (this group
also includes additional resistances arising from the turbulent flow regime of the water
inside the borehole and turbulent flow in the aquifer, especially in the vicinity of the
pumping well

d) where appropriate, other types of additional resistances occur.

The drawdown due to the effect of additional resistances is expressed (Figure 3)

Sskin = S1+ Sp 4+ S3+ - 4+ 5, ; SO we can write Sgin = Dieq S; (I1-10)

where Sin is the total additional drawdown in the well (“the skin drawdown”) caused
by the additional resistance in the well and its immediate vicinity (in the so-called skin
zone). The separation of the individual additional types of resistance involved in the
skin effect is very problematic; therefore, the total dimensionless additional resistance
coefficient, Sk (in the petroleum literature, referred to as the skin factor), is commonly
used to express the total additional resistance. The total drawdown of the water level
measured in the borehole during the pumping test can be expressed (when neglecting
the additional resistance resulting from the turbulent flow regime) by the relation:
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Sw = Ste T Sskin (” - 11)

where sy, is the total drawdown in the pumping well [L]; st is the theoretical drawdown
of the water level in an “ideal” well (zero additional resistances) [L]; and Ssin iS the
additional drawdown of water in the wellbore due to additional resistance [L].
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Figure 3. Real well: various head losses in a pumped well.

Neglecting the portion of the drawdown that follows from the turbulent flow regime,
s3 (its share in the total additional drawdown is negligible), the magnitude of the
additional drawdown caused by additional resistance is dependent on the pumping rate,
Q, with the linear relationship (Van Everdingen, 1953)

Q
Sskin = 5 SF (11 —12)

where Sk is the dimensionless coefficient of additional resistance (skin factor) [-];
and ssin is the drawdown caused by additional resistance [L].
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The effect of additional resistance will be included in the total drawdown on the “real”
well when the flow is at a tight level.
(@) For the steady flow (Van Everdingen, 1953), we can write

Q

Sw =

R
(ln— + SF) (I — 13)
Tw

where R is the radius of well influence [L]; rw is the wellbore radius [L]; and Sr is the
coefficient of additional resistance (skin factor) [-].

(b) The unsteady flow regime (using the Cooper—Jacob semi-logarithmic method
because this part no longer shows the influence of wellbore storage) can be expressed
as

Q

After converting the natural logarithm to a normal logarithm, we obtain the following
equation:

2303Q

Sy = W(ZOQ (2,246 tp) + 2SF) (I —15)

If the Cooper—Jacob semilogarithmic straight line is reached in the semilogarithmic
graph of the pumping test, we can use Equation (I1-15) to evaluate the coefficient of
additional resistance. After expressing Se and adjusting, we obtain

_ 2nTsy

T
< +0.8091) (I — 16)

2
rv

1
—E(logt + log

Deriving the New Correlation to Evaluate the Skin Factor from the

First Straight Line

For a real well, we refer to a wellbore and account for the existence of additional
resistance in the well and in its immediate surroundings (as defined above) in
comparison with an ideal wellbore. In the initial portion of the hydrodynamic test, we
also include the influence of the volume of wellbore in the calculations. To derive the
new correlation, the equation of radially symmetrical groundwater flow to the wellbore
under an unsteady state regime was used, transformed into dimensionless parameters
with the initial and boundary conditions defined according to the petroleum engineering
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standards of Agarwal et al. (Agarwal, Al-Hussainy, & Ramey, 1970). The basic
equation for the radial-symmetric flow of groundwater to the wellbore has a similar
shape (e.g., (Watlton, 2007), (Jargon, 1976) , (Agarwal, Al-Hussainy, & Ramey, 1970)
, (Pech P. , 2003))

aZSD 1 aSD_aSD
arlz) rDarD_atD

(11 — 17)

The assumptions for solving Equation (11-17) are the same as those for the Theis
solution for an ideal well. In a flow in a confined aquifer to a complete well, the
following parameters are true:

e The gravitational forces are negligible;

e A constant density and viscosity of water;

o The aquifer has an infinite areal extent;

e The pumping well penetrates the full thickness of the aquifer;

e The flow to the pumping well is horizontal;

e The flow is unsteady;

o The diameter of a pumping well is very small (negligible), allowing the storage
in the well to be neglected,;

o The well is pumped with constant rate Q;

e The aquifer is horizontal and bounded on the bottom and top by impermeable
layers (a confined aquifer);

e The aquifer flow to the pumped well is radial and laminar, so Darcy’s law is
applied,;

e The confined aquifer is homogeneous and isotropic;

e The height of an aquifer (where the flow to the well is constant and has a size
b transmissivity, T, and storability (aquifer storage), S) is constant over time
and space;

e The water supply from the aquifer to the well changes during the pumping test
from Qaq = 0 to the final inflow, Qaq = Q = const.;

e Before pumping begins (i.e., for t = 0), the hydraulic head is constant in all
points of the aquatic environment and equals H; this also applies to the water
level at a well.

Moreover, it is assumed (for a “real” well) that:

e The well possesses its final volume, and, at the beginning of pumping, the
effect of the water volume in the wellbore influences the drawdown and must
be considered;
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e The wellbore storage coefficient is constant and does not change during
pumping;
o The influence of additional resistance occurring in the wellbore itself and in its
immediate vicinity is considered (the width of the perpendicular zone can reach
up to about 2—7 m).
The initial and boundary conditions (in dimensionless parameters) for a real well have
the shape (Agarwal, Al-Hussainy, & Ramey, 1970) of

sp(1p,0) =0 (I —18)
sp(rp, tp) =0 forrp, — oo (11 — 19)
for additional resistance,

d sp

SWD = SD + (T‘D a_r) SF (II - 20)

and for wellbore storage,
dsp d sp
Ch —— < —) = I1—21
D t p ( )

To solve basic Equation (11-17) with the initial and boundary conditions (Equations (I1-
18)—(11-21)), a one-sided Laplace transform was used to convert the partial differential
equation in the dimensionless parameters (17) to a normal differential equation. We
used a transformation function that provides a shape for the solved case in the following
form (Agarwal, Al-Hussainy, & Ramey, 1970)

F(p) = L(f(tp)) = j f(tp)e Pt dtp (11 —22)
0

This is an integral transformation with kernel exp(—ptp), where p is a complex variable;

and F(p) is the image of the given object, f(tp). In Laplace space, the solution of

Equation (11-17) has the following form

1 1 1
_ Ko (pf) +Sp p2 Ky (Iﬁ)
D = T I I I I I Ur-23)
p [p2 Ky (pZ) + Cppz (Ko (pZ) +Spp2 Ky (pZ))]
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where (sD) is the solution of the dimensionless drawdown for rD and tD in Laplace
space; p is a complex variable; KO is the modified Bessel function of the second kind
with an order of zero (imaginary argument); K1 is the modified Bessel function of the
second kind with an order of one (imaginary argument); CD is the dimensionless
coefficient of wellbore storage; and SF is the dimensionless coefficient of additional
resistance (skin factor). When evaluating KO and K1, dimensionless drawdown values
were taken from (Abramowitz & Stegun, 1972). For the inverse Laplace
transformation, the Stehfest algorithm 368 (Stehfest, 1970) was used, which is very
often used in petroleum engineering and groundwater hydraulics (Watlton, 2007),
(Yang & Yeh, 2005). From (Watlton, 2007) we can obtain

f(tp) = Z X; (g) Plr,1) (1 = 24)
=1

where,
n

X; (g): %)0,1) (2

2 ]

)i(; +1- 1')@'1) (11 — 25)

In2 (2n)! non : In2
e e Y () cvr(eeot) -

To evaluate sp from Equation (Hawkins Jr., 1956) by means of Equations (Park &
Zhan, 2002), (Barua & Bora, 2010) and (Jargon, 1976), value n is 10, as used in
(Watlton, 2007). Stehfest’s algorithm 368 was used to calculate the dimensionless
drawdown, which depends on the skin factor and wellbore storage. Calculations were
done for skin factor SF = 0, 2, 4, 6, 8, 10, 12.5, 15, 20, 30, 35, 40, 50, and for
dimensionless wellbore storage, CD = 10, 50, 5 x 10%, 1 x 103, 5 x 10%, 1 x 104, 5 x
1041 x 10°% 5 x 105, 1 x 108, 5 x 10%, and 1 x 10°. For clarity of the graphs, Figure 4
illustrates the dependencies of sp on log tp for Co =1 x 102, 1 x 104 1 x 107, and SF =

44



A New Method for the Evaluation of Well Rehabilitation from the Early Portion of a
Pumping Test

40.

Sr= 40

1x10? 1x10° 1x10* 1x10° 1x108 1x107 1x10° 1x10° 1x 101
tp
® Cp=1x10? A Cp=1x10¢ ¢ Cp=1x107
Figure 4. Demonstration of dimensionless drawdown sp vs. log tp (for the selected
values, Sr and Cp).

As shown in Figure 4 and also in Figure 5 (see also (Chu, Garcia-Rivera, & Raghavan,
1980)), the graphs always present two straight lines. The “first straight line” segment
appears in the graph in its initial part, i.e., at the time when the drawdown at the well
(at a constant rate Q) is affected both by the additional resistance on the well and by its
vicinity and the well volume (wellbore storage). The slope of the first straight line
section is denoted izp. The “second straight line” in the semilogarithmic plot of sp vs.
log tp appears only in the late periods of the graph and corresponds to the area that can
be evaluated by the Cooper—Jacob semilogarithmic approximation (Cooper & Jacob,
1946). The same two straight lines can be observed in field pumping tests on the
semilogarithmic graph drawdown of s vs. log t (Chu, Garcia-Rivera, & Raghavan,
1980).
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Figure 5. Semilogarithmic graph sp vs. log to with two straight lines.

Based on Figure 4, in the early-portion of the pumping test, which is influenced by
both factors (skin effect and wellbore storage), by increasing the skin factor, the slope
of the first straight line izp section increases; also, if the dimensionless wellbore
storage, Cp, increases then the curves sp vs. log tp are moved in a positive direction
(i.e., to the right).

To evaluate the additional resistances from the early-portion of the pumping test (until
the Cooper—Jacob semi-logarithmic section is unable to be reached), a drawdown
value, sp”, for dimensionless time to* was selected, which is the time of the intersection
of the first straight line with the timeline axis (Figure 5). Dimensionless
drawdown sp* depends on the dimensionless wellbore storage Cp and the coefficient
of additional resistance, Sr. In this way, we can find a correlation between the
dimensionless drawdown, sp*; the dimensionless wellbore storage, Cp; and the skin
factor, Sr.

46


https://www.mdpi.com/2073-4441/12/3/744/htm#fig_body_display_water-12-00744-f004
https://www.mdpi.com/2073-4441/12/3/744/htm#fig_body_display_water-12-00744-f005

A New Method for the Evaluation of Well Rehabilitation from the Early Portion of a
Pumping Test

Results

We evaluated the dimensionless drawdown values sp* for the dimensionless wellbore
storage, Cp=1 x 102, 5 x 102, 1 x 103, 5 x 10, 1 x 10% 5 x 10% 1 x 10° 5 x 105, 1 x
108, 5 x 10°, and 1 x 107 and for the dimensionless skin factor Sg =1, 2, 4, 6, 8, 10, 15,
20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, and 100 (see Table 1).

Table 1. Dimensionless drawdown, sp*, for the selected skin factors, Sg, and the
dimensionless wellbore storage, Cp.

CD
1 %1025 x 1021 x 10°5 x 10°1 x 10*5 x 10*1 x 10°5 x 10°1 x 10°5 x 10°

0 06 073 079 093 099 113 119 133 139 152
2 094 108 114 128 133 147 153 167 173 1.87
4 128 142 148 162 167 182 186 201 207 220
6 162 176 181 19 202 215 221 235 241 254
8 19 210 216 230 236 249 255 269 274 288
10 231 244 250 264 269 283 289 302 308 321
15 314 326 334 347 353 366 373 384 392 4.05
20 398 412 418 431 437 450 456 470 476 4.89
25 482 495 501 514 520 534 540 553 558 571
30 564 578 584 598 6.04 6.17 6.22 635 640 6.54
35 647 661 667 681 687 700 705 718 7.23 7.37
40 730 744 750 764 770 783 788 801 8.06 820
45 812 827 833 846 852 866 871 884 890 9.03
50 896 9.09 914 928 934 948 954 968 9.73 9.86
60 10.62 10.76 10.82 10.95 11.00 11.13 11.19 11.32 11.37 11.49
70 12.28 1241 1246 1259 12.65 12.77 12.82 1295 13.01 13.15
80 13.93 14.06 14.11 1424 1429 1442 1447 1460 14.66 14.80
90 1558 15.71 15.76 15.89 1594 16.07 16.12 16.25 16.30 16.43
100 17.13 17.36 17.33 17.55 17.54 17.73 17.74 1791 17.93 18.09
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Figure 6 shows the plot of dimensionless drawdown, sp*, vs. the skin factor, Sg (for
dimensionless wellbore storage Cp = 10°). For the sake of clarity, only the values S =
0, 20, 30, and 50 are used in Figure 6.

60 -
0'..
50 o Sp=0 « Sp=20 - S;=30 » S;=50
1 45 ¢ t s
Sp

Figure 6. Example of drawdown sp* from graph sp vs. log tp (for Se = 0, 20, 30, 50,
and for Cp =1 x 10°).

Figure 7 shows an example of the dependences of dimensionless drawdown, Sp’, VS.
the skin factor, Sk, for the selected values of Cp,
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Figure 7. Dependence sp * vs. skin factor, Sg, for values of Cp (1 x 102, 5 x 10% 1 x
10% 5 x 10%, and 1 x 10%) and Sk (0, 2, 4, 6, 8, and 10).

Figure 7 shows that the dependences of sp* and Sg are a set of parallel straight lines.
The equations for the system of straight lines can be expressed by:

SB = asiSF + bsi (11 - 27)

where coefficients as and bsi for all straight lines (as shown in Eigure 7) were
evaluated by means of the least squares method. Based on Figure 7 and Table 1, it
follows that these coefficients are a function of the dimensionless skin factor, Sk. The
dependence asi = f(S¢) and also the dependence.

bsi = f(S¢) were evaluated by similar equations, as stated in (Adebayo & Bageri, 2019):
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n % n n %
_ n Zizl'SFi Spi — Zi=1SFi Zi=1sDi
n 2 n 2
n Zi=1SFi - (Zi:lsFi)
For all values of the dimensionless wellbore coefficient, Cp, the coefficient as was
constant and equal to 0.166.
The values of coefficient b for the given values of dimensionless wellbore

storages, Cp, were evaluated in the same way as those in (11-28). The equation for the
solved dependence has the form

27;15151' 27;1 Spi Z:;lsn Z:;lsn' Spi
z
n Z;;lslgi - (ZLlSFi)

The evaluated values of coefficient bs, using Equation (11-29) for
dimensionless Cp drift, are shown in Table 2.

Agi (II - 28)

by; = (I1 — 29)

Table 2. bsj coefficients for the dimensionless wellbore coefficient, Cp.

N. Co bs
1 1.0 x 102 0.6448
2 5.0 x 102 0.7690
3 1.0 x 103 0.8420
4 5.0 x 103 0.9754
5 1.0 x 104 1.0375
6 5.0 x 104 1.1689
7 1.0 x 105 1.2325
8 5.0 x 105 1.3644
9 1.0 x 108 1.4272
10 5.0 x 106 1.5581
1 1.0 x 107 1.6195

50


https://www.mdpi.com/2073-4441/12/3/744/htm#table_body_display_water-12-00744-t002

A New Method for the Evaluation of Well Rehabilitation from the Early Portion of a
Pumping Test

Based on a plot, the dependence of the coefficient bsi vs. the logarithm of the
dimensionless wellbore storage coefficients represented by Cp, from Table 2 was
found to be linear (see Figure 8).

1.8 -
1.6 - A A
| A

1.4 ‘
1.2 - ke
b, 107 e

U-B - .._........‘.......
0.6 !L
0.4 -

0.2

0.0 — T T — T T — T T — T T — T TTrm
1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+D6 1.0E+07
Co

Figure 8. Graph of coefficients b vs. log Cp.

The equation expressing a linear relationship bs vs. log Cp has the form
bS = blslogCD +b25 (11_30)

To evaluate the coefficients bis and bos we use the modified Equations (11-28) and (l1-
29)

_ n Z?zl(log CD)ibSi - Z?zl(log CD )iZ?zl bSi
- 2
n Y1 (log Cp)? = (X7, (log Cp);)

bis (I — 31)

Y, (og Cp)F Ty bsi — X1, (log Cp); Y., (log Cp); bsi
2
n Y (log €)= (X7, (log Co):)

sz = (II - 32)

The values of bis and bzs were evaluated via Equations (11 -31) and (11 - 32)
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b1s = 0.1908, bzs =0.2681.
After substituting the calculated coefficients into Equation (11-27), we obtain the final
equation for sp* in the form

sp = 0,166S; + 0,1908 log Cp + 0,2681 (11 — 33)
After substituting the dimensionless parameters Equations (11-6) and (l1-7) into

Equation (11-33) and expressing the coefficient of additional resistances, we obtain the
resulting equation for the skin factor in the form

SF = 0166

~0,19081
0 %9 o r2s

1 (2nTs*
< - O,2681> (I — 34)

Field Test: Rehabilitation of the Dug S-V well Veseli Nad Luznici
We applied the derived method for evaluating mechanical rehabilitation and calculating
the value of the skin factor from the early-portion of pumping tests at the well S-Vwell,
which is situated near the village of Veseli nad Luznici (see Figure 9).

Figure 9. Location of the well S-V near Veseli/n. LuZnici.
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Pumping tests were carried out before rehabilitation, after rehabilitation, and to verify
the well’s ageing after one year of exploitation of the well. The pumping tests were
carried out at a constant pumped rate under an unsteady flow regime.

The dug well S-V has an inside diameter of 3 m. The well depth is 10 m, and the
position of the water level below the terrain is approximately 1.9 m. For the geological
profile, see Figure 10.

Y~

Well S-V
0 G054 88002 I A %
| 3Em |
: 1 : static groundwater level
I b 4 e
I | [
| ; |
: : : sand with clay
= | : I
| : |
I ! |
¥ | ! |
| I I
I : |
l I : dark gyttja with
I I I molluscs/plants
I = I
| : | clayey sand
: : ll with layers of gyttja
10 1| bedrocké(clayey sand) :
: skin zone : skin zone :
(~6m) ! | (~6m)
. - |

Figure 10. Cross-section of the S-V well with geology (Hosek, Pokorny, Prach, Sida,
& Krizek, 2018).

Based on the long-term pumping tests, when the late portion evaluable by the Cooper—
Jacob semilogarithmic approximation [2] was reached, the hydraulic parameters of the
aquifer were evaluated with a coefficient of transmissivity T = 0.00715 m?s'and a
storage coefficient S = 0.074.

Before rehabilitation, we created observation wells R-1 to R-4, which were 80 mm in
diameter with average depths of 9.0, and wells P-1 to P-6, which were 50 mm in
diameter, with the same depth of 9.0 m (see Figure 11).
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Figure 11. Pumping S-V well with the location of the observation boreholes, Pi and R;.

For the pumping tests, the submersible pump was placed approximately 1.5-2.0 m
above the bottom of the well, with a displacement Js of 80 mm, an elbow with a
sampling cock, and a water meter Js of 80 mm, with spool and waste piping from
chemlon hoses. The waste pipe was connected outside the protective zone of the water
source to the adjacent sandy part. For the evaluation of the pumping test, the
observation well P; was located outside the area affected by additional resistance with
an internal diameter of 50 mm. The shape of the graph of the pumping test before
rehabilitation showed that the yield of the well was very low (a large increase on the
well’s shell subsequently emerged from the evaluation). The casing of the well had a
large number of inlet openings, and the inspection showed that the inlet openings were,
for the most part, clogged with sand, clay, and pebbles, or were overgrown with hard
increments. The environment behind the borehole of the well (according to observation
of the water level in the casing boreholes) was rounded (low permeability). Based on
these findings, the following rehabilitation procedure was performed. First, the blasting
of observation boreholes P; and Ri was carried out using cleaning heads. Thereafter,
pressure regeneration was carried out using the observation wells, which had an effect
on the well surroundings. After the water level was lowered to approximately 2.5 m
above the bottom, mechanical cleaning of the overgrown inlet holes was carried out in
the well. At the same time, pressure regeneration of the surroundings of the well was
carried out using pressure surges in the observation wells made especially for this
purpose, and the impurities were drained from the inside of the well.
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The pumping tests were performed such that they could be evaluated by methods of the
unsteady flow regime—i.e., the time shape of the drawdown in the well S-V and in the
observation well P6 was measured while pumping a constant amount of water from the
well. The starting level was about 1.9 m from the well edge. The pumping test before
rehabilitation lasted 180 min at a constant pumping rate of 3.35 I/s, and the drawdown
in the well was sy = 4.5 m. After rehabilitation, a pumping test of 240 min at a pumping
rate of 3.7 I/s was performed, and the drawdown at the end of pumping was sy = 1.03
m. One year after the rehabilitation was performed, a pumping test of 75 min at a
constant pumped rate of 3.52 I/s was carried out to determine the development of the
well’s ageing. The drawdown at the end of the pumping test was Sw = 1.29 m (see Table
3). During the pumping tests, water samples were taken for complete chemical and
bacteriological analyses (alkalinity, acidity, pH, and fixation of iron (1)), which were
performed on site.
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Table 3. Pumping tests at S-V well in Veseli nad Luznici before rehabilitation (a), after
rehabilitation (b), and one year after rehabilitation (c).

(a) (b) ()

N. Time t(s) Drawdown s (m) Time t(s) Drawdown s{m) N. Time t(s) Drawdown s(m)
1 130 0.02 30 0.01 1 60 0.08
2 215 0.04 45 0.025 2 120 013
3. 240 0.05 60 0.03 3. 180 016
4. 300 0.08 90 0.045 4. 300 0.21
5. 420 0.14 150 0.08 5. 600 0.305
6. 560 0.20 180 0.09 6. 900 04
7. 800 028 240 0.115 7. 1200 0.47
8. 900 0.33 300 0.135 8. 1800 062
9. 1180 0.46 600 0.25 9. 2700 075
10 1800 067 900 0.34 10 3600 0.84
1" 2700 1.02 1200 0.415 11 4500 09
12. 3600 1.25 1500 0.475 12 3000 1.09
13. 5600 1.76 1800 0.54 13 15,000 1.18
14. 7200 220 2100 0.585 14 27,000 1.25
15. 10,800 278 2700 0.65 15 50,000 1.27
16. 14,200 3.14 3600 0.72 16 80,000 1.28%2
7. 20,000 3.51 5400 0.82

18 30,000 3.91 7200 0.875

19 44,000 415 10,800 0.955

20. 70,000 4.32 14,400 0.98

21. 100,000 4.41 25,000 1.01

22. 200,000 4.47 40,000 1.02

23. 400,000 4.50 72,000 1.03

The following graphs (Figure 12 a—c) show the values of drawdown over time for the
pumping tests. Based on the semilogarithmic dependencies, the drawdown vs. the
logarithm of time was subtracted by the magnitude of the drawdown for the intersection
time of the first straight line (whose slope isi,) segment with the timeline axis

(see Figure 5).
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12. Semilogarithmic graphs of the pumping tests on the S-V well (a) before

rehabilitation, (b) after rehabilitation, and (c) one year after rehabilitation.
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Using the derived relationship (Equation (11-34)), the skin factor values were evaluated,
and the drawdown caused by the additional resistance (according to van Everdingen
(Van Everdingen & Hurst, 1949)) was determined. This drawdown corresponds to the
additional drawdown at a steady flow to the well. The skin factor values were also
evaluated using the Cooper—Jacob semilogarithmic method, since second straight lines
were achieved in all three pumping tests. Skin factors were determined using Equation
(11-16).

The pumping tests showed that the rehabilitation resulted in a reduction of the skin
factor from 48 to 6.8, which indicates the effectiveness of the selected rehabilitation
intervention. Furthermore, to evaluate the ageing of the well, a pumping test was carried
out after one year of operation (i.e., one year after the rehabilitation). The skin factor
increased from 6.8 to by 10.8 (see Table 4), which proved the deterioration of the
well’s condition after a year of operation post-regeneration.

Table 4. Results of evaluating the skin factor and additional drawdown—S-V well.

Before After 1 year after

rehabilitation rehabilitation rehabilitation
Pumping rate, Q (m3.s?) 0.00335 0.0037 0.00352
Pumping test duration (s) 400 000 72 000 80 000
s™ (m) 0.62 0.135 0.18
New method (Equation (11-34)) 47 6.8 10.8
Cooper-Jacob method (Equation
(11-16)) 51 7.9 12
Difference (%) 8.4 15 111
Additional drawdown Sskin 351 056 085

(Equation (11-12))

Discussion and Conclusions

In this paper, we derived a correlation of the dimensionless drawdown for the
intersection time tp" of the first straight-line (see Eigure 3) of the pumping test in a
semilogarithmic graph as a function of the dimensionless wellbore storage, Cp, and the
skin factor, Se (Equation (11-12)). The derivation was undertaken by applying an
approximate solution of the partial differential equation using dimensionless
parameters for the symmetrical radial flow problem in an infinite confined aquifer with
a constant thickness to the fully penetrating well, pumped with a steady flow rate. The
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solution was obtained by using the Laplace transform in conjunction with the Stehfest
algorithm 368, the approximate method for the numerical inversion of the solution in
Laplace space. The skin factor, Sg, was evaluated from the early portion of pumping
test data (the part of the pumping test before the Cooper—Jacob semilogarithmic
straight-line was achieved) by means of Equation (11-34).

The skin factor from the semilogarithmic plot (sw vs. log t) of the early portion of the
pumping test can be evaluated without using type curve matching. This new procedure
is particularly useful when the early-time slope of the first straight-line has been
observed. The usefulness of the derived correlation s* (vs. Seand Cp) has been
demonstrated in the field example through the evaluation effect of mechanical
rehabilitation at a S-V well (Veseli nad Luznici). The validity of this new method was
checked by comparing the skin factor calculated by the new method with the Cooper—
Jacob semilogarithmic method (Equation (11-16)) (see Table 1). We evaluated the
differences between the skin factor determined from Equation (11-34) and that
determined from Equation (11-16). Comparing these skin factors demonstrates that the
estimate of Sgis in fair agreement with the other values. For the field example, the
agreement is surprisingly good. The differences ranged between 7% and 12% (Table
4).

If the pumping test is too short to observe the Cooper—Jacob semilogarithmic straight
line, then the derived method is applicable for evaluation of the skin factor; all other
parameters must be known, but the pumping test should run long enough that s, vs.
log t can fully develop into “the first straight line” on the semilogarithmic plot. This
method may be used when other techniques do not provide satisfactory answers or if
the late-time portion of the pumping test is missing and the Cooper—Jacob method or
type curve cannot be used. For the application-derived procedure, the storage
coefficient and transmissivity of the aquifer must be known, but to evaluate the effects
of rehabilitation on the well and accurately control age, this procedure is sufficient. We
applied the stated method to several other evaluations of rehabilitation wells. In all
instances, the results of the Cooper—Jacob method were as good as those in the previous
field example comparisons. The differences were a maximum of 25% (in groundwater,
this is very good agreement). However, the derived procedure presented in this paper
is not proposed to replace the current methods used in groundwater hydraulics and
petroleum engineering. To evaluate the skin factor from the initial pumping test section,
it is necessary to record a decrease in the water level in the well at sufficiently short
intervals immediately from the start of pumping. It is advisable to select a monitoring
interval of 1 s until the beginning of the first straight line in the semilogarithmic chart,
and then it is possible to observe the reduction in time steps of 5-10 s. This is very
important for the application of the method. By correctly applying the derived method
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and correctly determining the first straight line (the first straight line can be determined
in almost all instances), the intersection time of the first slope with the log t axis can be
determined with a high degree of confidence. The application of this method eliminates
the main problem of the type curve method because lines of different types are often so
similar that it is very difficult, and often impossible, to find conformity with the actual
pump test curve. For this reason, quantitative information cannot be obtained with the
same degree of accuracy as information obtained via calculations using conventional
Cooper—Jacob approximations. Due to the cost of extended pumping tests, the modern
trend has been towards the development of hydrodynamic tests for the pertinent
analysis for early-period data for information obtained prior to the usual straight-line
of the well test (Horne, 1990). These data can be analyzed using the “derived method”
for economic or practical reasons. The method derived here contributes to the possible
evaluation of the skin factor. The advantage of this method is that it can be used in
cases where the application of other methods is difficult or even impossible.

his new technique is applicable to the interpretation of ground water-pumping tests.
When deriving the groundwater flow, dimensionless parameters were used. The results
could also be applied also to petroleum areas if the dimensionless parameters from
(Tongpenyai & Raghavan, 1981) are used.

dimensionless pressure:
kh

T 1412qBu

*

Pp Ap

dimensionless intersection time
b 0.000264 k t*
b b pce i
dimensionless wellbore storage

5.615C

D_¢Cthrv5

where k is the permeability (md), h is the formation thickness (ft), q is the flow rate

(STB/D), B is the formation volume factor (RB/STB), i is viscosity (cp), Ap is the

pressure change (psi), ¢ is the porosity, c: is the total compressibility (psi'), rw is the

wellbore radius (ft), and C is the wellbore storage coefficient (STP/psi).

With these dimensionless parameters for petroleum engineering, Equation (11-33) is:
pp = 0,166Sz + 0,1908 log Cp + 0,2681

From this equation, the skin factor Sr can be evaluated.
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It should be noted that the derived method for skin factor determination is not intended
as a substitute for other procedures but as a complementary solution providing
application possibilities even when some methods cannot be used.
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Abstract

As the climate is changing, greater exploitation of groundwater reserves is becoming
evident; however, this would have been apparent even without climate change.
Therefore, increasing emphasis is given to maintaining well functionality. Wells are
susceptible to aging, which reduces their efficiency. Today, there exist several solutions
for determining the size of additional resistance (the skin effect), which indicates a
well’s current state and that of its close surroundings. The implementation of most of
these solutions is often time-consuming. To improve our tools, a goal has been set to
accelerate and facilitate the method of determining the size of additional resistance. In
this study, we present new software that accelerates this process. It applies an
innovative method based upon a partial differential equation describing the radially
symmetric flow to a real well, which occurs under an unsteady regime, using the
Laplace transform. Stehfest algorithm 368 is used to invert the Laplace transform. Such
software can be used to evaluate an additional-resistance well, even when a straight
section evaluated using the Cooper—Jacob method is not achieved in the
semilogarithmic plot of drawdown vs. log time during the pumping test. This solution
is demonstrated in the comprehensive evaluation of 10 wells and 3 synthetic pumping
tests.

Keywords: well; pumping test; additional resistances; skin factor; well aging; well
regeneration; software

64


https://www.mdpi.com/search?q=well
https://www.mdpi.com/search?q=pumping%20test
https://www.mdpi.com/search?q=additional%20resistances
https://www.mdpi.com/search?q=skin%20factor
https://www.mdpi.com/search?q=well%20aging
https://www.mdpi.com/search?q=well%20regeneration
https://www.mdpi.com/search?q=well%20regeneration
https://www.mdpi.com/search?q=software

Software for Evaluating Pumping Tests on Real Wells

Introduction

Pumping tests are conducted for the purpose of determining not only aquifer parameters
(hydraulic conductivity, transmissivity and storativity), but also well parameters (e.g.,
the coefficient of additional resistance, known as the skin factor, and well storage). In
1935, Theis (Theis, 1935), on the basis of idealized conditions, published a solution to
a basic equation describing an unsteady, radially symmetric flow to an ideal well in a
saturated aquifer. Theis used an analog equation describing thermal conduction in a
solid environment to describe groundwater flow through a permeable environment
(Carslaw, 1921). His solution is used to determine an aquifer’s transmissivity and
storativity in the case of a well without additional resistances and with a negligibly
small radius, and is known as the Theis type-curve method. Cooper and Jacob (Cooper
& Jacob, 1946) built on this work by simplifying the Theis well function, generating a
straight section for longer pumping test times when plotting drawdown vs. the
logarithm of time and incorporating only the first two elements of the Theis well
function, while omitting the others (the error in the calculations for the argument of the
Theis function is less than 0.01-0.25%). Pumping tests on actual wells are influenced
first by additional resistances (expressed by the skin effect). Van Everdingen (Van
Everdingen, 1953) and Hurst (Hurst, 1953) were the first to incorporate additional
resistances in a well and its close surroundings in calculations for oil wells. Hawkins
(Hawkins Jr., 1956) inserted additional resistances into calculations in the form of a
zone around a well with altered hydraulic conductivity (K). In the initial phase of a
pumping (and drawdown) test, the well volume (well storage (WBS)) has a significant
effect on drawdown over time. Papadopulos and Cooper (Papadopulos & Cooper,
1967) were the first to take this into account in underground hydraulics, while Ramey
(Ramey & Agarwal, 1972) and others (Bourdet, 2002), (Batu, 1998) first incorporated
this factor in the oil sector. Kucuk and Brigham (Kucuk & Brigham, 1979) addressed
the issue of the impact of a well’s volume on pumping tests in elliptical coordinates.
Mathias and Butler (Mathias & Butler, 2007) expanded upon Kucuk and Brigham’s
solution by factoring in well storage and horizontal anisotropy. Yang et al. (Yang &
Yeh, 2005) and others (Chen & Chang, 2006), (Yeh, Yang, & Peng, 2003) investigated
this method in the Laplace domain. In 1970, Agarwal et al. (Agarwal, Al-Hussainy, &
Ramey, 1970) published a basic solution to the equation for unsteady, radially
symmetric flow of a liquid to a complete well, taking into account additional resistances
and the effect of well volume. Subsequent authors derived various approaches and
methods, such as type curves, for determining additional resistances and well storage
using a pumping test (Wattenbarger & Ramey, 1970), (Kasenow, 2010) , (Gringarten,
Bourdet, Landel, & Kniazeff, 1979) , (Earlougher R. C., 1977) , (Earlougher & Kersch,
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Analysis of short-time transient test data by type-curve matching, 1974) , (Novakowski,
1989) , (Chu, Garcia-Rivera, & Raghavan, 1980). VVan Everdingen (Van Everdingen &
Hurst, 1949) was among the first to use the Laplace transform to solve the basic partial
differential equation for radially symmetric inflow into a well under an unsteady
regime. Several authors from oil and groundwater hydraulics sectors (Novakowski,
1989), (Chu, Garcia-Rivera, & Raghavan, 1980) , (Watlton, 2007) have commonly
applied solutions using the Laplace transform. Even to this day, Stehfest algorithm 368
(Stehfest, 1970) is often taken as the most suitable approach for inverting the Laplace
transform in both groundwater hydraulics and the oil sector (Al-Ajmi, Ahmadi, Ozkan,
& Kazemi, 2008), (Yang & Yeh, 2009). For example, several authors (Watlton, 2007),
(Hall & Chen, 1996) , (Pasandi, Samani, & Barry, 2008) have applied the Stehfest
algorithm to real wells (i.e., wells for which additional resistances and the effect of well
volume are taken into account). Software applications are also currently used for real
wells. This article elaborates a software solution for a real well, and the created software
is used to evaluate the skin factor of 11 wells. The results are compared using the classic
Cooper—Jacob method (Cooper & Jacob, 1946), which introduces a skin factor
(application of the Cooper—Jacob method was possible because the pumping tests were
sufficiently long for a so-called second straight section to be achieved in the
semilogarithmic plot; Figure 1). An advantage of the presented software solution is the
possibility of also using it in cases when no Cooper—Jacob straight section is achieved
during the pumping test (i.e., for the early portion of pumping tests).
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05 + ! 1
04 + : 1
03 } i 5 !
W=o :..'. W#o : W¢o : W#O
01} o : :
0 : I
1 10 100 1000 10000

t(s)

Figure 1. Semilogarithmic plot of drawdown s vs. log t in a pumped well.
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Materials and Methods

At present, pumping tests are most often used to determine aquifer parameters. To
evaluate hydraulic parameters, it is essential to know the timing of water-level
drawdown in the examined well and at least one observation well. In 1935, Theis
(Theis, 1935) published a solution to the basic equation for radially symmetric flow to
a well in a confined aquifer. The method of evaluating an aquifer’s hydraulic
parameters for an ideal well is known as the Theis type-curve method.

This method is seldom used in practice, because it is intended for an ideal well. Another
method used to determine an aquifer’s hydraulic parameters from pumping and build-
up tests is the Cooper—Jacob semilogarithmic approximation (Cooper & Jacob, 1946).
This method is based on Theis’ solution. For 1/u values of >100 with an error less than
0.25%, the Theis well function can be simplified by leaving out its third and subsequent
elements. This method is used for the straight-line section (red line), as seen in Figure
1, where the WBS represents well storativity and W represents the skin effect.

The final equation for drawdown in an ideal well is (Cooper & Jacob, 1946)

Q (2.246Tt> -1

W= gt "\ r2s

where sw is drawdown at a well (m), Q is the pumped amount of water (m3s™!), T is
aquifer transmissivity (m?s!), t is time (s), and S is aquifer storativity (-).

Additional Resistances (Skin Effect)

Additional resistances cause most wells to lose their specific capacities over time. This
results primarily from well aging due to mechanical, chemical, and biological
processes. Mechanical degradation is most often caused by sedimentation of small
particles in the well’s close surroundings. Mechanical degradation may also occur when
creating the well itself. All methods of well boring result in compacting and re-
distributing material. Chemical degradation is most observed in areas where flowing
water has higher amounts of dissolved mineral substances. This type of degradation is
caused by deposition of mineral substances in individual sections of the well. The most
common substances are calcium carbonate, magnesium carbonate, calcium sulfate,
manganese, and iron. Biological degradation is caused by bacteria that occur naturally
in most aquifer strata. These bacteria can be divided into three basic groups. The first
and most widespread group consists of iron-oxidizing bacteria. These bacteria oxidize
iron compounds and produce iron (I11) hydroxide, an organic compound with a reddish
color. This substance has a slimy character and forms deposits on well walls and pump
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parts and in the well’s close surroundings. If the substance is exposed to wind, it
hardens and can then cause even greater damage. The second group consists of sulfur-
reducing bacteria. These bacteria can be found even in extremely acidic waters, with
pH levels as low as 1. These bacteria produce sulfuric acid and hydrogen sulfide. The
presence of these bacteria may be indicated by a foul odor. The final group consists of
slime-producing bacteria, which coexist with the aforementioned types of bacteria. The
slime produced most often affects parts of the pump, but may also block the well screen
or pores in the aquifer stratum around the well. All forms of well degradation described
above alter the hydraulic conductivity of individual well parts and the adjacent aquifer
stratum. The aggregate of all these factors is called the skin effect, a term first defined
by van Everdingen. The term skin effect stems from the fact that these additional
resistances can, in practical applications, be replaced by an infinitesimally thin zone
(see Figure 2) that influences hydraulic conductivity. There are two types of skin
effects: positive and negative. A negative skin effect is caused by the elevated
permeability of the aquifer stratum in the well’s surroundings. Elevated permeability
occurs most often in environments featuring rifts. If individual rifts reach the well, a
negative skin effect may occur. In practice, however, positive skin effects are more
common. Such skin effects reduce the hydraulic conductivity in the near-well region
(Payne, Quinnan, & Potter, 2008), (Hiscock & Bense, 2014) , (Chen & Lan, 2009) ,
(Kruseman & de Ridder, 2008) , (Wen, Huang, & Zhan, 2006), (Barua & Bora, 2010)
, (Kahuda & Pech, 2020) , (Dastkhan, Zolalemin, Razminia, & Parvizi, 2015) , (Sousa,
Barreto, & Peres, 2016) , (Fan & Rarashar, 2020) , (Holub, Pech, Kuraz, Maca, &
Kahuda, 2019).
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Figure 2. Diagram of a real well: an aquifer stratum with saturated water level.
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Based on (Bourdet, 2002), it is possible to calculate the coefficient of additional
resistances, W (skin factor), in the case of a real well, as in Equation (Il - 2).

¢ ( 2'Z%Tt+zw) (111 - 2)

W= aar\ ™ r2s

where W is the skin factor (-).
From Equation (111 - 2), the coefficient of additional resistances (skin factor) is

Ly _2nTs, 1 2.246Tt .
7o 2"z ( )

and the drawdown caused by additional resistances (steady flow) is (van Everdingen,
1953)

Q
SSKIN = Zn—TW (111 — 4)

where sskin is the additional drawdown (caused by the skin effect) (m).

Well Storage (WBS)

Well storage significantly impacts the initial phase of the pumping test (see Figure 1)
in the order of seconds from commencing the test. The reason is that, at the start of the
pumping test, water is pumped from the well itself. As the pumping test proceeds,
inflow from the surrounding aquifer increases until it equals the pumped amount. The
amount of water pumped from the well volume, on the other hand, decreases with time
until it becomes negligible. The degree of this impact depends on the well radius.
Ramey and Agarwal (Ramey & Agarwal, 1972) addressed this issue and defined a per-
unit well storage factor, as presented in Equation (I11 - 5)

4
c= 02, (1l - 5)

where C is the per-unit well storage factor (m?) and tj and sj are time and drawdown,
respectively, from the unit slope log—log graph, where WBC dominates (Figure 1)
(Ramey & Agarwal, 1972).
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This article uses the following dimensionless parameters (see (Agarwal, Al-Hussainy,
& Ramey, 1970), (Liu, Li, Xia, Jiao, & Bie, 2016) , (Sethi, 2011))

e Dimensionless time

tp = It Im—-6
e Dimensionless radius
=T [r—-7
p = ™ ( )
e Dimensionless drawdown
2nT
sp(rp,tp) = T(H — h(r,1)) (111 — 8)
e Dimensionless drawdown at a well
2nT
swp(p = 1,tp) = T(H — hy (rw, t)) -9
o Dimensionless well storage
Cp = ¢ (Il — 10)
b 21ST,,*

where r is the distance from the pumped well (m), H is the initial hydraulic head
(m), h(r,t) is the hydraulic head at distance r and time t (m), and hy, is the hydraulic head
in the well (m).

The method of determining the size of additional resistances used in this study was
published by Agarwal et al. (Agarwal, Al-Hussainy, & Ramey, 1970) in relation to the
oil sector. This solution is derived from a drop in pressure across the impacted area
surrounding the well, given an unsteady flow. Several assumptions have been made for
modeling (Kruseman & de Ridder, 2008), (Barua & Bora, 2010):

- The aquifer is confined and has a seemingly infinite areal extent.

- The aquifer is homogeneous and isotropic and of uniform thickness over the area.
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- The flow is horizontal.

- Prior to pumping, the piezometric surface is horizontal over the area.

- The pumping rate is constant throughout the pumping test.

- The well penetrates the entire thickness of the aquifer.

- The well has a finite volume, and the well storage coefficient is constant throughout
the pumping test.

- Additional resistances in the well and its surroundings are non-zero.

For groundwater flow, in terms of dimensionless parameters, the well-known
diffusivity equation in the radial coordinates has the form (Agarwal, Al-Hussainy, &

Ramey, 1970), (Kruseman & de Ridder, 2008) , (Liu, Li, Xia, Jiao, & Bie, 2016) ,
(Mashayekhizadeh & Ghazanfari, 2011)

d%sp, 10sp, 0s
—ZD — b _2°b (IIr-11)
aT'D p OTD atD

Initial and boundary conditions:

At time t = 0 and when applying the dimensionless parameters of Equations (Il1 - 6) to
(1 -8),

sp(rp, tp =0)=0. (Il —-12)
In the case of dimensionless well drawdown

swp(rp =1,tp =0)=0. (I —13)
For rp—o0, dimensionless drawdown is as follows

sp(rp, tp) =0 (111 — 14)

The marginal condition for additional resistances in the well and its surroundings is as
follows (Chen & Chang, 2006)

dsp
Swp = Sp + (7p E)r[,zlw (11 = 15)

he outer condition for a pumped well when factoring in the impact of the well volume
on the pumping test in relation to Equation (I11 - 15) is (see (Van Everdingen & Hurst,
1949))
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Equation (Il -11) is solved using a one-dimensional Laplace transform. The following
type of transform function is used to convert the partial differential equation in
dimensionless parameters into an ordinary differential equation (Watlton, 2007)

Fo) = L(F®) = | e e (1 —17)
0

The transformed solution in the Laplace domain for dimensionless drawdown is

— Ko(rpp°?)

(III - 18)

%)

P~ p{pOSK,(0%5) + Cpp[Ko(p°S) + WpOSK, (pOS)]}

The transformed solution in the Laplace domain for dimensionless drawdown at a well
(from Equations (111 - 16) and (111 - 18)) is

— Ko(@®*)-Wp"°K, (p°°) (11l - 19)
b p [p%5K; (p°5) + Cpp®S (Ko (p°°) + WpO> K (p°5))]’

where p is the Laplace operator; Ko and K are the zero- and unit-order modified Bessel
functions, respectively; s,,, is the dimensionless well drawdown in the Laplace
domain; and swp is obtained by Stehfest numerical inversion (Watlton, 2007):

N
In(2
swnlt) = 2N v 55 0) (1 - 20)
i=1
_ ilniz) (111 — 21)
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V, = (_1)§+imm§g) K= (2k!)
l t (3= k) et (e = 1)1 G — k)t (2K — )]

k=[5

(Il — 22)

Data

The data used for the analysis come from Serbia. The parameters of the aquifer and the
well can be seen in Table 1 and Table 2. The parameters obtained from the pumping
test already include the anisotropy and inhomogeneity of the aquifer. In addition, most
of the aquifers can be considered uniform with constant thickness.

Table 1. Parameters of the aquifer.

Name  Transmissivity T Storativity S

(m*s) ()
B1 0.00585 0.013
B3 0.00385 0.0123
B6 0.0036 0.00864

Table 2. Parameters of the well.

Name  rw Well depth  Well storativity

(m) (m) ()
B1 0149 87 996.6
B3 0.1615 120 689.7
B6 0.1615 110 2405.3

These data are limited by several uncertainties, which may occur because of several
reasons: (1) structural-technical, (2) methodological, and (3) hydrogeological.

1. In the first group especially, besides the construction design and use of material for
collection wells, the type of connection and handling of pumping technology, including
the drainage of water through the pipelines, one limiting factor is the initial phase of
pumping, at which point the measurement can be affected by the dispersion of the
moving elements of the submersible pumps. (This happens particularly in the case of
high-capacity water supply wells in systems that are usually regulated by safety
features, especially by frequency alternators.) As a result, there is a delay in reaching
the originally set up pumping output. Another potential effect can be caused by the
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pressure resistance of the adjoining pipeline distribution system, including hydraulic
shocks and the volume of the water in the discharge pipe (especially where non-return
valves are absent).

2. Methodological causes are related to the choice of the duration of the hydrodynamic
tests conducted, as well as to adjustments and interpretation of measurement data,
which, in the case of horizontal inhomogeneity, tends to provide, with increasing time,
increasing variation in the evaluation of hydraulic parameters.

3. Hydrogeological causes of limitations and uncertainties of hydraulic parameters are
mainly related to the vertical inhomogeneity of the rock environment when, in
permeable rocks, the water flow follows the principle of dual porosity, which means it
has a strong tendency to flow through preferential channels. Aquifers are usually
divided into several individual tributaries, and they can also have different levels of
underground water; moreover, the vertical direction of the water flow may also change.
Then, if, during the pumping test, the groundwater level falls below that of one of the
tributaries and the level of the latter also rises above the level of the saturated water
flow, significant changes in the dynamics of measured levels occur, which also
contribute to uncertainties in the interpretation of the resulting data.

As far as the overall effects of the abovementioned limitations and uncertainties are
concerned, the significance of errors of the sought-after parameters proportionally
reflects the significance and size of the total input parameters.
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Results

Software

Part of the process of developing the software was to analyze the limits of the
computational method used. The analysis consists of two parts. The first part examines
the accuracy of the sought parameters, depending on the pumping test duration, being
10%, 20%, 30%, and up to 100% of the total duration. The obtained parameters are
then compared with the value that most corresponds to reality. This cross-sectional
value for individual runs of pumping tests was obtained by applying the computing
method at the core of the software. All pumping tests were examined by the same
computing method. Different values of the non-dimensional additional resistance and
non-dimensional storativity of the drilling well were applied until a near 100% match
in the runs of the simulated and real pumping tests occurred. This article presents the
analysis of a single well before and after regeneration. This analysis represents the trend
observed for all pumping tests analyzed. Figure 3 and Figure 4 depict the percentage
variance of well storage and additional resistances relative to optimal values. As is
evident from Figure 3 and Figure 4, the variance in the case of the skin effect when
using only 1% of the total pumping test data is around 30% from the optimal value.
When using 3% of the data, the variance is less than 5%. When using more than 5% of
the data, highly accurate results are achieved that may be taken as authoritative. With
increasing use of section data, the variance shows a slightly declining trend. With
regard to the sought parameter of well storage (see Figure 3 and Figure 4), using 0.5%
of the data in both cases corresponds to a very small variance, not exceeding 2%. The
variance shows a clear increasing trend for data use of up to 6% and a declining trend
thereafter. This is because well storage affects only the initial phase of the pumping
test, in the order of minutes at most, but more likely seconds. This analysis indicates
that it is expedient to use data covering 10% of the test for two reasons: (1) the time-
consuming nature of the calculation process, which should be minimized to the greatest
extent possible, and (2) the high accuracy of the resulting parameters already achieved
at this stage.
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Figure 3. Plot depicting the percentage error for the skin effect and well storage
parameters for the well Serbia B3 before regeneration dependent upon the percentage
of data used from the pumping test.
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Figure 4. Plot depicting the percentage error for the skin effect and well storage

parameters for the well Serbia B3 after regeneration dependent upon the percentage of
data used from the pumping test.
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The second part of the analysis examines the accuracy when using a combination of
individual sections of the pumping test. This approach may be suitable when a
measurement error or brief outage of the pump occurs during the pumping test or when
a portion of data is missing. Figure 5 shows the division of the pumping test into
individual sections.
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Figure 5. Plot showing division of the pumping test into individual sections

All analyzed pumping tests were divided in a similar manner into sections, whose
shapes were influenced by specific parameters (see Figure 1). A pumping test is
divided into the initial section, the first straight section, the section between the first
and second straight sections, the second straight section, and the final section. As stated
above, the sought parameters of additional resistances and well storage are obtained
using an optimization method of differential evolution, where it is necessary for the
user to enter a range of values that he or she finds most likely to be optimal. This
analysis was conducted both for the optimal limit (i.e., the limit at which the optimal
values were found) and for the double limit. For example, if the optimal limit is in the
range of 0 to 100, then the double limit is in the range of 0 to 200. In the case of this
optimization method, the range entered by the user is crucial for achieving accurate
results. Figure 6 shows the additional parameter resistances evaluated. Again, in this
case, the poorest estimate was given by the combination of the first and second sections.
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The combination of the first and fourth sections shows an overestimate, albeit only for
the double limit. Once again, this trend was observed also in other analyzed wells, and
the error for all combinations did not exceed 2%. The main information obtained from
this analysis is that all combinations of sections for both optimal and double limits give
highly accurate values for the sought parameters. This is important in terms of practical
use, when a situation may occur in which it is necessary to omit some sections of the
pumping test. Figure 7 shows the evaluated parameter well storage for individual
combinations of sections. The red horizontal dotted line indicates the optimal value. As
the figure shows, the poorest estimate for the optimal and double limits was given by
the combination of the first and second sections, followed by the combination of the
third and fourth sections. Of course, the maximum error is up to 3%.

Serbia B3 after regeneration — additional resistances

Limit
Il Double limit
Il Optimal limit

skin

1+2 143 144 145 2':_3 2+4 2+5  3+4 3+5
variant

Figure 6. Resulting values of the parameter additional resistances.
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Serbia B3 after regeneration — wellbore storage
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Figure 7. Resulting values of the parameter well storage, depending on the
combination of sections used.

Now, we present a description of the software. A block diagram of the software is
shown in Figure 8. This software primarily determines the parameters’ additional
resistances and well storage. It also evaluates an aquifer’s hydraulic conductivity, the
range of the cone of depression, and transmissivity. The user may also use the program
to plot the results on a graph or to store them in a special format for use in another
environment, such as the R programming language. However, all settings, including
for data may also be opened directly in the software. The software also enables
automatic generation of a final report, which may be partly modified according to the
user’s needs.
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Figure 8. Software diagram.

Next, we describe the user interface. The software is divided into three main tabs: Input
file, Input parameters, and Report. Each of these tabs comprises two to three levels.
Below, we describe how to use the software. Start-up (see Figure 9) loads the
introductory menu, where the user may select whether to start a new project or make
changes to or continue a project already created. If the user chooses to work on a new
project, he or she is prompted to upload a file containing the pumping test data. Files
may be in txt or xIsx format. If a different file format is selected, the software shows a
warning and takes no action. If an xlIsx file is uploaded, the user must then select the
respective sheet within which the data can be found. After uploading a file and, if
necessary, selecting the appropriate worksheet, the program proceeds to the next tab:
Input file.
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Pumping test l Input file I Input parameters  Report

Wellcome ( previewfite | EZ

New project
Load project

Accepts only files in format — txt/xIsx

Browse ... B3 after regeneration - project.wt

[ Upload completed ]

Figure 9. Start-up menu: illustrative image

Now, the user selects how many rows to display from the uploaded file. The default
setting is to display only 20 rows, mainly for reasons of computational demand. This
tab also offers options for the choice of separators to divide individual columns. There
are three options: Comma, Semicolon, and Table The final choice is the decimal
separator: Comma or Period. The Preview file button to the right allows the user to
inspect the data (see Figure 10). The user then proceeds to the next step by clicking
Next. At this stage, the user must select the respective columns representing time and
drawdown in the well. Here, the user may also choose any section of the data to be used
in the calculations. The section can be selected by entering its beginning and end.
Clicking the Graph button on the right displays a plot of the selected data (see Figure
11). The plot shows the section of data selected for calculation in red and the rest of the
pumping test data in black.
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Figure 10. Data display and choice of separator
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Figure 11. Checking the pumping test and choice of the data section for calculation:
illustrative image.

As mentioned above, the software may also be used to evaluate an aquifer’s
transmissivity, hydraulic conductivity, and the range of the cone of depression. If the
user wishes to evaluate one of these parameters, he or she must click the Evaluate
parameters button, after which a menu of parameters appears. In the case of evaluating
transmissivity, a plot is displayed, for which it is necessary to select the data found in
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the second straight section. Data selection is done as in the case of selecting data for
calculations (see Figure 12).

Pumpingtutl Input file | Input parameters  Report

Evaluate parameters
& selected
@ Transmissivity Data range for evaluate transmissivity
O Hydraulic conductivity L ...“,...--'
- L)
[ Cone of depression o
_15 o
Selected section for issivity E o
evaluation 3 .'.
A —— 2% ]
RARAERERREREE T § o Selected
0 220 440 660 880 1100 1320 15401760 1980208 3 o . &
25 o transmissivity
X o
0.0 ""-"T‘..‘" T T 1
1 10 Time[s] 100 1000 10000

Figure 12. Data range for transmissivity evaluation: illustrative image.

In the case of evaluating the range of the cone of depression or hydraulic conductivity,
the user must enter the aquifer thickness. The user may then proceed to the second tab:
Input parameters. The first step in this tab is to enter the required parameters: the
pumped amount, the well radius, storativity, and transmissivity. If these parameters are
available in a file, the user may upload the file and display the data using the Preview
file button, as in the case of uploading a file with pumping test data. The next step in
this tab is to set the lower and upper limits between which the software will search for
the optimal storativity and dimensionless additional resistance values. Before running
the calculation, the user may also select the number of processor cores to use and
whether to save the project. After completing the calculation, the user may inspect the
resulting simulation by clicking the Graph button (see Figure 13).

83


https://www.mdpi.com/2076-3417/11/7/3182/htm#fig_body_display_applsci-11-03182-f012
https://www.mdpi.com/2076-3417/11/7/3182/htm#fig_body_display_applsci-11-03182-f013

Pumping test  Input file |Inpmplnluﬂtu |

Report

(Select the number of processor cores to use |

® 1

Preview file Graph

0O 2
o
0O Yes 10 - .//
& No o
75 o
Choose directory . &
Enter name of wellbore £ ) &
§ 50 & L.
B3 after regeneration 3 ‘.' Fitted values
L)
= o
ol
Start new project 00 —— v T =
1 10 Time [s] 100 1000 10000

Figure 13. Plot of a real (black) vs. simulated (red) pumping test: illustrative image.

If the simulated pumping test mirrors the real test, this indicates that the calculated
parameters are optimal. In the case of a bad fit, the user may select different lower and
upper limits and repeat the calculation. As previously mentioned, the software also
allows storage of the final report in pdf, html, or docx format. Clicking the Report tab
loads a menu where the user can select the type of graph to be included in the final
report (see Figure 14). Here, the user may also enter the well’s location and depth. The

final step is to select the format for the final report.

Pumpingtest Inputfile Input parameters |mpon|

Select all

Enter well location

( Serbia )
Enter well depth

Output documenta format

PDF (J HTML (JWORD

Save report Start new project

Report options 3 %

D Include Skin effect evaluation - report
O Graph- input data Evaluated on 19 September 2020

[0 Graph - data used Name of the well: B3 after regeneration
O Graph - fitted values Location of the well: Serbia

The pumping test was evaluated to obtain the parameters of the aquifer and additional
resistances. During the pumping test the pumped quantity was constant and the value was
0.018 m¥/s. The well parameters are shown in Table 1 and aquifer parameters in table 2.

Table 1. Well parameters

Value Units
Well radius 0.1615 [m]
Depth of well 120 [m]
Skin factor 547 18]

Table 2. Aquifer parameters

Transmissivity
Storativity

Hydraulic
conductivity

Cone of
depression

Aquifer thickness

Value
3.85E-03
1.12E-02

6.7E-05
2.42E+02

5.70E+01

Units
[m¥s]
[
[mis]

[m]

[m]

Figure 14. Output report:

illustrative image.
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Discussion

The created software was used to evaluate several real pumping tests, and the resulting
additional resistance values were compared with those from another calculation
method. The resulting skin effect values were compared with the solution presented by
Equation (111-3).

As is evident from Table 3 and Table 4, in most cases, the resulting values were nearly
identical, differing in the vast majority of cases by only tenths. In the case of Obrtka
09B, the evaluated skin factor was higher (+2), representing a 27% divergence. The
calculation stemming from Agarwal’s solution requires a pair of initial parameters
representing time and corresponding drawdown in the second straight section. For this
reason, there exists a set of combinations that may be used in the calculation, thereby
generating divergent results. For this calculation, it is, of course, necessary to have
available pumping data up to the time when the inflow into the well approaches a steady
flow. The software, on the other hand, can evaluate the skin effect with high accuracy,
even when using a considerably shorter section of pumping test data. Highly accurate
results may be achieved using around 5% of the total pumping test data. Well storage,
as mentioned, impacts the initial phase of the pumping test on the order of seconds and,
in a few cases, tens of seconds (depending on the well radius). Thanks to the calculation
method used, it is possible to determine well storage even when using an early time
section of the pumping test data that was not impacted by well storage. As found in the
analysis of the limits of the calculation method used, accurate results for additional
resistances and well storage are obtained when using any combination of pumping test
sections. Therefore, this method is suitable for use with pumping tests in cases when,
for example, there has been a pump outage or there are missing data in some sections
of the test.
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Table 3. Resulting additional resistance values.

w
Locality and Q rw T S Cb w Cf:cpoeg— .Percentage
Well Name (m3s-1) (m) (m=2s-1) () (-) Software Equation Divergence (%)
(In-3)
Serbia B-1  0.0102 0.1500 0.0058 0.0130 990 5.41 5.25 3
Serbia B-3 0.0180 0.1615 0.0026 0.0441 50.0 5.45 5.29 3
SerbiaB-6 0.0118 0.0118 0.0036 0.0863 148 3.03 3.56 15
Serbia EB-1 0.0122 0.1615 0.003 0.0023 2360 4.84 4.74 2
Drnovec CV-2 0.0588 0.16250.00241 0.0011 900 1.01 0.95 6
Radouri RD-1 0.019 0.15 0.0098 0.00066 160 1.6 1.45 9.4
Radouri RD-2 0.142 0.15 0.001060.00018 180 2.66 2.68 1
Kolin KV-2  0.0022 0.17 0.0245 0.076 16 5.72 5.17 10
Kolin KV-9 0.00416 0.17 0.023 0.076 10 4.98 5.01 1
Obrtka O9A 0.0026 0.186 0.0234 0.000385500 7.2 7.31 15
Obrtka O9B 0.0097 0.125 0.00186 0.0419 160 7.21 5.23 27
Table 4. Synthetic tests.
w
Synthetic Q rw T S Ccb W W C?:Cpoeg— Percentage
Test (m3s~') (m) (m=2s~1) (-) () (-) Software Equation Divergence (%)
(1-3)
Test1 0.005 0.20 0.0120 0.010 100 10 9.998 9.97 0.24
Test2 0.003 0.25 0.0015 0.002 100,00020 20.0003 19.99 0.0017
Test3 0.012 0.40 0.0030 0.0025100,00050 50.007 49.99 0.0141
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Conclusions

The result of this work is a functional piece of software that considerably reduces the
time demand when determining the magnitude of additional resistances and well
storage. One of the advantages of this software is that it is available for free upon
request to the authors (ficaj@fzp.czu.cz). It can also be downloaded from the following
website: https://github.com/Ficaj/Wtest (accessed on 23 March 2021). Compared to
most other similar software programs (AQtesolv, AquiferTest, MLU), which might
take many years to develop, this one can be handled easily and almost intuitively. As a
result, there is no need for time-consuming training. Most other software programs also
lack the unique computing method used here. As mentioned above, the key benefit of
this method is that it is based on the initial straight-line tract. Thanks to this method,
dozens of minutes can be saved in real-life tests. Moreover, other benefits could be
added, such as reducing the time needed for evaluation so that it is not much longer
than one minute, as well as the preparation of a (predefined) report. This software is
capable, among other things, of evaluating the following parameters: an aquifer’s
transmissivity, storativity, the range of the cone of depression, and hydraulic
conductivity.

This research was funded by the Technology Agency of the Czech Republic (grant
number TH02030421) under the project titled ULTRA—Technology for Pumping
Well Rehabilitation Based on Ultrasound Emission.
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Abstract

The exploitation of groundwater reserves, especially for drinking purposes, is
becoming increasingly important. This fact has created the need to maintain wells in
the best possible functional condition. However, wells are subject to an ageing process
during intensive use, which entails an increase in up-to-date resistances in the well itself
and its immediate surroundings (the skin zone). This causes a decrease in the efficiency
of the well (a decrease in the pumped quantity, a decrease in the specific yield, an
increase of the drawdown in the well, and creation of the skin zone). The increased
hydraulic gradient in the skin zone causes an increase in the inflow rate to the well,
thereby inducing the movement of fine material towards the casing. This material can
clog the well casing and injection ports, which is compounded by an increase in
chemical and biological plugging of the skin zone. In cooperation with the company
SONIC Technologies, GmbH. (Sailauf, Germany), an experimental ultrasonic
technology-based well rehabilitation assembly was developed and successfully tested.
This article describes the prototype development of the ultrasonic device, including its
incorporation into the rehabilitation set and a demonstration of its pilot deployment in
the MO-4 pumping well in Czech Republic with an evaluation of the rehabilitation
effects using the authors’ software (Dtest ULTRA). Based on visual inspection and the
results of hydraulic and geophysical analysis, the high efficiency of the tested
technology was demonstrated in virtually all monitored parameters, where an
improvement in the range of 25-55% compared to the original condition was identified.

Keywords: additional resistances; hydrodynamic well test; physical rehabilitation;
ultrasound; software
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Introduction

The exploitation of groundwater reserves is currently increasing. This increase also
applies to the use of groundwater for drinking purposes. Moreover, the average age of
water wells in Europe is steadily increasing (Abramova, Abramov, Bayazitov, &
Nikonov, 2017), (Houben & Weihe, 2010). During the course of their use, wells
experience ageing. The main phenomena of this process are decreasing amounts of
water pumped to achieve the same water level reduction in the well and increasing
drawdown in the well and its immediate surroundings (the so-called skin zone) for the
same amount of water pumped. The consequences of these phenomena include
increases in the hydraulic gradient and flow velocity (Mason, Collings, & Sumel,
2004). The specific yield of the well (well efficiency), which is defined as the ratio of
the pumped quantity to the drawdown, subsequently decreases (lzadifar, Babyn, &
Chapman, 2017). Well ageing is caused by various physical, chemical, and biochemical
processes (Van Beek, Breedveld, Juhasz-Holterman, Oosterhof, & Stuyfzand, 2009),
(Mullakaev, Abramov, & Abramova, 2015), (Houben & Treskatis, 2007) , such as
encrustation from mineral deposits, biofouling caused by the growth of
microorganisms, physical clogging of the nearby wells in which water is transmitted
by sediment (well sanding caused by the transfer of fine materials into the well), well-
screen or casing corrosion, and the formation of encrustations due to the deposition of
carbonates, aluminum hydroxide deposits, and/or iron and manganese deposits
(calcium carbonate, iron bacteria, silt, clay, and “slime” are all common well cloggers)
(Patzner, Sonic Umwelttecchnik: SONIC Information No. E1-09.2009, 2009),
(Mullakaev, Abramov, & Abramova, Ultrasonic automated oil well complex and
technology for enhancing marginal well productivity and heavy oil well recovery,
2017) , (Timmer, Verdel, & Jongmans, 2003) , (Houben G. , 2003) , (Adebayo &
Bageri, 2019) , (Bageri, Al-Mutairi, & Mahmoud, 2013) , (Iscan, Kok, & Bagci, 2007)
, (Ralph & Stevenson, 1995).

Measures taken to correct these problems are collectively referred to as well
rehabilitation (restoration or regeneration) (Houben G. J., 2015). Generally, there are
two main categories of well rehabilitation: chemical and physical (mechanical). In
chemical well rehabilitation, the encrusting material is dissolved using inorganic or
organic acid mixtures, which are pumped into the well and left until the coatings are
dissolved. The different chemical methods used for rehabilitation vary in terms of
solvent composition and the way the solvent is introduced into the filter gravel (Van
Beek, Breedveld, Juhasz-Holterman, Oosterhof, & Stuyfzand, 2009). Chemical
rehabilitation has the major disadvantage that most such chemicals are harmful to the
environment.
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Physical methods include attaching a brush to a drill with high pressure jetting,
hydrofracturing, and surging. In recent years, one of the technologies categorized as a
physical method, the ultrasonic method, has begun to be used for well rehabilitation
(Zhu, et al., 2021), (Payne, Quinnan, & Potter, 2008). This relatively new technology
was previously studied and applied to oil wells (Feng, Mal, Kabo, Wang, & Bar-Cohen,
2005), (Mullakaev, Abramov, & Abramova, 2017) , (Abramov, Mullakaev, Abramova,
Esipov, & Mason, 2013) , (Abramov, et al., 2016) , (Mullakaev M. , Abramov,
Abramov, Gradov, & Pechkov, 2009) , (Abramov, et al., Sonochemical approaches to
enhanced oil recovery, 2015) , (Mohsin & Meribout, 2015) but is also now applied to
water well rehabilitation (Hamida & Babadagli, 2007), (Petrauskas, 2009) ,
(Daghooghi-Mobarakeh, et al., 2020) , (Aarts, Gijs, Bil, & Bot, 1999). Hydrodynamic
tests, especially pumping tests, are used to evaluate the effectiveness of well
rehabilitation. Hydrodynamic tests are carried out to determine the hydraulic
parameters of the groundwater aquifer (hydraulic conductivity, transmissivity, and
storativity), and to determine the parameters of the pumped well itself (the coefficient
of up-to-date resistances, the so-called skin factor, and well storativity). In 1935, Theis
(Theis, 1935) published a solution for the basic equation describing the unsteady
radially symmetric flow to an ideal well for a reservoir with a stressed surface based on
idealized assumptions. Theis used an analogous equation for heat transfer through a
solid medium to describe the groundwater flow through a porous medium. This solution
is used to determine the transmissivity and storativity of the aquifer for a well with no
additional resistances and a negligibly small radius. This method is known as the Theis-
type curve method. Cooper and Jacob (Cooper & Jacob, 1946) simplified the Theis
well function. For longer pumping test times a linear segment of drawdown vs. the
logarithm of time develops during drawdown; only the first two terms are retained from
the Theis well function (the error in the calculations must be less than 0.01-0.25% for
the argument of the Theis function).

In real wells, pumping-test progress is significantly affected by additional resistances
(expressed by the skin effect). Van Everdingen (Van Everdingen, 1953) and Hurst
(Hurst, 1953) were the first to introduce the additional resistances of the well and its
immediate surroundings in oil-well calculations. Hawkins (Hawkins Jr., 1956)
introduced additional resistances in calculations as a zone around the well with altered
hydraulic conductivity (K). In the initial part of the pumping test, the actual well
volume (called wellbore storativity) has a significant influence on the time course of
the drawdown, which was first addressed in underground hydraulics by Papadopulos
and Cooper (Papadopulos & Cooper, 1967) and then in an oil field by Ramey (Ramey
H. J., 1970). The basic solution of the equation for an unsteady radially symmetric fluid
flow to a complete well with consideration of additional resistances and the effect of
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the well’s own volume was published in 1970 by Agarwal et al. (Agarwal, Al-Hussainy,
& Ramey, 1970). Subsequently, a number of authors derived various procedures and
methods in this field—e.g., using type curves to determine the additional resistances
and wellbore storativity from a pumping test (Fan & Rarashar, 2020), (Patel & Singh,
2016) , (Liu, Li, Xia, Jiao, & Bie, 2016) , (Watlton, 2007) , (Batu, 1998) , (Kresic,
2007) , (Bourdet, Whittle, Douglas, & Pirard, 1983) , (Novakowski, 1989) , (Yeh,
Yang, & Peng, 2003). The Laplace transform was one of the first techniques used to
solve the basic partial differential equation of steady-state, radially symmetrical inflow
to awell (see van Everdingen and Hurst (Van Everdingen & Hurst, 1949)). The Stehfest
algorithm 368 (Stehfest, 1970) was used to invert the Laplace transform in software
Dtest ULTRA.

The authors of this paper developed software using the Laplace transform and the
Stehfest algorithm Dtest ULTRA, which can be used to evaluate the “skin factor”
before and after rehabilitation and from the portions of pumping tests where the line
segments cannot be evaluated by the classical Cooper—Jacob method (Holub, Pech,
Kuraz, Maca, & Kahuda, 2019), (Ficaj, Pech, & Kahuda, 2021).
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Ultrasound

Ultrasound refers to a mechanical wave caused by the mutual vibrations of elastic
particles with frequencies higher than 20 kHz—i.e., outside the range of human
hearing. Depending on the frequency, ultrasonic waves are divided into one of three
categories: power ultrasound, with a frequency of 20-100 kHz; high-frequency
ultrasound, with a frequency of 100 kHz to 1 MHz; and diagnostic ultrasound, with
frequencies of 1-500 MHz. The speed of wave propagation increases with greater
environmental density (i.e., closer particle spacing). Thus, waves will propagate
slowest in gases, faster in liquids, and fastest in solids. The source of artificially
generated ultrasound is an ultrasonic generator. For low-intensity ultrasound (Mason,
Collings, & Sumel, 2004), these generators include whistles, tuning forks, and sirens
that are capable of generating frequencies <200 kHz. For higher frequencies,
electromechanical (piezoelectric) or magnetostrictive generators (transducers) are
used. A magnetostrictive converter works on the principle of changing the dimension
of the ferromagnetic material when placed in an alternating magnetic field. The
propagation speed of the ultrasonic wave depends on the elasticity and density of the
medium through which it passes (Jiittnerova & Bryjova, 2016). For water, the
propagation speed of ultrasonic waves is 1480 m/s.

Ultrasonic oscillations can be generated by three types of generators:

1. Mechanical (small tuning forks and whistles: low frequency and power);

2. Magnetostrictive (oscillations around an iron rod in the magnetic field of an
electromagnet powered by alternating current: high power but with a frequency
only up to 100 kHz—used in dentistry and surgery);

3. Piezoelectric (a silicon wafer connected to electrodes with an alternating
voltage applied that oscillates at the same frequency as the voltage, converting
the energy from electrical into mechanical energy that vibrates the surrounding
environment—used for diagnostic and therapeutic purposes).

High frequency will create very short-wavelength ultrasonic waves where pressure
changes at the level of MPa occur at higher intensities.

1. Thermal effects: The energy of the wave is directly proportional to the square
of the frequency. There is considerable absorption at the interface of tissues
with different levels of acoustic impedance (soft tissue X bone = periosteal

pain).
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2. Mechanical effects: Passage of the ultrasound wave through the environment
results in local pressure changes (MPa/mm). Mechanical waves, and therefore
sound, propagate in all states of matter through bonds between particles. When
the energy of the oscillatory motion is transferred to adjacent particles and
results in propagation of the oscillation, then the medium is characterized as
elastic.

3. Physicochemical: Ultrasound has dispersive effects, which means that fine
suspensions, emulsions, foams, etc. can be prepared with its power in addition
to coagulative effects (e.g., used for cleaning gases).

4. Biological: Up to an intensity of 3 W/cm?, ultrasound has biopositive effects,
such as the acceleration of metabolic exchange. At intensities greater than 3
W/cm?, these effects result in irreversible morphological changes, such as
breakdown of the cell nucleus and the thermal coagulation of proteins.

One of the limiting factors when using ultrasonic waves for the rehabilitation of
production wells is the depth of penetration of the wave through the environment,
which is inversely related to the frequency of the ultrasonic wave. For casing and gravel
backfill, this is, in practice, 25-35 cm, which corresponds to the distance at which the
wave amplitude drops to half its original value in a given environment. In principle,
less kinetic energy is absorbed in liquids and solids than in gases. The effects of
ultrasound are both mechanical and thermal. The propagation of ultrasound through a
medium causes the medium’s molecules to vibrate, resulting in rapid pressure changes.
As ultrasound passes through organic tissues, much of the energy is converted to
mechanical energy, vibrating the tissues and leading to changes in the properties of the
cell membranes (physicochemical effect), the splitting of high molecular weight
substances (chemical effect) (Houben & Treskatis, 2007), and the absorption of
mechanical energy (biological effect).

In the rehabilitation of wells using ultrasonic technology, four main processes are used:

1. The removal of hard encrustations due to differences in the deformation of the
grains of the gravel filter and surface precipitants. This is caused by the
difference in mechanical deformation at the material interface.

2. The liquefaction of organic molecules through mechanical stress caused by
ultrasound transforms of large organic molecules into smaller ones. This
process yields a certain degree of lethality for viruses and bacteria.

3. Ultrasound energy leads to movements in the molecular structure of the
encrustation. Consequently, abrasion occurs within the gravel, which grinds
away the coating.
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4. Cavitation. The so-called cavitation effect is effective up to a depth of
approximately 50 m. Cavitation removes material adhering to the gravel
surface.

Additional Resistances

Well intervention essentially involves reducing the size of additional depressurization
pores in the well and its immediate surroundings. The term “additional resistances”
refers to a set of phenomena that cause a deviation in the measured values of water
drawdown at the real well compared to the theoretical drawdown obtained by assuming
an ideal (without additional resistances) model of water flow to the full well. The
additional resistances cause most wells to lose their specific capacity with time. This is
primarily due to ageing of the wells through mechanical, chemical, and biological
processes. Some types of additional resistances can arise during the drilling process,
leading to shortcomings and imperfections in drilling techniques and technologies,
especially for the equipment used for the well itself, e.g., a reduction in permeability in
the immediate vicinity of the well due to intrusion of the drilling fluid into the porous
water-saturated environment during rotary drilling, resulting in so-called “water-
logging.” This can be caused by a “mud crust” or by impact drilling, where the porous
environment in the vicinity of the well is compacted, resulting in a reduction in
permeability (Adebayo & Bageri, 2019), (Bageri, Al-Mutairi, & Mahmoud, 2013) ,
(Patel & Singh, 2016) , (Zhang, Guo, Liang, & Liu, 2021).

Other causes can include various hydromechanical, chemical, and biological
phenomena that may occur in and around the well during the exploitation of the well.
Knowledge of the magnitude of the additional drawdown or the additional drawdown
attributable to the action of the up-to-date resistances is essential in determining the
efficiency of the well and can be used to monitor the ageing process of the well.
Chemical degradation is most commonly observed in areas where the flowing water
contains excessive dissolved minerals. This type of degradation is caused by the
deposition of minerals on different parts of the well. The most common substances are
calcium carbonate, magnesium carbonate, calcium sulphate, and manganese and iron
hydroxides.

Biodegradation is caused by bacteria, which occurs naturally in most aquifers. These
bacteria can be divided into three basic groups. The first and most widespread group
includes iron bacteria. These bacteria cause the oxidation of iron compounds and
produce ferric hydroxide, which is a red inorganic substance deposited by a biological
process substance. This substance has a slimy character and is deposited on the walls
of the wellbore, the individual pump sections, and the surrounding area of the well. If
exposed to air, ferric hydroxide solidifies and can cause much more damage. The
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second group includes bacteria that reduce sulfur compounds. These bacteria can be
found in extremely acidic waters—even those with a pH equal to 1. The last group
includes slime-producing bacteria, which coexist with the abovementioned types of
bacteria. The most commonly produced slime affects parts of the pump, but slime can
also clog the filter casing of the well and the pores in the aquifer surrounding the well.
All of these degradation modes yield changes in the hydraulic conductivity of parts of
the well and the adjacent aquifer. The sum of all these factors is called the skin effect.
Parts of the additional resistance are caused, for example, by clogging (damage) of the
well—i.e., blockage of the pores by fine material, which reduces the flow rate of the
porous medium; by rock or silt particles becoming trapped in the filter holes, including
chemical encrustation and blockage of the filter holes by microorganisms and bacteria;
or by incomplete opening of the aquifer by the well (a so-called incomplete well). Each
additional element of resistance causes an incremental increase in the water level
drawdown in the well.

The total aggregate drawdown caused by the additional resistances is calculated as

n
Sokin = )5 av -1

i=1

where n is the number of partial additional resistances at the well and in its vicinity,
s_skin is the drawdown caused by these additional resistances (m), and si is the
drawdown caused by the -th additional resistance (m).

The terms “additional drawdown” and “additional resistances” were first defined for
steady flow by van Everdingen (Van Everdingen, 1953), who expressed the drawdown
due to the total additional resistances with the following relation

. Q
= — SF vV -2
s_skin 5T S (v -2)

where Q is the pumping rate (m%s), Tis the transmissivity of the aquifer (m?s),
and SF is the skin factor (-).

Figure 1 presents the differences in the course of the piezometric level for an ideal
pumped well and a well with additional resistances.
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Figure 1. Well diagram with additional resistances on the well wall and in the dam
aged zone.

Sw = Ste + S_skin (v -=3)

where sy is the total drawdown (m) and se is the theoretical drawdown (without
additional resistances) (m).

As a characteristic of the well condition, we use the specific yield of the well, which is
the ratio of the amount of water pumped from the well to the total drawdown (Sterrett,
2007)

q=_ (v —4)

Sw
where q is the specific yield (m?/s).

A typical plot of a pumping test, shown in semilogarithmic terms as drawdown vs. a
logarithm of time, is illustrated in Figure 2, along with a section that can be evaluated
by the Cooper—Jacob method.
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Figure 2. Diagram of a pumping test with the initial section and the Cooper—Jacob
section.

For the Cooper—Jacob section (Figure 2), we can use the relation (Horne, 1990) of the
form for groundwater to evaluate the skin factor

kin = 2 (l 2'246Tt+25F> -5
S-S = 4\ 2 ( )

where S is the aquifer storativity (-), rw is the well radius (m), and t is time (s).
Next, we express the coefficient of additional resistances (skin factor)

2nTs,, 1 2.246Tt
SF = — =In

3 r: IV — 6)

In this study, if no section was evaluable by the Cooper—Jacob method, the skin factor
was determined in the field example using the Dtest ULTRA software described in
(Ficaj, Pech, & Kahuda, 2021).
The article used the following dimensionless parameters (Ficaj, Pech, & Kahuda,
2021), (Kahuda & Pech, 2020)

o Dimensionless time

Tt

=— -7

e Dimensionless radius
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T
rp = - (1v —-8)
where r = distance from pumped wellbore (m).
e Dimensionless drawdown

2nT
sp(rp,tp) = 0 (s(r,t) v -9

e Dimensionless drawdown at a well

2nT
swp(p = 1,tp) = T(Sw(t)) (v —10)

o Dimensionless wellbore storage (Patzner, 2009)

o = C
b 27mST,,”

(v —11)

where the C is the unit factor of the wellbore storage (m?), s(rt) is the drawdown at
distance r and time t (m), and sw is the drawdown at a well (m).

For unsteady flow in terms of dimensionless parameters, the well-known diffusivity
equation in the radial coordinates has the form (Agarwal, Al-Hussainy, & Ramey,
1970), (Liu, Li, Xia, Jiao, & Bie, 2016) , (Ficaj, Pech, & Kahuda, 2021) , (Park & Zhan,
2002) , (Chen & Chang, 2006) , (Pasandi, Samani, & Barry, 2008)

0%sp 10dsp _0sp

— Db, b _"°D vV —12
or2  rpdrp 0ty 0 )

Initial and boundary conditions are (Agarwal, Al-Hussainy, & Ramey, 1970), (Ficaj,
Pech, & Kahuda, 2021)]

sp(rp, tp =0) =0 (IV - 13)
SwD(T‘D = 1, tD = 0) =0 (IV - 14)

The outer boundary condition is
sp(rp,tp) =0 (IV — 15)

The inner boundary condition if the effect of wellbore storage plays a major role and
the skin factor is constant (Van Everdingen, 1953)
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aSD
Swp = 5 + (19 3 Dypmn SF (IV — 16)
aSD aSD
Cp—— — =1 IV—-17
23ty (TD arD)rD=1 (V=17

The basic Equation (1VV-12) is solved using a Laplace transform. The following type of
transform function is used to convert the partial differential equation in dimensionless
parameters into an ordinary differential equation (Yeh & Wang, 2013), (Sethi, 2011):

@ = L(f(D) = f f(O)ePtdt av - 18)
0

The transformed solution in the Laplace domain for dimensionless wellbore drawdown
iS
Ko(p"*)=SFp'/* K, (p/?)

—_ IV —19
Swb = SR, (02 + Cop R (Ko (02) 1 SFR K, i eyy] V1Y)

where p is the Laplace operator; Ko and K; are the zero and unit order modified Bessel
functions, respectively; and SF is the skin factor (-).

Dimensionless drawdown at a well and swd was obtained by Stehfest numerical
inversion (Watlton, 2007)

N
In(2
swnlt) = 2", 575 (o) (v - 20)
i=1
p= ilniz) (v —21)
mm(l,;) kg(Zk!)

= D Y : _ (v —22)
alt [(E - k) k! (k — 1)! (i — k)! (2k — l)!]

swp is the dimensionless wellbore drawdown in a real domain, and swp is the solution
of the dimensionless well drawdown for rp and tp in Laplace space (-).

For drawdown at a well it is:
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k m
Sy, t) = ZnLT]Zl con(j, k) ; (7:1) (=D

Ko(cY?)—SFc'/2K, (c'/?)

c [c1/2K, (c1/2) + Cpcl/2(Ky(c1/2) 4+ SFc1/2K, (c1/2))] 1V —23)
where k=n/2; m=k+1—j;and c = (m+i)(In(2)/to
LD ey 2 (2m)!
con(j, k) = — (]) e T = D)1 (v —24)

Equation (1V - 24) was used in the software Dtest_Ultra (Ficaj, Pech, & Kahuda, 2021).

Results

Development of Ultrasonic Well Recovery Equipment

In 2017, work began on the development of an experimental ultrasonic technology-
based well rehabilitation assembly. The development of the actual ultrasonic wave
emitters, including their installation and wiring, were carried out by SONIC
Technologies, GmbH. from Germany. Based on the requirements for the performance
and applicability of the device under hydrostatic pressures up to 25 bar, the ultrasonic
probe was designed based on the principle of magnetostrictive emitters, including the
appropriate energy transfer and control assembly (Eigure 3).

102


https://www.mdpi.com/2079-6412/11/10/1250/htm#fig_body_display_coatings-11-01250-f003

Well Rehabilitation via the Ultrasonic Method and Evaluation of Its
Effectiveness from the Pumping Test

Figure 3. Laboratory testing of ultrasonic emitters (SONIC Technologies, GmbH,
Sailauf, Germany).
The core of the ultrasonic device features individual switching power supplies for
controlling the individual power paths of the ultrasonic emitters, which are connected
by a paired cable via a low-current control. The effective frequency of the emitters is
fixed at 20 kHz, and the switching frequency is optimized for an ideal power-to-
performance ratio. The switching frequency was thus developed with the practical
efficiency of the application in mind, and safety features were added to enable early
shutdown in the event of insufficient cooling of the equipment or incorrect operation.
The ultrasonic emitters are housed in a submersible probe. In addition to the specifics
of the actual wave generation and effects, the engineering design also addressed the
issues of the power supply, switching, control, cooling, and flushing within the
reclaimed facility.
In 2017, the first field deployment tests of the pre-prototype were conducted (based on
an older design by N. Patzner, Sonic Umwelttechnik, GmbH), but due to its
inconvenient operational dimensions, the prototype was only a test platform for further
development. The test model demonstrated the basic functional characteristics of the
method in conjunction with a submersible pump and the effectiveness of the tested
principles. Shortcomings, however, were observed in the power transfer and the
controls for the individual emitters. The testing was carried out in a shallow test well
within the Baugrund Siid GmbH site at Bad Wurzbach, Germany. In 2018 and 2019,
prototypes 1 and 2 were successively constructed and placed in a submersible probe.
Development of the ultrasonic device was completed with prototype-3 in 2020
(Patzner, 2009).
Machine Platform
The supporting machine platform provides the necessary manipulation, control, and
resource base for operation of the probe with the ultrasonic wave emitter assembly and,
at the same time, enables the integration of equipment for other rehabilitation
techniques (the basic spectrum of mechanical and possibly chemical methods), which
are combined in operational practice for accessing the rehabilitated surfaces of the
receiving wells for input of the ultrasonic probe. The rehabilitation assembly was
developed to be autonomous, i.e., as independent as possible in terms of supporting
other machinery and transport equipment, as well as capable of operating in conditions
without a sufficiently powerful electrical connection. The machine platform includes a
standardized range of equipment and features:

e A crane with minimum lifting capacity of 2500 kg, possible movement in two

axes, and minimum lifting capacity height of 12 m;
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e An AC power generator with an effective power of 40 kW and 32 A;

e A machine winch for the power cables of the ultrasonic emitters;

o A steel pipe assembly with a total length of 200 m;

e The possibility to connect a towed compressor.

Controls and Safety Features
Specific controls and safety features were developed for the ultrasonic rehabilitation
assembly and were installed on the machine platform:

o Electrical switchboard—This device allows the transfer of power energy from
its own aggregate or an external source to the ultrasonic emitters and the
operating pump. This switchboard is equipped with control and monitoring
elements for operation of the individual emitters, controls, and pump controls,
as well as integral safety elements for (a) manual and (b) automatic stopping
of the cable winding in cases that exceed the safe tension force.

Frequency converter—This is the most basic part of the power winch conversion cable
and allows one to control the winding speed and reverse the cable (i.e., unwinding).
o Power cable: Based on the calculated dimensions for the transmission of 15
kW of ultrasonic power from the emitter and submersible pump, we used a 5
m x 6 m power cable with a grounding option.

Figure 4 shows the modifications of the control and safety elements.
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control
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Figure 4. Operation control and safety elements.

The technical data for the system are listed in Table 1.

Table 1. Technical data for the ultrasonic set.

Technical Data for Individual Emitter

Operating frequency

Rated power

Peak power

Weight

Sound emitting surface

Sound energy (nominal/peak))
Modulation

Ultrasonic technology
Horizontal range

20 kHz
2500 Watt
4000 Watt
approx. 18 kg
85 x 185 mm
12/25 W/cm?
double half wave
magnetostriction
up to 350 mm from the borehole wall

Technical Data of the Ultrasonic Device

Type B 20/6
Number of ultrasonic emitters 3

Total power 7.5 KW
Power source 15kVA
Main voltage 230/100/50 Hz
Weight 120 kg
Length 160 cm
Weight of switching box approx. 200 kg
Weight of cables 2kg/m

The developed ultrasound probe ready for field application is shown in Figure 5.
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The technical data for the system are listed in Table 1.

Table 1. Technical data for the ultrasonic set.

Technical Data for Individual Emitter

Operating frequency 20kHz

Rated power 2500 Watt
Peak power 4000 Watt
Weight approx. 18 kg
Sound emitting surface 85 x 185 mm
Sound energy (nominal/peak)) 12/25 W/cm?
Modulation double half wave
Ultrasonic technology magnetostriction
Horizontal range up to 350 mm from the borehole wall
Technical Data of the Ultrasonic Device

Type B 20/6
Number of ultrasonic emitters 3

Total power 7.5 KW
Power source 15 kVA

Main voltage 230/100/50 Hz
Weight 120 kg
Length 160 cm
Weight of switching box approx. 200 kg
Weight of cables 2kg/m

Cable reel weight approx. 150 kg
Quter diameter 140 mm
External dimensions of the switch cabinet 800 = 1800 = 600 mm
Applicability for bore diameter 160-1000 mm
Maximum borehole depth 250m

Crane capacity 2500 kg

Steel pipe assembly lengths of 200 m
Alternating current generator min power 15 kW and 25 A

The developed ultrasound probe ready for field application is shown in Figure 5.
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Figure 5. Ultrasonic probe in action (prototype by SONIC TECHOLOGIES, Inc.).
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Field Deployment of the Ultrasonic Equipment during the MO-4
Well Rehabilitation and Evaluation of the Effects of the
Rehabilitation Intervention

Case Study
The MO-4 well is located in North Bohemia (Czech Republic—50.50 N, 13.95 E)
within the Vlastislav pumping site and operated by a major regional waterworks

company (Eigure 6).
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Figure 6. Location of the MO-4 well and a schematic view of the well.

The site was established in the 1960s by utilizing a spring tributary (a so-called
“chapel”) to a local creek called “Modla”. In total, five new pumping wells were
constructed to enhance the pumping capacity of the site. In 1967, the MO-4 pumping
well was drilled to a final depth of 36 m. The drilled diameter is 530 mm, with a steel-
casing diameter of 325 mm. The well screen consists of a drilled perforation, and the
filter is made of granulated stones fractionated to 8/15 mm. The pumping well is
screened in a phreatic aquifer, with an initial pumping capacity estimated at up to 5 I/s.
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Geology and Lithology

From a hydrogeological point of view, the well is located in the northwest corner of a
regional Turonian (Late Cretaceous) aquifer with a local depth of no more than 13 m—
see: https://mapy.geology.cz/geocr50/?extent=-772846.0823%2C-
995356.9083%2C-765729.1785%2C-991236.3851%2C102067 (accessed on 23
August 2021). This layer overlays a similarly cornered and small Cenomanian aquifer,
20 m in depth. The underlying Permian (Paleozoic) aquifer has only a limited
hydrogeological influence (1-2 m thickness), and there are several fractures in the
surrounding porous material with primarily local importance. The aquifer is vertically
limited by an underlying bedrock layer of Proterozoic gneiss, and weathered bedrock
is present at a depth of about 55 m. The water quality meets the indicators necessary
for a general water supply. Due to the depth of the Cretaceous aquifer (related to its age
and lithological profile), the water hardness is moderate and characterized by
significant amounts of Ca, Na, and Mg, and elevated concentrations of Fe. The site is
located at an elevation of 313 m a.s.l.

Well Rehabilitation

The specific objective in the rehabilitation of the MO-4 Vlastislav pumping well was
the deployment of the ultrasonic method in an environment where no other techniques
were actually applicable (except the air lift). Due to the significant age and poor
technical condition of the well, the use of other mechanical or chemical techniques
threatened to irreversibly damage the facility, which still serves as a source of drinking
water supply. Although in many cases the combination of ultrasonic methods with other
techniques may be recommended (from an operational point of view) to synergize their
effects, here the specific effect of ultrasonic well rehabilitation could instead be
investigated for the MO-4 Vlastislav well. To evaluate the effects, all available methods
were deployed: visual, hydrodynamic, and geophysical.

During March 2021, the MO-4 well underwent a complex mechanical rehabilitation.
The initial visual inspections and geophysical well-logging measurements (carried out
prior to the actual rehabilitation) highlighted the poor condition of the well casing,
indicating a danger of collapse. Brush-cleaning and high-pressure water jet methods
were excluded from the schedule. After the initial airlift pumping of stranded
sedimentary deposits, the experimental ultrasonic method was carried out using a
prototype probe constructed by SONIC TECHNOLOGIES, GmbH (Sailauf, Germany),
consisting of three magnetostrictive transducers with a 20 kHz frequency and a total
output of 7.5 kW together with the simultaneous operation of a submersible pump. The
rehabilitation equipment is shown in Eigure 7.
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Figure 7. Rehabilitation set built within the project.
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Finally, a second air-lift pump was deployed to remove the residual sediments and those
induced by ultrasound. A comparison of the conditions inside the well before and after
rehabilitation at different depths is shown in Figure 8. A 3Dgeo color PAL-format
immersion camera with a resolution of 750 x 600 (96 dpi) was used to capture images

of the site.
(a) (b)

depth»‘ 17 8m —_

o

depth: 214 m

depth: 24.8 m

depth: 287 m

Figure 8. Example of a camera inspection of the interior of well MO-4 at different
depths before (a) and after (b) rehabilitation
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Well Logging
Before and after the ultrasonic rehabilitation there was a range of comparative
geophysical well-logging methods applied. The measurements were performed by SG
GEOTECHNIKA, a.s. (Geologicka 988/4, 152 00 Praha 5 — Hlubocepy, Czech
Republic) and the aim of the procedure was mainly to verify the current technical
condition of the borehole and its functionality after the rehabilitation. The
measurements intended:
o The verification of the well technical conditions (internal, external equipment,
diameters, perforations, depth);
o The verification of the internal space of the borehole by optical inspection;
e The determination of water inflows and their relative yields, and the
clarification of the groundwater flow regime into the well.

The Inspection of Well Gravel Filter
The applied methods included:

e Gamma logging;

o Neutron neutron logging;

e Gamma gamma logging in density modification (density logging)—mainly to
detect open spaces outside the well casing;

e Cavernometry—to verify the internal diameter of the well casing, possible
deviations (broken casing, growths), casing joints, etc.;

e Measurement of physicochemical properties of water (conductivity,
temperature, percentage of dissolved oxygen, pH index, oxidation-reduction
potential)—to detect possible zonality of water in the borehole (from different
inflows);

e Resistivimetry in the application of the labelled fluid dilution method—to
clarify the groundwater and detection of inflows;

o Resistivimetry in the application of the labeled liquid pumping method—to
determine all inflows and their yields.

The measured parameters were compared to the pre-rehabilitation conditions: water
physical and chemical properties, water inflow, yield of permeable positions, well filter
density, neutron properties of the well casing, natural gamma activity, and the borehole
diameter curve (cavernometry). The results were interpreted into the following
conclusions:

The removal of sediment from the well bottom increased the available depth from the
original 36.0 m to the current 36.5 m, which is 0.5 m more than the declared borehole
depth. Comparison of the neutron logging curves showed a slight reduction in signal in
the 11-17 m bellow terrain (b.t.) section (a greater proportion of water compared to
clay suspension). In the 7.35-10.32 m b.t. section the difference was significant;
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however, this was influenced by a seasonal rise in groundwater level. The originally
dry section is now wetted; therefore there was a significant reduction in the signal on
the neutron logging curve in this section.

Regarding the changes in natural gamma activity, some reduction was observed in
almost the entire borehole. This would suggest that the casing has been stripped of clay
suspension.

A comparison of gamma gamma logging curves before and after rehabilitation clearly
showed a density decrease in the 11-23 m section (the section with the main
tributaries). This is a significant indication that the well gravel filter has been cleaned
of clogging (water in the gravel filter has a lower density than the clay suspension
clogging the filter pores).

Of the parameters monitored, there were virtually no changes in the pH. Its depth course
and values were almost identical before and after rehabilitation (6.9—-7.9 m). There was
an increase in the values of the oxidation-reduction potential. It now reaches positive
values throughout the entire section up to the end of the well screen at 32 m. This is
probably related to the recovery of vertical flow in the well. In the section of full casing
there was a sharp drop to slightly negative values. The water temperature at the bottom
was similar to that before rehabilitation. However, it was slightly higher in the next
section of the borehole, by up to 0.3 °C, which also can be related to the recovery of
the flow. The small anomaly on the temperature curve (and on the conductivity curve)
is an indicator of significant inflow. The conductivity of the water was already quite
high before the rehabilitation: 1070-1200 pS/cm (water with a longer residence time
in the rock mass). Sulphates may have contributed to the increased mineralization in
this area. Similar values occurred at the water table, whereas in another part of the well
the conductivity was even higher, reaching values up to 1400 uS/cm. This change was
also related to the recovery of natural groundwater flow. The relative significance of
the groundwater seepage was lowered, which consequently tended to lead to a lower
conductivity.

Significant changes have occurred in the natural groundwater hydrodynamics in the
borehole. A new significant inflow has appeared at a depth of 11.95-12.3 m. Water
now enters the borehole at a depth of 11.95-12.3 m and flows downwards. Water is
added from the sandstone layer at a depth of 17.5-18.0 m (this inflow was also recorded
in the first measurement before recovery). As the water continues downwards, water is
added from a tributary at 20.2-21.0 m (the upper part of the coarse-grained sandstone
layer below the siltstone layer with clay seal—also an inflow already detected in the
first measurement). Water from all three tributaries flows through the borehole
downwards with a yield of Q = 7400 l/day. This is almost 2000 I/day more compared
to the flow before well rehabilitation. The groundwater exits the well into a layer of

113



silty clay at a depth of 29.2-29.7 m, with a slight residue at the end of the perforation
at a depth of 32 m.

To verify the inflows and to determine their relative yields, a marked fluid pumping
method was performed in the well. The water was pumped for 1.5 h from a depth of 9
m with a constant discharge of Q = 0.50 I/s. The water table dropped by s =0.51 m and
reached a steady state. An approximate calculation showed an increase in the specific
yield of approximately 20% at a pumping rate of Q = 0.5 I/s. The new inflow at a depth
of 19.95-12.3 m undoubtedly contributes to the increase in the specific yield. The
permeable positions, which were already evident when monitoring the natural flow
using the marked fluid dilution method, were confirmed. The main inflow appeared to
be from the sandstone position at a depth of 17.5-18.0 m. This represents
approximately 50% of the total yield of the well. The inflow at 20.2-21.0 m depth
contributes approximately 15% of the total well yield and the inflow at 29.2-29.7 m
depth contributes 5%. The newly discovered inflow at 11.95-12.3 m depth is quite
significant; it contributes 30% of the total well yield. In addition, it was shown that the
natural vertical flow of water is merely an overflow between permeable positions. It is
not a connection of aquifers with different discharge levels (so-called hydraulic short-
circuit), and this is because if the pumping level were lowered by 0.51 m, the direction
of water movement would be reversed and water from all tributaries would start to flow
towards the pump.

The new inflow of 11.95-12.3 m is beneficial to the well; it is located at a depth where
the casing and the water properties of this inflow are not very different from those of
the other inflows.

Based on a visual comparison of the results of the submersible camera inspection of the
well (Eigure 8) casing before and after the rehabilitation, it can be concluded that a
reduction in mineral encrustations occurred throughout the entire well screen section,
i.e., wherever the ultrasonic method was applied. It is estimated (from a camera
inspection of the well) that approximately 70-80% of the perforation holes have been
reopened, although some of the encrustation remains and therefore there is still a partial
restriction of groundwater inflow to the borehole. The greatest difference was observed
at 16-20 m below ground level, where (due to the location of the main groundwater
inflows) the mineral encrustations reached their greatest thickness and where the
geophysical well logging showed a significant inflow recovery as well as a decrease in
the well filter gravel pack density. Corrosion holes were found in the profile of the
borehole casing as well as the interconnection of some individual perforations.
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Well Rehabilitation via the Ultrasonic Method and Evaluation of Its
Effectiveness from the Pumping Test

We also compared the turbidity of the water pumped before rehabilitation and after the
start of ultrasound rehabilitation (Eigure 9).

[

Figure 9. Comparison of turbidity in raw water before (a) and after the start (b) of
ultrasound rehabilitation.

Pumping tests were performed on well MO-4 before and after rehabilitation (Table
2 and Figure 10).
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Figure 10. Well MO-4 pumping tests before (a) and after (b) rehabilitation (for the
early portion of pumping test the red straight line is used in the software (Ficaj, Pech,
& Kahuda, 2021) for evaluation of the skin factor).
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Well Rehabilitation via the Ultrasonic Method and Evaluation of Its
Effectiveness from the Pumping Test

Table 2. Pumping test parameters before and after rehabilitation.

Q Length of Pumping Test max Sw
(m3/s) (s) (m)
Before rehabilitation 0.0023 1500 42
After rehabilitation 0.0014 1250 2.05

A semilogarithmic plot of reduction vs. a logarithm of time is shown in Figure 10.
The Dtest_ ULTRA software (Ficaj, Pech, & Kahuda, 2021) was used to determine the
size of the skin effect. This software is free and subject to a GPLv3 license (the software
can be downloaded from this address: https://github.com/ficaj/pumping-
test (accessed on 23 August 2021). The software uses the calculation method outlined
above by evaluating the skin factor from the first section of the pumping test. The
software is thus able to find the equation for the line representing the first line segment
(see Eigure 11). In the case of unusual wells, the user can manually set the position of
the straight line for the first line segment (red line) by moving a point on the slider
(see Figure 11). The software is also capable of evaluating the reach of the depression
cone and both the transmissivity and hydraulic conductivity of the aquifer. After the
relevant calculations are completed, the user can view all results directly in the
program. The project created can then be saved, so the next time the application is
switched on, the user can continue working on the project. The software is able to
produce a final report (see Figure 12 and Figure 13); the user can preferentially choose
which charts are ultimately included in the report. This report can be generated in either
.docx or .html format.
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Figure 11. Dtest ULTRA software demonstration.
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The pumping test was evaluated to obtain the parameters of the aquifer and additional
resistances. During the pumping test the pumped quantity was constant and the value was
0.0023 m¥/s. The well parameters are shown in Table 1 and aquifer parameters in table 2.

Table 1. Well parameters Table 2. Aquifer parameters

Value Units Value Units
Well radius 0.150 m] Transmissivity 0.002560 [m?s]
Wellbore g Storativif 0.000529 -]
Depth of well 36.00 [m]
Skin factor, SF 16.8514 [
s_skin 2.4096 [m]

Figure 12. Final report for well MO-4 before rehabilitation.
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The pumping test was evaluated to obtain the parameters of the aquifer and additional
resistances. During the pumping test the pumped quantity was constant and the value was
0.0014 m¥/s. The well parameters are shown in Table 1 and aquifer parameters in table 2.

Table 1. Well parameters

Parameter Value Units Parameter Value Units
Well radius 0.150 [m] Transmissivity 0.002560 [m?is]
:V;;Ib;ere 285.804 [ Storativity 0.000529 0]
Depth of well 36.00 [m]

Skin factor, SF 12.7059 [

s_skin 1.05898 [m]

Table 2. Aquifer parameters

Figure 13. Final report for well MO-4 after rehabilitation.

Discusion

Table 3 outlines the evaluation of the field rehabilitation of demonstration well MO-4
in Vlastislav (Czech Republic) using the developed ultrasonic device. The skin factor
SF was determined using the Dtest ULTRA software (Ficaj, Pech, & Kahuda, 2021)

Table 3. Evaluation of the rehabilitation of well MO-4.

Q Skin Factor, SF Sw s_skin Specific Discharge
(m¥s) ) (m) (m) (m?fs)
Before rehabilitation (a) 0.0023 16.85 4.2 2.41 5.5.1074
After rehabilitation (b) 0.0014 12.7 2.05 1.1 6.83.1074
Difference (a), (b) 4.15 215 1.31 1331074
Improvement by (%) 24.63 51.2 54.36 24.18

Table 3 shows the success rate of the rehabilitation. The skin factor decreased by 4.15
m, and the total drawdown after regenerative intervention was 2.15 m less.

The rehabilitation of well MO-4 in Vlastislav by the ultrasonic method was successful
in terms of all monitored parameters. Visual inspection confirmed the removal of 2.5
m thickness of bottom sediments and improved opening of the perforation holes in the
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well screen (estimated by 70-80%). The hydrodynamic tests showed a 24.63%
reduction in skin effect, a 51.2% drawdown reduction caused by additional resistances,
and a 24.18% increase in specific discharge. The geophysical well logging indicated
the opening of a new groundwater inflow into the wellbore area and a decrease in the
density of the well casing after the rehabilitation.

A set of borehole geophysical measurement methods was applied both before and after
rehabilitation (see Figure 14). The gamma borehole geophysical method produced a
decrease in the density of the casing space at depth of about 11-23 m, which can be
interpreted as clearing of the collared part of the well casing behind the perforated
section. The resistivimetry method also indicated a significant recovery of the inflow
at 12-13 m (Prochazka, 2021).
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Figure 14. Well gravel pack density log before and after ultrasonic rehabilitation of
well MO-4.

The application of ultrasonics in the mechanical rehabilitation of well MO-4 proved
effective; however, previous experiments have indicated the necessity of simultaneous
water extraction during the operation of ultrasonics. This appears to be because the
effect of ultrasound is to release mineral buildup in the form of fine sediment, which is
capable of reclogging the well casing area without thorough removal. For this reason,
it does not seem appropriate to use the ultrasonic impact alone (Zhang, Wang, & Liu,
2003). There is also the question of the correct sequence in the combination of
rehabilitation techniques used. The basic mechanical procedures will in principle open
up space for targeted application of the ultrasonic method, but the above is related to
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the nature of the clogging layer (in the case of well MO-4 it was primarily a hard
mineral encrustation), the material, and the technical condition of the well equipment.
The application of ultrasound itself leads to further deposition of sediments at the
bottom of the borehole, so it seems appropriate to repeat, e.g., the air-lift pumping
before and after the ultrasonic phase (Abramova, Abramov, Bayazitov, & Nikonov,
2017), (Gungor-Demirci, Lee, Keck, Harrison, & Bates, 2019) , (Mansuy N. , 1999).
Last but not least, it is not entirely clear how far the mechanical effect of this method
can be achieved, nor how long it can be effective in this way (especially in comparison
with other methods) (Houben & Treskatis, 2007).

Estimated cost of MO-4 regeneration: This was an experimental well rehabilitation, but
the cost can be estimated to approximately USD 5.00, excluding diagnostic work
(camera inspection, pumping tests and geophysical measurements). The total cost
would then be approximately USD 5800.

Research in this field will continue—the research team has initiated a follow-up
EUREKA USOR research project.

Conclusions

Compared to other common rehabilitation techniques (Table 4), the ultrasonic method
is particularly effective in reducing hard mineral encrusts and its main effect applies
beyond the well casing in the area gravel filter pack, which is equally provided only by
chemical methods, but at the cost of dangerous handling and the generation of toxic
wastewater, which usually takes longer to remove than the rehabilitation itself. After
the use of the ultrasonic method (in common with other mechanical techniques), it is
possible to put the production well into operation immediately. However, the ultrasonic
method cannot be used alone, but only in combination with the pumping (or air-lift)
method, which is used here to remove the material released by the ultrasound impact
itself. In the case of a large number of mineral or organic encrustations in the well
casing or at the bottom of the well, it is advantageous to combine the ultrasonic method
with one of the high-pressure methods (hydro jet...etc.), which have a more significant
macroscopic effect on some types of precipitants. The decision on choice of
rehabilitation techniques applied needs to be made specifically based on the available
information and after an assessment of the current technical condition of the well
concerned. Among the most representative results of the experimental well
rehabilitation by means of ultrasound are the reduction of additional resistances and the
increase of specific yield, which are accompanied by a demonstrable reduction of
density in the filter area of the well.
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Table 4. Advantages and disadvantages of “ULTRA” solution in comparison to other
solutions.

Impact Operation
Physical Bottom Well Well Toxic
Methods Sediment Casing Filter Wastewater PROs CONs
Air-lift YES limited NO NO easy limited dept range
. e
pumplii me limited NO limited NO easy low effectivity
low effectivity, may
Brushes NO limited NO NO easy cause
damages
ffective, thin pro- i
Water jet NO YES  limited No TS TMRPIeT opensive may
file cause damages
Air jet NO YES limited NO effechvef thin pro- complelsx,
(hydropulse) file expensive
Ultrasound NO YES YES NO effective,  complex, expensive,
material-friendly may cause damages
Chemical
methods
4 dangerous,
Addic YES YES YES YES effective, cheap creates toxic
solvents
wastewater
Oxidants limited YES limited YES cheap dangerous,

Similar effects achieved at three other wells in the Czech Republic using a trial
deployment of ultrasound regeneration can be found at home.czu.cz/pech (accessed on
23 August 2021) (in Czech).

The ultrasonic method is a suitable addition to the spectrum of ways to rehabilitate
wells, not only for extraction wells but also for injection wells. Ultrasonic well
rehabilitation has a number of advantages over other methods. However, its
effectiveness lies mainly in its ability to degrade clogging growths of inorganic and
organic origin within the space behind the casing and outside the well casing. This
method neither requires the application of chemical substances nor causes any intrinsic
chemical reactions, which not only makes this technique environmentally friendly but
also shortens the preparation time needed for the rehabilitation work (compared to
chemical methods); furthermore, ultrasonication can be applied without the need for
approval from the water authorities or other state administration bodies. The ultrasonic
method is also non-destructive to the structural materials of the intake structures.
Moreover, it was previously shown (Abramov, Mullakaev, Abramova, Esipov, &
Mason, 2013), (Patel & Singh, 2016) that ultrasound does not have a negative effect on
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the well equipment, regardless of the material used (e.g., PVC, PE, ceramic, wood,
steel, copper, resin-bonded gravel screens, or coiled wire). This method does not put
any strain on the well equipment, the casing, or the surroundings, thereby prolonging
the operational lifetime of the containment objects. The effect of ultrasound is
immediate and effective and can significantly reduce the time required for carrying out
recovery efforts.

Ultimately, within the framework of the TACR project TH02030421 ULTRA, a fully
functional ultrasonic device for the rehabilitation of pump and seepage wells was
developed. This rehabilitation rig is self-contained, independent of support from other
machinery and transport equipment, and can be operated even without an available
electrical connection.
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HYDRODYNAMICKE ZKOUSKY

Hydrodynamické zkousky (tj. Cerpaci a stoupaci) jsou provadény za icelem stanoveni
hydraulickych parametrit  kolektoru podzemni vody (hydraulické vodivosti,
transmisivity, storativity), ale také k uréeni parametrii vlastniho cerpaného vrtu
(koeficientu dodate¢nych odport, tzv. skin faktoru a storativity vrtu). Theis v roce 1935
(Theis, 1935) na zaklad¢ idealizovanych piedpokladi publikoval feSeni zakladni
rovnice popisujici neustdlené radidlné symetrické proudéni k idedlnimu vrtu pro
kolektor s napjatou hladinou. C. V. Theis vyuzil pro popis proudéni podzemni vody
poréznim prostiedim analogickou rovnici, kterd popisuje prostup tepla pevnym
prostfedim (I-28). Jeho fesSeni se vyuziva k ur€eni transmisivity a storativity zvodné pro
pfipad vrtu bez dodatecnych odporti a se zanedbateln€ malym polomérem. Tato metoda
je znama jako tzv. metoda Theisovy typové kiivky. Na tuto praci navazali Cooper a
Jacob (Cooper & Jacob, 1946), kteti zjednodusili Theisovu studnovou funkci, kdy pro
vyssi Casy Cerpaci zkousky se v prubéhu snizeni vs. logaritmus Casu vytvaii piimkovy
usek a z Theisovy studnové funkce jsou zachovany pouze prvni dva Cleny (chyba ve
vypoctech je pro argument Theisovy funkce mensi nez 0,01-0,25 %). Prib¢h Cerpaci
zkousky je u realnych vrti vyznamné ovliviiovan dodate¢nymi odpory (vyjadifenymi
tzv. skin efektem). Jako prvni zavedli dodatecné odpory na vrtu a jeho nejblizsim okoli
do vypoc¢ti na naftovych vrtech van Everdingen (Van Everdingen, 1953) a Hurst
(Hurst, 1953). Hawkins (Hawkins Jr., 1956) zavedl ve vypoctech dodatecné odpory
formou zény okolo vrtu se zménénou hydraulickou vodivosti K. V pocatecni ¢asti
Cerpaci (i stoupaci) zkousky ma vyrazny vliv na pribéh snizeni v ¢ase vlastni objem
vrtu (tzv. storativita vrtu), kterou se jako prvni v podzemni hydraulice zabyvali
Papadopulos a Cooper (Papadopulos & Cooper, 1967) a poté v naftové oblasti Ramey
(Ramey, 1970). Zakladni feSeni rovnice neustaleného radidln¢ symetrického proudéni
kapaliny k Uiplnému vrtu s uvazovanim dodatecnych odport a vlivu vlastniho objemu
vrtu publikoval v roce 1970 Agarwal et al. (Agarwal, Al-Hussainy, & Ramey, 1970).
Nasledné fada autorii odvodila riizné postupy a metody, napt. typovych kiivek, k urceni
dodate¢nych odport a storativity vrtu z ¢erpaci zkousky. K feSeni zakladni parcialni
diferencialni rovnice radialné symetrického pfitoku za neustaleného rezimu k vrtu
pouzil Laplaceovu transformaci jako jeden z prvnich van Everdingen (Van Everdingen,
1953). K inverzi Laplaceovy tranformace se jako nejvyhodnéjsi jak v hydraulice
podzemnich vod, tak i v naftové oblasti (a to az do soucasnosti) velmi ¢asto pouziva
Stehfesttiv algoritmus 368 (Stehfest, 1970).

DODATECNE ODPORY

Regeneracni zasah na vrtu v podstaté znamena snizeni velikosti dodatecnych odport
na odCerpavaném vrtu a jeho nejblizSim okoli. Pod pojmem dodatecné odpory
rozumime souhrn jevi, jejichz vlivem dochazi k odchyleni namétenych hodnot snizeni
vody na ,,skutecném® vrtu, oproti teoretickému sniZeni ziskanému za predpokladu
,idealniho*“ modelu proudéni vody k uplnému vrtu Dodate¢né odpory zpusobuji, ze
vétSina vrtl s Casem ztraci svou specifickou kapacitu. To je zplisobeno predevs§im
starnutim vrtl, a to mechanickymi, chemickymi a biologickym procesy. Mechanicka
degradace je nejcastéji zpusobena usazovanim drobnych ¢astic v blizkém okoli
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samotného vrtu. Neékteré druhy dodateénych odportt mohou vzniknout jiz pii
zhotovovani vrtu a jejich zdrojem jsou nedostatky a nedokonalosti techniky a
technologie hloubeni a zejména vystrojeni odbérovych wvrtt, napfiklad snizeni
propustnosti v bezprostifednim okoli vrtu vlivem vniknuti vyplachu do porézniho
prostiedi nasyceného vodou pfi rotaénim zpisobu vrtani, disledkem ¢ehoz vznika tzv.
,»kalova ktira”, nebo pfi nadrazovém vrtani, kdy dochézi ke zhutnéni porézniho prostiedi
v blizkosti vrtu a tim ke sniZeni propustnosti. Dal§imi pfi¢inami mohou byt rtizné
hydromechanické, chemické, biologické aj. jevy, které se mohou vyskytnout na vrtu a
jeho okoli v pribéhu vyuzivani vrtu. Znalost velikosti dodate¢nych odpori, resp.
dodate¢ného snizeni, pfipadajiciho na ptisobeni dodate¢nych odporti, je nezbytnd pii
stanoveni efektivity vrtu a lze na zakladé jejich stanoveni sledovat proces starnuti vrtu.
Chemicka degradace je nejcasteji pozorovana v oblastech, kde proudici voda ma vyssi
mnozstvi rozpusténych mineralnich latek. Tento typ degradace je zptisoben ukladanim
mineralnich latek na jednotlivych ¢astech studny. Nejéastéjsimi latkami jsou uhli¢itan
vapenaty, uhli¢itan hofe¢naty, siran vapenaty, mangan a zelezo. Biologickou degradaci
zpusobuji bakterie, které se ve vétsin€ zvodnélych vrstev vyskytuji zcela pfirozene.
Tyto bakterie mohou byt rozdéleny do tfech zakladnich skupin. Prvni a také nejvice
roz§itenou skupinou jsou Zelezité bakterie. Tyto bakterie zptisobujici oxidaci sloucenin
zeleza a produkuji hydroxid Zelezity. Jedna se o organickou latku zbarvenou do
cervena. Tato latka ma slizovity charakter a ukladd se na sténach vrtu, jednotlivych
Castech Cerpadla a v prilehlém okoli studny. Pokud je tato latka vystavena vzduchu,
ztuhne, a tim muZe zpUsobit daleko vétsi skody. Druhou skupinou jsou bakterie
redukujici slou€eniny siry. Tyto bakterie se mohou vyskytovat i v extrémné kyselych
vodach, a to az s pH rovné 1. Produktem téchto bakterii je kyselina sirova a plynny
sirovodik. Pfitomnost téchto bakterii mize byt indikovana silnym zapachem. Posledni
skupinou jsou bakterie produkujici sliz, které koexistuji s vySe zminénymi typy
bakterii. Vytvoteny sliz nejCastéji zasahuje casti Cerpadla, ale mize také ucpavat
filtracni obsyp studny nebo pory ve zvodnélé vrstvé v okoli vrtu. VSechny zminéné
zpusoby degradace studny maji za nasledek zménu hydraulické vodivosti na
jednotlivych ¢astech studné a v ptilehlé zvodnélé vrstvé. Souhrn vSech téchto faktort
je nazyvan ,,skin effect”. Casti dodate¢nych odporti jsou zptisobeny napi. kolmataci
vrtu, tj. ucpavanim pord napt. jemnym materialem, ¢imz dochazi ke snizeni pruto¢nosti
porézniho prostedi; zachycovanim ¢astic horniny nebo obsypu v otvorech filtru, kam
piitazujeme také chemickou inkrustaci a ucpavani otvort filtru pisobenim
mikroorganismu a bakterii, netiplnym otevienim mocnosti zvodné€lé vrstvy vrtem (tzv.
neuplné vrty). Kazda cast dodatecnych odporti zptisobuje pfirtistek snizeni hladiny
vody ve vrtu.

STORATIVITAVRTU

Storativita vrtu vyrazné ovliviiuje po¢ate¢ni prabéh ¢erpaci zkousky, viz obr. 6, a to v
fadech sekund od zahajeni Cerpaci zkousky. To je zplisobeno tim, Ze na zacatku ¢erpaci
zkousky je Cerpdna voda z vlastniho objemu vrtu. S nartstajicim casem pribehu
Cerpaci zkousky nartsta pritok z okolni zvodné, a to az na hodnotu rovnou ¢erpanému
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mnozstvi. Naopak mnozstvi vody odc¢erpavané z vlastniho objemu vrtu se s ¢asem
snizuje a po Case dosahne zanedbatelné hodnoty. Mira ovlivnéni po¢ate¢niho prabéhu
cerpaci zkousky zavisi na poloméru ¢erpaného vrtu. Touto problematikou se zabyval
Ramey (Ramey H. J., 1970) a definoval takzvany jednotkovy faktor storativity vrtu,
kde tj je ¢as zvoleného bodu na pocatku CZ, kdy se Gerpa voda jen z vlastniho objemu
vrtu. Jednotkovy faktor C Ramey urcuje z pocatecni ¢asti n€kolika sekund od zacatku
cerpani (Pech P. , 2003).

KOLMATACE VRTU

Tento proces zacina bezprostiedné po uvedeni jimacich vrtii do provozu (resp. uz pii
jejich konstrukci), ackoliv vliv na snizeni hladiny (a tim i provozni vydatnost) se
projevi az po urCité dobé. Ke kolmataci vrtd dochdzi vlivem mechanické intruze
pohyblivych sedimentarnich ¢astic, akumulacim mineralnich naristt vzniklych vlivem
oxida¢né-redukénich procest a rovnéz vlivem metabolické ¢innosti chemolitotrofnich
mikroorganismii. Stérkovy filtraéni obsyp vrtu piedstavuje jistou formu hydraulické
bariéry pro pfitékajici vodu. Snizovani urovn¢ hladiny ve vrtech indukuje vyrazny
gradient napti¢ kratkého prostoru poloméru vrtu, coz z hlediska kolmatace vede
k ustaveni 2 kritickych rozhrani:

1) Hornina vs. obsyp vrtu: Nachazi se zde hranice ptivodniho porézniho prostiedi
a konstrukce vrtu s vyrazné vyssi porovitosti a vlivem objemu vody ve vrtu.
Rozhrani predstavuje oblast s nejvyssi (skutecnou) rychlosti proudéni vody, a
tedy i oblast potencialniho turbulentniho proudéni. Tato zdéna je rizikova
z hlediska mechanické kolmatace vlivem zvySené migrace pohyblivych
sedimentarnich castic.

2) Obsyp vs. perforovana vystroj vrtu: Nachdzi se na hranici vlivu oxidace
zpravidla plvodné redukéniho prostfedi (vzdusnym O,, popf. oxidace
prostfednictvim vodivého materidlu vystroje vrtu). V1iv v této zon€ je zejména
chemicko-biologické (oxidaéné-redukéni) povahy a je zde tedy riziko vzniku
chemicko-biologické kolmatace (pozn.: Tato v principu vznika na kontaktu
rizné oxidovanych piitoki podzemni vody — diivodem miize byt i pfirozena
stratigrafie podzemni vody, nejen konstrukce a vyuzivani jimacich vrtl).
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smér proudéni
podzemni vody
k vrtu

Obrazek 6. Schematizovany mechanismus kolmatace obsypu vrtu (archiv
autora)

Entrance resistanc

i Bl O, 3 A

Obriazek 7. Srovnani vzniku a hydraulickych projevii mechanické a
chemicko-biologické kolmatace (De Zwart, 2007)
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PRICINY KOLMATACE VRTU
o Na kolmataci vrtanych studni se podili cela fada procest a jeji pficiny tedy
spocivaji v lokalné odliSnych geofyzikalnich, hydrochemickych, biologickych
a geologickych podminkach, které se navic potkavaji s technickymi specifiky
vlastni konstrukce vrtl i zplsoby jejich provozovani. Z hlediska ptirodnich
podminek v bezprostiednim okoli pfedstavuje uz samotnd realizace vrtané
studny (a v dusledku jeji vyuzivani) naruseni ptivodni rovnovahy (Patzner,
2007) ve smyslu:Vyrazné zvyseni rychlosti proudéni podzemni vody
e Snizeni tlaku podzemni vody (zejména v piipad€ napjaté hladiny)
e Vznik lokélniho turbulentniho proudéni
o ZvysSeni RedOx potencialu (tj. ve prospéch oxidace)
Pti konstrukci vrtané studny rovnéz Casto dochazi k propojeni vice vodonosnych vrstev
(tj. preferencnich cest v ramci shodného kolektoru podzemni vody nebo piimo vice
kolektortr), kdy dochazi ke kontaktu tlakové odlisnych pfitokl a nasledné zménam ve
sméru proudéni. Déle dochazi k miseni podzemnich vod s odliSnym chemismem (a
zejména odliSnou oxidaci), coz vede ke komplexnim oxidacné-redukénim procestim,
které mohou dale byt umocnény pouzitim elektricky vodivych a korozivnich materiald
pro konstrukci vrtanych studni (napf. ocelové vystroje). Snizovanim Grovné hladiny
podzemni vody pfi Cerpani dochdzi k podtlaku, ktery dale posiluje pfiliv vzdusného O
do oblasti, ktera by ptirozené piedstavovala spiSe redukcni prostiedi. Soubor téchto
vlivl predstavuje komplexni ptedpoklad pro vznik kolmatace vrtt.
Lze odlisit nasledujici mechanismy kolmataci s odhadem jejich primérné Cetnosti
(Niehues, 1999):

piskovani (14%)

Mineralni inkrustace (68%)
spékani (sinterizace) (3%)
zaslemovani (1%)

koroze (5%)

nepopsané divody (9%)

V praxi nepochybné dochazi ke kombinaci a synergii jednotlivych mechanismd, jejichz
intenzita je zaroven nejvyssi v oblastech relativng nejvyssiho pritoku do vrtu — tyto se
tedy zpravidla uzaviraji nejdiive.

Piskovani

Vlivem transportu jemnych sedimentarnich castic dochdzi k postupnému zanaseni a
ucpavani jednotlivych port na piitoku do vrtu. Pfic¢inou takového zanaSeni jsou
obvykle chyby v konstrukci vrtu nebo jeho nadmérné Cerpani. Jedna se v zasadé o
princip mechanické kolmatace s né€kolika scénafi vlastniho prubéhu (De Zwart, 2007).
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Minerdalni inkrustace

Jedna se o vysledek oxidaénich procest, kdy puvodni rozpustné formy v podzemni
vodé pfitomnych ionth (typicky Fe** a Mn?") se vysrazi v minerdlni podobé a
nerozpustné formé (typicky Fe®" a Mn*"). Proces pfemény probihd ve vice formach, a
to chemickou oxidaci, nebo v pribéhu metabolickych procest chemolitotrofnich
mikroorganismi. Chemolitotrofni mikroorganismy jsou soucasti piirozené flory
podzemnich vod. Zmény RedOx potencialu v oblasti konstrukce a provozu studny
vedou k enormnimu nardstu téchto mikroorganismi, a tim i ke zvySené tvorbé
metabolickych produkti v podobé srazenin Fe a Mn. Konzistence usazenin Zeleza nebo
manganu je zpocatku mekka az slizka. V del$im casovém méfitku tyto latky ztvrdnou
v disledku postupné dehydratace. Studny, které nebyly po desetileti udrzovany, proto
vykazuji uvnitt perforace vystroji jasné viditelné ndnosy tvrdé mineralni inkrusty
rezavé Cervené barvy. Ke stejnému procesu dochazi rovnéz ve filtracnim obsypu vrtu,
ziejmé ovSem pozdé€ji a nizsi rychlosti.

A%
Obrazek 8. Mikroskopicky detail mineralni inkrustace Fe®" v poréznim
prostiedi (projekt TH02030421 ULTRA)

Sinterizace (spékani)

Lokalni uvolnéni tlaku kolektoru snizenim trovné hladiny podzemni vody mize vést
v disledku k poklesu koncentrace CO2 ve vodg, coz dale vede k pfeméné Ca(HCO3)2
-> CaCO:s a tedy k vysrazeni uhli¢itanu vapenatého z roztokd obsahujicich rozpustény
vapenec (proces vzniku krapnikd..ap.).

Zaslemovani

V ojedinélych pripadech dochazi k tvorbé biomasy v dasledku bakterialni ¢innosti pii
pritomnosti organickych latek.
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Koroze

V zavislosti na chemickém slozeni vody mize dochazet ke korozi kovovych casti
konstrukce vrtu (tj. vystroje, pazeni, ¢erpaci kolony). Principem koroze jsou zpravidla
oxida¢né-redukéni procesy v prostoru vrtu, které jsou podpoteny vodivosti materialu
pro elektricky proud (tj. vznika prakticky elektricky clanek s nizkym napétim, kde
v anodické casti dochazi k ubytku materialu a v katodické k jeho opétovnému
vysrazeni). Koroze vede k nevratnému oslabeni postizeného materialu a nelze jej tedy
regeneraci napravit. Korozi se lze vyhnout pouze pouzitim nekorozivnich materiald
(nerezova ocel, plasty, kamenina...apod.)

DEPOZICE KOLMATOVANEHO MATERIALU

Sedimenty zptisobené kolmataci lze pozorovat v riznych ¢astech konstrukce vrtu. |
pies vzajemné podobné chemické slozeni téchto lozisek ma jejich pozice vliv na ¢asovy
prubéh a moznosti identifikace i ptipadné regenerace.

Vystroj vrtu a perforacni otvory
Tento prostor je (po odstranéni Cerpaci techniky a vybaveni vrtu) nejlépe piistupny pro
inspekci. Aplikace regeneracnich postupt je velmi efektivni zejména z divodu dobré
mechanické piistupnosti. V zavislosti na technicky stav vlastni vystroje vrtu je mozné
i odstranéni tvrdych mineralnich nartsta.

Kalnik vrtu

Jedna se o nejniz§i prostor vystroje vrtu, ktery primarné slouzi pro depozici usazenin v
podzemni vodé¢ ptitomnych. V tomto prostoru prakticky nedochazi k proudéni vody, a
tedy ani ke vzniku kolmatace, ale veskeré volné sedimenty (stejné jako spadlé
predmeéty) konéi pravé zde a CiSténi tohoto prostoru je tedy zakladem postupu
regeneracnich praci. V pfipad€ vyrazné mocnosti ptitomnych sedimentid mtize dojit az
k uzavteni nizsich partii perfora¢nich otvori vystroje.

Cerpaci kolona

Usazeniny Vv této oblasti 1ze snadno mechanicky odstranit pii demontazi cerpadla.
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e BT 3
Obrazek 9. Kolmatujici usazeniny v ¢erpaci koloné (Severoceské vodovody a
kanalizace, a.s.)

Porézni prostor sterkového obsypu

Jedna se o hlavni predmét zajmu diagnostickych a regeneracnich praci, protoze
kolmatace porovych prostor obsypu vrtu se hlavni mérou podili na snizeni ptitokd vody
do vrtu a zvyseni dodate¢nych odport na vrtu. V této zon¢ nejsou kolmataci vzniklé
usazeniny vizualné identifikovatelné a lze je zjistit pouze pomoci geofyzikalnich metod
— tj. bud’ pfimym stanovenim pfitomnosti sedimentarniho materidlu (zpravidla
méfenim hustoty metodami Neutron-neutron, Gama, Kavernometrie...apod.), nebo
nepfimym méfenim distribuce ptitokti vody do vrtu (Rezistivimetrie). Tato skute¢nost
limituje detekci vyvoje kolmatace ve smyslu stanoveni rozsahu, typu a priabéhu za
ucelem vhodného nacasovani regenerace vrti. Dostupnost tohoto prostoru pro
regeneracni techniky souvisi s aktudlni konzistenci kolmatujicich usazenin.

Kolmatace sousediciho horninového prostredi

Kolmatujici usazeniny se ukladaji i v sousedicim horninovém prostiedi, ackoliv dosah
takto vzniklé tzv. ,kolmataéni zony* neni piili§ prozkouman (dle (De Zwart, 2007)
zasahuje poze do vzdalenosti <0,2m od okraje obsypu vrtu. Usazeniny z tohoto
prostoru jsou prakticky neodstranitelné.

REGENERACE VRTU

Jedna se o soubor technologii a mechanickych postupti, které jsou zpravidla
aplikovatelné v ptipadé poklesu produkéni kapacity jimacich vrtd (studni). Cilem
regeneraci je zvySeni (ve smyslu obnovy ptvodnich hodnot) pfitoku vody do vrtd,
jejich vyznam je tedy ve zvySeni propustnosti perforovanych tsekd vystroje vrtu,
filtracniho obsypu a do urcité miry rovnéz nejbliz§i ¢asti porézniho prostredi. Ve
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smyslu hydrauliky podzemni vody znamena se jedna o snizeni dodate¢nych odport
(skin efektu) ve smyslu koeficientu dodate¢nych odport W [-]. Regenerace v principu
nemaji vliv na staciondrni uroveil hladiny podzemni vody v daném objektu s vyjimku
situaci, kdy vlivem regeneracniho zasahu dojde k otevieni (resp. k propojeni) vice
pritokti s rozdilnou hodnotou hydrostatické¢ho tlaku, coz mutze vést ke zménam
piezometrického tlaku v zajmovém objektu.

Regenerace vrtl reaguji na proces kolmatace vrti (tj. ,,well ageing®), ktery je
charakterizovan snizenim propustnosti porézniho materialu v okoli jimaciho vrtu (tj.
uzavienim poru na pritoku).

Techniky regenerace jimacich vrtii

Ve vyzkumny i provozni praxi je pouzivano celé spektrum metod regeneraci jimacich
vrtd, jejichz nasazeni obvykle zaCina jednoduchymi technikami hrubého c¢isténi
vystroje vrtu. Vlastni metody jsou Casto kombinovany za Gcelem intenzifikace uc¢inku.
Principialni rozdéleni metod je na ,,mechanické” a ,,chemické.” Nevyhodou vétSiny
mechanickych metod je mala hloubka dosahu ucinku, kterou lze v praxi opakované
stanovovat (napt. geofyzikalnim nebo hydraulickym prizkumem). Vnitini stény
vystroje vrtu mohou byt uspokojiveé vycCistény témet vSemi dostupnymi metodami, ale
ve vngjsi oblasti §térkového obsypu a na rozhrani horninového prostfedi je uc¢inek
vétsSiny mechanickych metod zna¢né omezen. Hlavni pficinou je silné zpomaleni
kinetické energie v dasledku tfecich ztrat na filtra¢nich Stérbinach a zrnech Stérku
(Houben & Treskatis, 2007).

Odcerpavani sedimentu air-liftem a cisténi stén kartacovanim

Jedna se o techniky ¢isténi vrtl, nikoliv pfimo regeneracni, ale jako takové tvoii zaklad
vSech praci, jejichz sled je vzdy timto zpusobem zahajen a Casto i vicenasobné
opakovan. Jedna se o zdkladni techniky ¢isténi meékkych usazenin uvnitf vystroje vrtané
studny a odstranéni sedimenti na dné vrtu, kdy ucinek je omezen na vnitini prostor
vystroje vrtu a perforacni otvory. Pouzivané kartace jsou obvykle plastové ¢i ocelové
S mirné vétsim prumerem oproti vystroji vrtu.

Mechanicka regenerace

K rozvoji metod mechanické (tj. hydraulické) regenerace doSlo za ucelem jejich
intenzifikace a zaroven vzniku alternativy k metodam regenerace chemické, ktera
(krome vysoké t€innosti) znamena zavadéni mnozstvi cizorodych latek do podzemnich
vod a horninového prostredi (Patzner, 2007).

Metody vysokého tlaku

Jedna se o aplikaci vysokotlakého vodniho paprsku (280-500bar) se stabilni ¢i rotaéni
tryskou uvnitf jimacich vrtl za ucelem vyuziti kinetické energie k rozbiti formaci
kolmatujicich sediment (tj. vysokotlaky &isti¢). U¢inek metody na filtraéni obsyp vrtu
je ponékud sporny. Metoda je vysoce efektivni pro vnitini prostor vystroje vrtu, kde
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jejim prostfednictvim lze odstranit i tvrdé mineralni nartisty uvnitf vystroje vrtu a
perforacnich otvorti. V hlubsich vrstvach filtraéniho obsypu dochazi ovSem k rychlym
ztratam kinetické energie vzhledem k odporu vody (vlastni operace obvykle probiha
pod vodou) a po opakovaném rozbiti koncentrovaného vodniho paprsku prichodem
stérkového obsypu. Uéinek ve $térkovém obsypu je tedy ziejmé prevazné hydraulicky
- 1j. vymyvani zvySenim pritoku v dané sekci. Vysoka rychlost rotace trysek zpuisobuje
vibraci v okoli opera¢niho prostoru, ktera se podili na procesu regenerace. Rotace je
zaroven dulezita pro bezpecnost materidlu vystroje vrtu, protoze v pripade jejiho
zastaveni hrozi bodové poruSeni materialu vystroje vrtu (zejména v piipadé pieklizky,
PVC, PE nebo kameniny). Pocet otacek se pohybuje v rozmezi 10-10.000 r/min.
Mén¢ obvyklym konceptem aplikace metody vysokého tlaku je tzv. vng&jsi
proplachovani, které se provadi pomoci vpichované sondy piimo v obsypu vrtu, tj. bez
omezeni zptusobeném pruchodem vodniho paprsku pies perforovanou cast vystroje.
Uginnost této metody oviem neni znama.

Intenzivni cerpadni

ZvysSeni rychlosti proudéni v¢. indukce turbulentniho proudéni (tj. mechanismy
zpusobujici v del$im ¢asovém méfitku mechanickou kolmataci) 1ze kratkodobé vyuzit
jako regeneracni techniky. Principem je intenzifikace Cerpani uzavienim ponorného
Cerpadla shora i zdola tésnénim (packerem) tak, aby byla bodové indukovana pouze
horizontalni slozka proudéni a zvysilo se tak nasobné¢ mnozstvi od¢erpané vody z kazdé
sekce oproti béznému provozu. Princip ma efektivitu pro volné sedimentované ¢astice
Vv prostoru Stérkového obsypu, zptsobuje rovnéz nartst rychlosti proudéni podzemni
vody Vv kolektoru, coZ naopak muZe aktivovat pohyblivou ¢ast sedimentl v této zoné,
které naopak podpoii dalsi mechanickou kolmataci vrtu. Metoda je tedy piedevsim
vhodna pro ,aktivaci novych vrtanych studni po jejich dokonceni a sedimentli ze
Stérkového obsypu, které byly uvolnény jinymi metodami.

Pisty

Vertikalni pohyb tésnicich kotou¢iti (tj. diskovych packerti) indukuje proudéni v
prilehlé casti Stérkového obsypu, diky ¢emuz dochazi k pfemisténi voln€ usazenych
sedimentarnich castic. Metoda neni pfili§ ucinna, ale neovlivituje rychlost proudéni
podzemni vody v pfilehlé ¢asti kolektoru.

Nizkotlaké promyvani

Pii nizkém tlaku, ale naopak vysokém pratoku vody lze dosahnout efektu lokalniho
rozvolnéni Stérkového obsypu pii priniku vody do dané oblasti.

Razové (seismické) metody

Utinnym prostiedkem regeneraci je rdzovani tlakovou vlnou, kterou lze generovat
vybusninou, zapalem uvolnéného H» po hydrolyze nebo razovou expanzi vysoce
stlaeného plynu (vzduchu nebo N> — tzv. Hydro-pulse). Témito zpusoby dochazi
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k uvolnéni seismické viny, ktera zapiic¢ini doCasny pohyb frakce Stérkového obsypu
spole¢né s promytim prostoru tlakovou vinou. Vysledkem jsou nahlé zmény v objemu
filtra¢niho materidlu, které mohou vést k enormnimu naristu pfitoku podzemni vody,
ale naopak mohou piedstavovat riziko pro vlastni konstrukci vrtu zejména u starSich
objektd s porusenou integritou vystroje vrtu.

Chemické regenerace

Jedna se o techniky vyuzivajici aplikaci chemickych ¢inidel za ucelem zasahu do
oxida¢né-redukénich proces, které jsou pricinou nejveétsi casti kolmataci.

Pouzivané skupiny ¢inidel jsou:

o redukeni Cinidla: Kyseliny mineralni (HCI) nebo organické (citronova, octova,
glykolova) v roztoku docasné obnovi redukéni prostredi, ve kterém dochazi
k rozpusténi mineralnich nartsta (coby produkti oxida¢nich procesti). Dochazi
casteCné k rozpadu struktur formaci usazenin a zménam mocenstvi do
vodorozpustnych forem ionti (zejména Fe a Mn), které je mozné s vodou
odcerpat.

e oxidacni ¢inidla: (H202, KMnO., NaClO) Jsou pouzivana k urychleni
probihajicich oxida¢nich procest spojenych s rozpadem struktur a vlivem
zejména na organické latky (rozpad az na COy)

Vhodné ¢inidlo a aplikovanou davku je nezbytné zvolit na zaklad¢ predchozi analyzy
chemické povahy kolmatujicich sedimentii a rovnéZ celkového chemismu podzemni
vody, horninového prostfedi a predpokladanych dopadli provoznich i
environmentalnich. Po zvolené dobé expozice je nutné odCerpani vzniklého objemu
odpadni vody (obvykle 10-20ti nasobku pouzitého objemu Ccinidla) a zamezeni
pritomnosti rezidui. Od¢erpana voda obvykle stale obsahuje mnozstvi aplikovaného
¢inidla a reak¢énich produktd, musi tedy byt neutralizovana a ptislusné zlikvidovana.
Cerpani musi trvat do doby ustaveni ptivodnich hodnot pH. Kazd4 chemicka regenerace
je potencialn€ environmentaln¢ rizikova.

Termické metody

V literatuie (Mansuy, 1999) je popsana metoda expanze COz, ktera spociva v injektazi
plynného CO2 do prostoru vrtu nebo selektivné po ¢astech do stérkového obsypu za
ucelem vytésnéni vody ze zajmového porézniho prostoru. Nasleduje aplikace
kapalného COs. (t~ -40 °C), ktery kromé teplotniho Soku plisobi zvétsovani porézniho
prostoru expanzi CO; pii jeho postupném odpatfovani. Tento proces by mél vést k
otfesim a turbulencim, konkrétni aplikace ani U€innost ovSem nejsou v literatute

popsany.

Akustické metody

Vyzkum G¢inku ultrazvukové viny na snizeni dodateénych odpori na plasti jimaciho
vrtu (tj. regeneracni U¢inek) byl pfedmétem feseného projektu TH02030421 ULTRA,
proto je tomuto principu vénovan vétsi prostor i v tomto textu.
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V literatufe je popsan experiment s akustickou metodou ve ,slySitelném® spektru
(Patzner, 2007), kdy se ovSem jednalo spiSe o vibraci rezonujiciho pfedmétu
generovanou hydraulickym motorem pfipojené vrtné soupravy. Princip se v praxi
regeneraci vrtll neujal, ale naopak je v soucasnosti vyuzivan u takzvaného zvukového
vrtani ,,sonic drilling.*
Pokusy s vyuzitim ultrazvuku pro regeneraci vrtanych studni se datuji cca od roku
1980, tspésné konstrukce zafizeni od r. 1995 a vyzkumny podklad byl realizovan
teprve v roce 2003 uvedenim do provozu laboratorniho fyzikalniho modelu URSEL
(Bott, Wiacek, & Wilken, 2003). Jedna se o mechanickou metodu s ti¢innosti v mikro
az nano méfitku a bez namdhani konstrukénich prvkl jimacich vrtt.

Tabulka 1. Déleni pouzivanych metod regenerace jimacich vrtd (Patzner, 2007)

hydro-mechanické termické
metody: chemické nizkotlaké procesy
vysokotlaké procesy|(intenzivni cerpani, [vysokotlaké pulsy |ultrazvuk expanze CO,
pisty)
V disledku
aplikace explozivniho
. pomoci nardistu objemu ) ,
ko;ci? t'ror:/ a: YChl- vysokotlakych v oblastiobsypu  [(vybusniny, emise , kapalny C0;0
o redukénich (kyselin) ] ) AT ultrazvukovych teploté cca-40°Cje
princip: . e trysek vyvolan generovany vysoké [stlacenéhoi .,
€i oxidacnich (H,0,, i o ., |pulsti zevnitf vypoustén do
mechanicky Gcinek |rychlosti proudéni |plynu..ap.)vznika [, . R
KMnO,, Naclo,) - -— vystroje vrtu Stérkové komory.
- tryskani sesmickd vinas
Cinidel mechanickym
Ucinkem.
odér tvrdych R
ruzpusténia mechanické e . A / ., |rozpad povlakiiv
) o . mechanicky Gcinek |mechanicky tlakovy |inkrust, zkapalnéni |
licinek: nasledné odcerpani |odstranovani . disledku
e v ... v . |proudénivody Ucinek makromolekul, ) , .
nardistli a srazenin  [narlstd a srazenin . objemovych zmén
rozpad povlakiv
nelze pouiitv . -
o Ucinek pouze v omezeny Ucinek na omezeny Ucinek na
e, |situacich tcinek pouze na R , L
omezeni ticinnosti; . R perforaci vystroje  |jemny filtracni bez omezeni jemny filtracni
nepripustné zmény [okraji obsypu vrtu » .
i vrtu material material
chemizmu vody
. vznik velkého riziko poSkozeni  |moind aktivace mozna aktivace . poskozeni
riziko: . N o o bez nebezpei o L
objemu odpadni  [integrity vystroje  |sediment( z sediment(i z material{, ohrozeni
rozsah Gicinku: vystroj a obsyp vrtu [vystroj vrtu vystroj vrtu vystroj a obsyp vrtu [vystroj a obsyp vrtu [vystroj a obsyp vrtu
Ultrazvuk

Ultrazvuk je mechanické vinéni vyvolané vzajemnym rozkmitanim elastickych ¢astic
s frekvenci vyssi nez 20 kHz, tedy mimo rozsah lidského sluchu. V zavislosti na
frekvenci se ultrazvukové vinéni déli na tii kategorie, silovy ultrazvuk s frekvenci 20—
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100 kHz, vysokofrekvencni s frekvenci od 100 kHz do 1 MHz a diagnosticky ultrazvuk
o frekvencich 1-500 MHz. S vyssi hustotou prostiedi (tj. bliz$i vzdalenosti Castic)
stoupa rychlost Sifeni viny. Nejpomaleji se tedy bude vinéni $ifit v plynech, rychleji v
kapalinach a pevnych latkach. Zdrojem uméle vytvatrené¢ho ultrazvuku je ultrazvukovy
generator. Pro ultrazvuky o malé intenzité to jsou pistaly, ladicky a sirény, ty jsou
schopny vytvotit jen frekvenci <200 kHz. Pro vyssi frekvence jsou vyuzivany
elektromechanické (piezoelektrické) nebo magnetostrikéni generatory (ménice).
Magnetostrikéni méni¢ pracuje na principu zmény rozméru feromagnetického
materialu pfi vloZeni do sttidavého magnetického pole. Rychlost Sitfeni ultrazvukového
vinéni je zdvisld na pruznosti a hustoté prostfedi, kterym prochazi (Jiittnerovd &
Bryjova, 2016) (pro vodu je rychlost sifeni ultrazvukového vinéni 1480 m/s).
Ultrazvukové kmity lze vytvofit tfemi typy generatorQ:

1. mechanickymi (malé ladicky, pistaly; mala frekvence a vykon),

2. magnetostrikénimi (kmity kolem Zelezné ty¢inky v magnetickém poli
elektromagnetu, ktery je napajen stifidavym proudem: velky vykon, ale frekvence jen
do 100 kHz; pouZiti v zubnim Iékatstvi a chirurgii),

3. piezoelektrickymi (kfemikova desticka je pfipojena k elektrodam se stfidavym
napétim, tedy kmitd se stejnou frekvenci jako napéti a méni energii elektrickou na
mechanickou, kterd rozkmita okolni prostiedi; pouziti pro diagnostické i terapeutické
ucely).

» Vysoka frekvence zptsobuje velmi kratkou vinovou délku ultrazvukovych vin, ve
kterych ale dochazi pii vyssich intenzitach k tlakovym zménam v fadech MPa

* Tepelné ucinky — energie viny je pfimo umérna druhé mocniné frekvence. Znacna
absorpce je na rozhrani tkani s riznou akustickou impedanci (mekka tkan X kost =
periostalni bolest).

* Mechanické — prichod ultrazvukové viny prostiedim ma za nasledek lokalni tlakové
zmény (MPa/mm). Mechanické vinéni a tedy i zvuk se §ifi ve vSech skupenstvich latky
pomoci vazeb mezi ¢asticemi. Dochazi k prenosu energie kmitavého pohybu na
sousedni Castice a tim k $ifeni kmitu. Prostiedi se nazyva pruznym.

* Fyzikélné-chemické — ultrazvuk ma u¢inky disperzni, coz znamenad, ze s jeho pomoci
lze pripravit jemné suspenze, emulze, pény apod., a také koagulacni — slouzi napt. k
¢isténi plynu.

* Biologické — do intenzity 3 W/cm? maji ultrazvuky spiSe biopozitivni G&inky:
zrychleni metabolické vymény apod., nad 3 W/cm? maji za nasledek ireverzibilni
morfologické zmény — rozbiti bunééného jadra, tepelna koagulace bilkovin.

Pii pouziti ultrazvukové viny pro regeneraci jimacich vrti je jednim z limitujicich
faktort hloubka priniku viny napfi¢ prostiedim, coz zavisi na frekvenci ultrazvukové
viny a plati zde nepiima tumérnost. Pro paznici a Stérkovy obsyp se v praxi jedna o 25—
35 cm, coz odpovida vzdalenosti, na které¢ klesne v daném prostredi vinova amplituda
na polovinu ptivodni hodnoty. Kinetickd energie je v principu méné¢ pohlcovana v
kapalinach a pevnych latkach. Uginek ultrazvuku je mechanicky a termicky na
anorganické i organické materily. Sifenim ultrazvuku prostfedim dochazi k
rozkmitani jeho molekul a tim k rychlym zméndm tlaku. Pfi prichodu ultrazvuku
tkanémi se velka cast energie pfeménuje na mechanickou, dochazi k vibracim tkani,
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coz vede ke zméné vlastnosti bunéénych membran (fyzikalné-chemicky ucinek),
Stépeni vysokomolekuldrnich latek (chemicky ti€inek) a absorpci mechanické energie
(biologicky ucinek). Pfi regeneraci jimacich vrtd ultrazvukovou technologii jsou
vyuzivany zejména 4 hlavni ucinky:

1) Odstranéni tvrdych inkrust vlivem rozdili v deformaci zrn obsypu a pokryvu.
Pfi¢inou je rozdilnd mechanick4 deformace na rozhrani material

2) Ztekuceni organickych molekul mechanickym namahanim. Ultrazvukem jsou
roztrhany velké organické molekuly na mensi. Je potvrzen urcity stupein letality pro
viry a baktérie (obr. 2)

3) ,,Obrouseni“inkrustti mezi zrny obsypu. Energie ultrazvuku zapfti¢iiuje pohyb na
molekularni urovni, coz vede k obrouseni povrchu materialt

4) Kavitace. Proud ultrazvuku vyviji skrz podtlak rozruSeni kolmatace

TERENNI APLIKACE ULTRAZVUKOVE METODY

Experimentalni poloprovozni nasazeni bylo provedeno v ramci vyzkumného projektu
THO02030421 ULTRA a k prvnimu nasazeni nové vyvijené sestavy doslo v roce 2021
celkem na 3 vodarenskych jimacich vrtech: Vsetaty HV-5, Vlastislav MO-4 a Lisany
R-3.

Objekt HV-5 pochazi z roku 1977 a v soucasné dobé je drzen jako zalozni vodarensky
jimaci zdroj subjektu Stfredoceské vodarny, a.s., v ramci jimaciho tizemi VSetaty. V
obdobi cca 1980-2000 byl vrt intenzivné vyuzivan provozni vydatnosti <10 1/s. Jedna
se o jimaci vrtanou studnu vrtného priméru d450mm s ocelovou vystroji DN377 mm
s usekem vrtané perforace 4,2—-11,0 m p.t. Vrt jima vodu z mélkého kolektoru stari
kvartéru, troven hladiny podzemni vody (HPV) se pohybuje cca kolem 1 m p.t. V
ramci predchoziho provozu vrt nebyl nikdy regenerovan, hydrodynamické zkousky
byly provedeny pouze v dobé zprovoznéni vrtu v roce 1977 (kdy byl vrt testovan na
Q=20,61 I/s).

Objekt Vlastislav MO-4 byl zhotoven v roce 1967 do kone¢né hloubky 36 m. Vrtany
pramér je 530 mm, pramér ocelového plaste¢ 325 mm. Otevieny Gsek vystroje vrtu
sestava z vrtané perforace a 0bsyp vrtu je vytvoien z granulovaného filtra¢niho obsypu
frakce 8/15 mm. Vrt jima vodu ze zvodné s volnou hladinou, pocate¢ni Cerpaci kapacita
(po dokonéeni vrtu) byla odhadovana cca 5 I/s. Vrt je vodaresnky provozovan a je
soucasti jimaciho izemi spolec¢nosti Severoceské vodovody a kanalizace, a.s.-

Jimaci vrt R-3 byl zhotoven v r.1982 spole¢nosti VODNI ZDROJE, n.p. vrtnym
pramérem d495mm do kone¢né hloubky 82 m p.t. Vystroj vrtu je ocelova pruméru
d273mm s usekem kruhové vrtané perforace 29,86-71,89m p.t., objekt je umistén v
podzemni Sachté. Vrt je vodarensky provozovan a je soucasti jimaciho uzemi
spole¢nosti RAVOS Rakovnik, a.s.

Regeneracni prace byly zahajeny standardni technikou mechanického &isténi — tj.
oCisténim stén vrtu ocelovym kartd¢em a odCerpanim sedimentu hydropneumatickym
(mamutovym) Cerpadlem za ucelem zpriichodnéni vnitfniho prostoru vystroje vrtu a
odtézeni napadavky v kalniku v¢. odstranéni cizich pfedméti ze dna. Nasledné byly
aplikovana technologie ultrazvuku s cilem otevieni maximalniho mnozstvi
perforacnich otvorti, které jsou v soucasnosti vlivem pokrocilé kolmatace vrtu
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zaneseny, a rovnéz zpruchodnéni obsypu vrtu v prostoru za plastém vystroje. Vrt byl
vystaven pusobeni ultrazvukové viny s celkovym vykonem 7,5 kW po primérnou dobu
10 min/1 m perforovaného tseku vystroje pifi simultdnnim odcerpavani uvolnéného
sedimentu. Pfed zahajenim a po regeneraci byla provedena TV kontrola technického
stavu vystroje vrtu a ovéfovaci hydrodynamicka zkouska (t=30 min). Uroveti hladiny
podzemni vody byla méfena pomoci automatické tlakové sondy (v casovém intervalu
1 s) a sreferenénim méfenim pomoci ruéniho hladinoméru. Vysledky byly
vyhodnoceny metodami hydrauliky podzemni vody: Orientacné byla stanovena
hodnota specifické vydatnosti q [I/s/m] dle aktualni ¢erpané vydatnosti a (pseudo)
ustalené trovné hladiny podzemni vody. Vztahem, ktery vychazi z feseni (Pech P. ,
2003), byl stanoven koeficient dodate¢nych tlakovych odport jimaciho vrtu W(-) v¢.
souvisejicich hydraulickych charakteristik.

V ramci provedenych experimentalnich regeneraci vrti metodou ultrazvuku doslo k
uspésnému nasazeni této technologie na vSech testovanych lokalitach a zvySeni vSech
sledovanych parametri. Vzhledem ke komplexni povaze hlavniho posuzovaného
parametru (W[-] — koeficient dodate¢nych odport, viz. (Agarwal, Al-Hussainy, &
Ramey, 1970)) byla v jednom z ptipadt (vrt LiSany R3) zaznamendna nejednoznacnost
jeho interpretace pro vyhodnoceni Gspésnosti regeneraci, kdy kolmatace vrtu (jakkoliv
prokazand) se pouze minimalné projevila ve vyvoji tohoto parametru. Divod povazuji
za hydrogeologického rdzu a miize byt pfedmétem detailniho vyzkumu zijmové
lokality.
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Tabulka 2: Srovnani hydraulickych parametri ovlivnénych regeneraci ultrazvukem

T[m?/s]
qll/s/m]
Q[m®/s]=
1/lp=
C[m’])=
Col-I=

I
W[-]=

hw[m]=

Tim?/s]
qll/s/m]
Q[m®/s]=
1/lp=
C[m?)=
Col-1=

I
W[-]=

hw[m]=

T[m?/s]
qll/s/m]
Q[m®/s]=
1/Ip=
C[m?)=
Col-I=

|
W[-]=

hw[m]=

Vsetaty HV5

PRED regeneraci

PO regeneraci

4.10E-02 5.22E-02
18.71 21.14
0.01 0.01
29.50 36.26
0.19 0.30
856.24 1338.30
0.19 0.18
4.15 3.46
0.13 0.08
Vlastislav MO4

PRED regeneraci

PO regeneraci

1.92E-03 1.92E-03
0.71 0.93
0.001 0.001
68.49 59.17
0.10 0.08
2102.53 1816.42
0.99 0.98
4.81 4.77
0.65 0.36
LiSany R3

PRED regeneraci

PO regeneraci

1.96E-03 3.67E-03
9.72 15.85
0.006 0.007
46.30 35.97
0.29 0.24
2961.70 2410.83
0.08 0.06
-4.61 -4.95
-0.63 -141
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transmisivita zvodné

specificka vydatnost

¢erpanad vydatnost

prevrdcena hodnota sklonu pti prazdnéni vrtu
koeficient

bezrozmérnd storativita vrtu

hydraulicky gradient

koeficient dodatecnych odporl

snizeni zpGsobené dodate¢nymi odpory

transmisivita zvodné

specificka vydatnost

cerpand vydatnost

pfevrdcena hodnota sklonu pfi prdzdnéni vrtu
koeficient

bezrozmérnd storativita vrtu

hydraulicky gradient

koeficient dodatecnych odport

snizeni zpUsobené dodatecnymi odpory

transmisivita zvodné

specificka vydatnost

¢erpand vydatnost

prevracena hodnota sklonu pti prazdnéni vrtu
koeficient

bezrozmérna storativita vrtu

hydraulicky gradient

koeficient dodate¢nych odporu

snizeni zpUsobené dodatecnymi odpory
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