THIS PAPER

~-represents an effort by the Society to deliver
technical data direct from the author to the
' yeader with the greatest possible speed. To this
end, it has hadnone of the usual editing reguired
in more formal publication procedures.

Readers areinviied to submit discussion ap;.;'iy-
ing to curreat papers. For thig paper the final
date on which a discussion should reach the

Manager of Technical Publications appears on

the front cover,

Those who are planning papers or discussions

for “Proceedings” will expedite Division. and
Committee action measurably by first studying
«Publication Procedure for Technical Papers”
{Proceedings — Separate No. 260), For free
copies of this Separate~describing style, con-
tent, and format-address the Manager, Techni~
cal Publications, ABCE. :

Reprints from this publication may be made on
condition that the full title of paper, name of
author, page reference, and date of publication
by the Scciety are given.

The Society is not responsible for any statf:ment
made or opinion expressed in its publications,

This paper was published at 1745 S, State Street,
Ann Arbor, Mich., by the American Society of

' Civil Engineers. Editorial and General Offices
are at 33 West Thirty-ninth Street, New York 18,
N. Y.

i

3

GRAPHICAL AND THEORETICAL ANALYSIS OF
STEP-DRAWDOWN TEST OF ARTESIAN WELL!

M. I. Rorabaugh,® Assoc. M. ASCE

ABSTRACT

The drawdown in an artesian well resulting from the withdrawal of water
is made up of head loss resulting from laminar flow in the formation, and
head loss resulting from turbulent fiow in the zone outside the well, through
the well screen, and in the well casing. :

A graphical method for the empirical determination of laminar and turby-
lent head losses is glven in this paper, The empirical method is compared
and related to theoretical equations. A method is given for computing the
head-loss distribution outside the pumped well for various pumping rates.
Analysis is made of the variation of specific capacity with discharge and of
the importance of well radiug in well design,

INTRODUCTION

€, B, Jacob, in a paper entitied, “Drawdown {est to determine effective

. radlus of artesian well,”® presented a method for evaluating the head loss
resulting from turbulent flow in the immediate vicinity of an artesian well by

means of 4 step-drawdown {est. The assumpiion was made that the flow near

i the well face would be turbulent, the head loss in the zone of turbulence being

“approximately proportional to some higher power of the velocity approach-
ing the square of the veloc lty:'; wherezas the flow in the remainder of the
aguifer would be laminar, the aguifer loss varying directly as the discharge.

N. J. Lusczynski, in a study of which the results have not been published,
developed 2 method using an observation well to eliminate correction for
time effects, In that paper, the turbulent-flow exponent was considered as
an unknown constant rather than approximated as a square relationship.

Graphical Method
Jacob used the eguation
8y = BQ + CQF {1)

k< in which Sy is the drawdown in the pumped well; B, the aguifer constant;

., the *well-loss” constant; and ), the discharge.* As used in this paper,
: gw is the drawdown in the pumped weil for a constant discharge at a fixed

_i. Published by permission of the Director, U, 8. Geological Survey.

. Bist, Engr., U.58. Geol. Survey, Ground Water Branch, Louisville, Ky.

. Jacob, C. E,, Drawdown test {o determine effective radius of artesian well;

£ Am. Boc. Civil Eng. Trans,, vol. 112, paper no. 2321, p. 1047, 1847,

4. The letter symbols in this paper are defined where they first appear and
are assembled alphabetivally, for convenience of reference, in the Appendix.
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tkme, pro 1 the well was in a static condition prior to each step. I the
well is not aifowed to recover between steps {changes in pumping rates),
drawdown curves must be extended as was done by Jacob. In this paper sy

for any step is equal to the sum of the incremental drawdowns used by Jacob,

Sy = D0AS, + A8y 4 wroan n). Jacob’s equation can be put in-the form

%’«Bch

log (B - B) =

or
log C+log Q {2}

The tatter is in the form of a straight-line equation and will piot as a
straight line on log-log paper when Q is plotted against (EQE' ~-B), At Q=1,
Cw= E'-"QY - B. The siope of the line i unity. On figure 1, line A is plotted from
Tacob's solution {B = 18 sec./ft.5, C = 1.35 sec.?/it.%) by drawing a straight
fine at a 45° angle (slope = 1) through the point Q = 1, §—W' « Bw=C =138

When the step-test data used by Jacob are plotted on thie. dlagram, it is found
that the data for the various steps piot 2 curve (parameter B = 19 on fig. 1)
rather than a straight line, I the exponent for turbulent flow iz allowed to
stand as the square, poinis 2, 3, and 4 could be considered to be within the
range of error of measurement, although these points indicate possible cor-
vature, Point 1, determined at the lowest rate of discharge, might be dis.
counted if it be assumed that turbulencé was not fally developed at that rate.

If the exponent for turbulent flow is expressed as an unknown constant “n*
& similar analysis may be used. The equation i8 then

sy = BQ + CQP @
which rearranges to
Pw_my .-t
3 Q
or

20g{%‘—‘»’»1’3)=10g€+{n~1}108‘% S (4)

An emptrical solution is obtained by a graphical solution of the straight-line
equation on log-iog paper.

Assume values of B; for each value of B, plot {%&" -~ B} vs. Q on log paper.

The solution is obtained when a value of B is found that produces a straight

line. C is obtained from the intercept; L.e., where Q=1, C= -a- - B. The

slope of the Hne equals {n - 1}, which produces a solution for n. Figure 1,

baged on Jacob’s data, illustrates this method, Curves are shown for vartous -

triais of B. The final solution is B = 20.4 sec./ft.%; C, from the Q intercept,
= {.44; and n, from the siope, equals 2.64. Units of CQP must be feet, so thal

the units of C are sec./it.3% ~ 1,

Table 1 shows original data and drawdown computed by both methods.
Also shown are drawdowns for bigher rates of pumping as might be computed
for design of a pump.
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TABLE 1
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Inspectis of figure 1 and table 1 shows the following:

1. Draw.. #ns computed by either method are very close to the original _}
data. The problem is one of writing the eguation of a curve fitting four poip
The data cover such a short range that any number of different curves ceulq
be applied. If the test covers the range of use, either solution may be ap-
plied. However, if computations must be made for discharge greatly in ex-
cess of those used in the test (for pumyp design or for determination of maxi
mum yield), interpretation might be poor. Until better methods are devised,
a margin of safety ean be provided by computation by both methods, using 4
the least favorable solution for the purpose.

2. Cornparison of the formational portion of the drawdown (BQ) computed
by the two methods shows that the log-log graphical method asslgns a larger
portion of the total drawdown to formational loss, and shows smaller “well .
loss” in the range of the data but greater “well loss” in the extension to
higher discharges. ¥

3. The graphical method emphasizes the need for accurate data. Small :
erros in discharge or drawdown measurements will cause relatively large .
errors in n, B, and ¢, This sensitivity is present in Jacob's and Lusczynski’s )
methods but i5 not nearly 8o apparent as In the log-log graphical method.

4. The graphical method has a definite advantage over the mathematical .
equation. In applying the equation no allowance ean be made for experimental i 3
error becruse the data must be treated in groups. Averaging resuits ob- &
tained by computing successive groups of data may yield poor resuits. By
the graphical method a line is fitted to all the data. If one set of data is poor, .
it will fall off the curves and can be given less weight. In the mathematical
method one poor reading could affect three successive sets of computations, .
It is generally recognized that graphical procedures are best for ireating '
problems based on measurements of physical guantities in which errors are
inherent. Rounding or adjusting the original data graphically before applying
the equation may eliminate poor data; however, such a procedure must be
done cautiously as adjusted data may lead to misinterpretation.

_ 5, The graphical method is much less complicated than the mathematieal,
It can be applied treating the exponent as an unknown constant; or, if condi-
tions warrant acceptance of the exponent as a square, the best fit of a 4%
Hne will give a solution. '

Magnitude of exponent “n”

Jacob”s adoption of an exponent of 2 for turbulent flow is reasonable in
view of the results of widely different hydraulic stedies, and it may eventually
prove to be an assumption that will produce usable results for many problems.]

R. W. Staliman, Lusczynski, Facob, W. F. Guyton, and the author have dis-
cussed this problem for several years. The graphical method has been ap-
plied to several fests and in each case the exponent has been greater than 2,
Apparently, the explanation Hes in the {fact that past analysis has Deen based
on the assumption that the critical radius is constant as discharge varies,

It seems logical to assume that, at low rates of flow, no turbulence is present -
in the aquifer. As discharge is increased turbulent flow occurs first at the © |
well face, and as discharge is further increased the boundary between Jaminar.
flow and turbulent flow moves ocutward from the well. The assumption that -
the head loss can be separated into BQ, representing laminar-flow losses,
and CQN, representing turbulent-flow losses, for all discharge rates is there.
fore erroneous; however, the empirical solution is usable for ceriain prob-
lems, as will be demonstrated Iater in this paper.
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rates of discharge if the area of turbulence be allowed to vary with & ~harge.
Shown also 1s the BQ + CQP empirical distribution of head. The gra  .al
method is based on the assumption of a constant radius, rp, for the boundary
between *well Joss” and formation loss. Only af one discharge rate, Qp,
would the radius ryp coincide with the true boupdary between laminar and

turbulent flow, At a higher discharge rate the drawdown atiributed to forma-

tional losa, BQ, carries the logarithmic distribution of head into the turbu-
jent zone as shown by the dashed line in the sketch. The term for “well loss,”
CQR, represents the loss from the intersection of the logarithmic distribution
curve with the radius ry to the pumping level in the weil, It includes the
loss caused by turbulent flow between rp and the well face {which varies
approximately as the square of the discharge), plus the excess of actual
turbulent-flow loss over assumed laminar-flow 10ss in the zone beiween Ty
and the turbulent-laminar-flow boundary, plus the loss due to upward flow in
the well, s¢ (which also varies approximately as the square of the discharge).
1t can be seen, then, that the exponent in the term CQP is not a {rue expres-
sion of the variation of head loss with discharge for conditions of turbulent
flow. 'The exponent may be unity at very low rateg of discharge, or it may
ha in excess of 2 for the case where the {urbulent zone has a radius in excess
of ry. Jacob’s assumption of the exponent of 2 would be true only for the
discharge rate of Qp; however, his assumption would yield a2 usable selution
in cases where the turbulent fiow up the well was large relative to the turbu-
fent ioss in the aquifer.

If laminar flow exists at low rates, the data should piot horizonially
tslope of n - 3 = 0} on the log plot. Figure 3 shows data for a step test run
southwest of Louisville, Ky,, in 1945, The first two points plot as & hori-
zontal line (slope = 0} indicating laminar fiow. Since osly two poinis are
avatlable for higher rates of discharge, it is not possible to evaluate the test.
If the square relationship be assumed, the data may be interpreted as:

For @ < Qg, 8y = BQ+ C'Q {for laminar flow)
For Q > Qg, By = BQ + CQ? (for turbulent flow}

where C is the “well-loss" constant for turbulent flow and C° the “weli-loss
constant for laminar flow, and Q, is the critical discharge helow which lami-
nar flow prevails. The critical discharge, Qg, is determined approximately
as 1.5 efg from the intersection of the two straight lines. B is determined
25 14.25; € = 1.54 {from the intercept of the 45° line; and C' = 2.30 {rom the
intercept of the horizoniai line.

Reynolds numbers are computed® at the well face for the four sieps as
$, 13, 17, and 23. These figures are necessarily approximate, bt they do
indicate that the assumption of laminar flow for the jower steps is not ua-~
reasonable. Tolman® indicates that laminar flow exists for R <19,

5. Grain size determined initially by sieve analysis and modified by develop~
ment of the well during construction to remove the finer-grained 60 per-
cent of the particles. Reynolds number then computed as average grain
size of remaining 40 percent of material times velocify times density di-
vided by absojute viscosity. Velocify is used as discharge divided by
erogs-sectional area at screen.

§. Tolman, C. F., Ground water, p. 189, New York and London, McGraw Hiil
Book Co., Inc., 1837,
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Figur ' shows a solution of a test run northeast of Louisville in 1946,
I is nol  hat the exposent is greater than 2, and that, i the square is used,
the data plot & curve relative to the 45° strajght-line solution. Graphieal
soiution of a step test made by Lusczynski at Port Washington, N. Y., in-
1947,7 yields the solution, sy, = 51.5 Q + 10.5 Q2-58, It may be significant
that values of n are consistently in the range near 2.5. (Test by Jacobat -
Bethpage, Long Island, N. Y., in 1943, 2.64; Loutsvilie test, 2.54; Por{ |
Washington test, 2.56; and fests at Houston, Tex., tn 1849, 2.43 and 2.82.)

Development of Equation for Separating
Laminar and Turbulent Head losses

The following discussion is given in an attempt to clarify the use of the
smpirical equation {8y = BQ + CQP), to shed some light on the limits of its
use and o tie the empirical equation to theory.

The use of ‘effective radius” is a convenient but somewhat misleading
methodd of handling well-losg problems. Many unknowns or indeterminate
factors are thrown into this term. Effects of partial penetration, effects of
changes in transmissibility near the well because of development, and many
other factors only partly accounted for are included in the term. Since the-
physical well radius is usually known, this discussion will be based on the
inside radius of the well or screen, rq.

Referring again to figure 2, the drawdown in the well is expressed as

Sw e M- N5+ s

in which M represents the head loss at the well face according to laminar.
fiow theory, N is the head joss according io laminar-fiow theory betweenthe

eritical boundary and the well face, s is the head loss according to turbulent-.
flow theory between the critieal boundary and the well face, and s; i3 the head

1oss due to pipe friction in the weil. o
Ffor artesian conditions, for a fully penetrating well, and after pumping at
a constant rate for a time long enough to establish a steady-state condition,

the difference in drawdown between two points in the aguifer r; and r, distat

from the pumped well may be expressed

2.3 Q log =
ek
227

where @ is the pumping rate, T the transmissibility, and s, and s, the d
downs at points T, and 1,

The ferm M at a fixed time, under equilibrium conditions,
genecus material and neglect effects of development) is expressed as

2.3 Q log =&
¥ . 8
2nT

By - 8By m

i

i

where rg is the intercept for zero drawdown on the semilog

profile plot a}d
ry the inside radius of the gereen, : d

R4

7. Data in open file of the U, 8. Geological Survey at Washington, D.C., and
Mineola, N. Y,
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The term N is expressed

2.3Q10g~:;1~
2nT

'.;; where 7y {8 the distance {rom the well center to the boundary between laminar

- and turbulent {low,
$ wne distance to the boundary of the zone of turbulent flow {under the con-

| ditions set forth) should vary directly with discharge.

N = (8)

eIy @
QG 9

3 At low rates of flow no turbulent flow will exist in the aquifer or screen.
E The critical discharge at which turbuience is introduced at the well face is
| . designated Qp. The expression then is written

Tn . S (10)
X *t k)
which appiies only when Q > Q. ‘ .
The expression for N may be modified by substitution to
Q
2.3 Q log ==
N = _m%_.iﬁﬁ {11}
28T

representing the head joss in the turbulent-fiow zone between

he term S, ‘
\ % and the inside face of the well {rp), is

the laminar-turbulent boundary (ry)

approximated as follows: _
Assume that the }oss in head varies as the square of the veloeily, The

head loss across an increment dr is then expressed ds = Evzdr_, where £ I8
the aquifer constant for turbulent flow. The velocity at any pc}int is equal io
discharge divided by area v = Q/a, and area equals Zarmé, in which m rep-

resents the height of the section through which flow is oceurring, and @ is the
porosity of the bed.
o Substituting
% as » EQr
' 5T Barmiy
Integrating between the limits 1, and r,, we obiain
= EQ? L - _1, {12}
St [Twmer {Tn "i)
Qr
batituting ry = n
Sabstitutiog ©t = -
L LEQ (1 R
5t = IZwm9$5:"f: Q rn)
Simplifying
EQ (13)

St = I—-‘ng rn {Q - Qc}
For a given well the ferm E/{2sma)® r may be replaced by a constant D
362.71



The ter 8¢, representing the friction loss caused by flow up the pipe,
may be 4:  ded fo vary approximately as the square of the discharge

= FQ {15)

in which F is a constant for friction loss due to turbulent flow up the well.
Bringing the various terms of head loss {equations 7, 8, 14, and 15} to-
gether, the equation for the drawdown in the pumped well is : ;

: 23Qleg£§ 23Q20g_+DQ(Q Q) + FQF (18)
2T ry 2sT Q.

At least one observation well is required in order fo apply this equation.
The term ry ¢an be computed i 8 and T are determined from a Hime-draw.
down piot at one observation well, or can be obtained from the zero-draw-
down intercept of a semilog profile plot if several observation wells are
available. Q and 8y are measured during the sfep test and ry is known,

Unknowns are D, F, and Q.. If the step test is run at both high and low
rates of discharge and if sufficient points are availabie, Qp may be deter-
mined f¥om the log-log plot as discussed in the {irst part of this paper and
iilustrated by figure 3. Q, is obtained from the intersection of the horizontal
straight line for laminar flow and the angular straight line for turbutent {low.
If data cannot be oblained at low rates, Qg cannol be obtained by thal method.

tnspection of equation (16} shows that it is impossible to solve for D and
F. However, the eguation is useful for ceriain specific cases.

if the eguation is written for sach of two pumping rates Q, and Q, and the
first equation subtracted from the second, the following equation is obtained:

2‘ .
%a;-%;x2ﬁ?r20g%§+D{Qz»Ql)+F(Q2»Qz} am

¥or the case of 2 very deep well where the pipe friction is large compared

to the turbulent losses in the aguifer, the term D might be assumed as zero,
and in this case an approximate sclution for F would be possibie. For the
case of a well where the pump intake is at or near the screen the pipe losses»

are very smail; in this case the term F may be considered zero, which makes

a golutlon for D possible. For the case where both pipe loss and turbulent
ioss in the sgquifer are substantial, the pipe loss, FQ?® in equation {18}, might
be computed from tables of head loss in pipes. The term FQ? could also be
obtained from field measurements by instaliing a measuring pipe extendmg
down {0 the screen.

Application of Theoretical Method

An iHustration of the application of equation {16) to test data is given be-
iow. The data used are from the test made northeast of Louisville in 1948,
The test was made on a 12-inch well screened in the lower 30 feet of an
artesian aguifer averaging 67 feet thick and affected by induced infiltration
from the Ohio River. For this case the boundary of zero drawdown is a line
source located 400 feet from the weli, The effective distance to the external
boundary as it reiates to drawdown ai the well is twice the distance to the
line source, or ry = 800 feet; the inside radius of the screen, ry, = 0.45 foot;
the transmissibility determined from pumping-test data at observation wells
= 120.000 gpd/it, = 0,185 .2/ sec,

8o far as is known, no solution is available for determining partial-pene-
tration corrections for problems involving both laminar and turbulent fiow,
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In order to illustrate the use of the theory presented above, the test " {a have
been converied to the case of full penetration by the applicationof ¥ wmy’s®
approximate equation.

TABLE 2
Test dats adjusted for partial penetration

Q Sy 2/

Step {cis) (feet)

1 0.819 §.28

2 1.158 7.74

3 1.587 11.33

4 1.961 i4.81

2/ One-hour drawdowns equal the sum of
the incremental drawdowns caused by each
change in pumping rate.

Equation (17} was soclved for D by the subsiitution of test data. Inasmuch
as the pump intake wag at the top of the screen, the pipe-loss term ¥F{Q,-Q,}
was considered to be very smaill and was neglected., Values of D were deter~
mined from steps 1 and 2 as 1.73; steps 2 and 3 as 1.57; and steps 3 and 4 as
1.59. ‘The average value of 1.63 sec.?/i1.% was adopted,

Equation (16) was solved for Qg for each step {again neglecting the pipe-
flow term, FQ®. Values for Qq are 0.77, 0.70, 0.6, and 6.78; the average
value is 0.75 cfs.

Comparison of Theoretical and Empirical Methods

Solution of the same test data {corrected o case of full penetration) by the
leg-log graphical method according to the empirical eguation
= BQ + CQP
yields the following: B = 6.05 sec./ff.%; n = 2.54; C = 0.538 see.?-54/11 6.62,
Referring fo the sketch, figure 2, we may write

23Q Te
BQ = HTlag Pe s

B ' Solving this equation yields the value of rg = 0.80 foot.

From equation {9) we may write

™ = n {19}
Up Qe
from which Qp = 1.15 efs,

The CQ" term {see figure 2) may also be sel equal fo its theoretical
equivalent:

CQ" = PQ @ - Q) - 5 Yok g + FQF (20)

. Kozeny (Wasserkraft und Wasserwirischafi, vol. 28, p. 10}); equation is
quoted by Morris Muskat in The flow of homogeneous flulds through porous
media, p. 274, New York, N. Y., McGraw-Miil Book Company, Ine., 1937,
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Negiacting ' FQ? term as before, we have an expression equating the em-
pirical expr  ion for “well loss” o its theoretical equivalent. All terms in.
the equation have been determined. B is found that the equation ig not mathe.
matically scund. The froubie may be in the assumption that ali the losses
between the radius ry and the well can be expressed empirically as CQ%;
shouid C or »n perhaps be treated as variables? Or, perhaps, the troubie may
be in the term D In the equation. This term, the constant for turbulent fiow
in the aguifer for a given well, neglects the effect of development of the well.
Variaton in D might be expected as the turbulent zone is expanded through
the developed zone and into the undisturbed agquifer.

It must also be recognized that eguation {14) was developed on the basis
of the assumption that head loss in the turbulent zone varies as the square
of the velocity. Since the Reynolds curve shows a transition from laminar
to turbulent flow, equation (14} is z2n over simpiification of a complex rela-
tionship. An attempt was made to inciude a more accurate representation
for equation {14). Reynolds number times friction factor versus Reynolds
number were piotted on log-log paper, A Constunt was subtracted by trial
until & straight line was obtained. The equation of this solution was inte-
grated between ry and ry,. The resuliing expression when introduced in equa-
tien {16) complicated the equation to the extent that it became unusable for
the problem under consideration.

In order to study the degree of error in the equation, values of D were
computed for various discharge rates, using the computed values of all other
terms in the eguaiion. Figure 5§ shows a plot of the values of B, For values
of Q up to b cfs, values of D required to make the theoretical and empirical
{log-log) methods agree are within a few percent of the average value of 1.83
determined by theory, so that extension of the graphical solution appears to
correspond very nearly to theory in this range of discharge for this ease.

At low rates of Q, that is, at rates just above the critical discharge Q,, the
equation is very sensitive, and values of D relating the theoretical and em~
pirical methods are unreliable., However, in this range the error in tofal
drawdown will be small inasmuch as the magnitude of the “well loss” is small,

Figure 6 shows the variation of drawdown with diseharge for the example,
Curve A represenis the formational head loss outside the turbulent zone,
computed from equation (18). Curve B is the total drawdown in the well ob-
iained by adding the theoretical loss in the turbulent zone to curve A. Curve
C is the head loss assigned to the formation by the graphical method (BQ),
and curve D is the tolal drawdown in the well by the graphical method
sw = BQ + CQ®, H should be noted that curves B and D agree very closely.
This eomparison indicates that the empirical graphical method gives a total
drawdown consistent with theory, for the case demonstrated, so that the
graphical method may be applied to problems of pump design and determina-
tion of maximum yield of a given well. The graphical method is not applicable
for solution of head distribution outside the well, or for determination of de-
sign well radius, as shown by the disagreement of lines A and C,

Distribution of Head Logs in the Agquifer

The distance {o the voundary between laminar and turbuient flow may be
approxdmated for various discharge rates from the relation -8% = %—(imm

eguation 10).
In figure 7 are shown profiles of head loss for various rates of discharge,
and the extent of the turbulent zone for each rate, for the example used.
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The eurve of head loss through the turbulent-flow zone is compw'  ‘rom
the equation

s = DR r, (- ;‘»t-) @1

Inspection of fgure 7 shows the development of the turbuient-fiow zone as
discharge increases, For discharges less than eritical (Qc = .75 cfs in this
case) the distribution of head loss in the formation follows the normal varia-

tion {log %;). At higher discharges the logarithmic distribution applies outside

the boundary between Iaminar and turbulent flow. In the turbulent 2one the
head loss changes at 2 much greater rate. Note that for a discharge of 5 efs
the head loss from the external boundary to the critical zone (rt = 3.00 {feet)
is 28.9 feet, whereas the loss through the turbulent zone (from ry = 3.00 feet
to T, = 0,450 foot) is 34,7 feet. An 18-inch well {r, = 0.658) would reduce the
turbulent toss from 34.7 feef to 21.9 feet, and a 24-inch well (ry = 0.908)
would have a corresponding turbulent ioss of only 14.0 feet,

This diagram, which must be recognized as showing only approximate re-
lationships, indicates that the well radiss may be mere important in well de-
sign than has been considered in the past. Textbooks now in circulation state
that the well radiug is not very important because the discharge varies as

log ;ﬁ, a term that varies little as r is changed but that is based on the as-

sumptnifm of laminar flow al} the way to the weli., This paper demonstraies

that the well radizs becomes more and more imporiant as discharge in¢creases.
The variation of specific capacily with Q is shown in figure 8 for wells of

various diameters at the site of the Louisville test. This figure shows a rapid

deciine in specific capacity as the discharge is increased beyond the critical

discharge, The figure also shows the effect of well radius, For example, at

0.5 efs the specific capacities of 2 12-inch and an 18-inch well are 0,156 and

0.164 cfs/ft,, reapectively, or a difference of less than 5 percent; at 4 cfs the

specific capacities are 0.087 and 0.122 cfs/f., or a difference of more than

20 percent.

Well Efficiency

In figare 9 are shown “well-efficiency” curves for 12-inch, 18-inch, and
24~inch wells pumped at various rates. For this plotting “well efficiency” is
defined as the ratio of {1) the theoretical drawdown computed by assuming
that a logarithmic distribution of head is applicable all the way to the well
face {in other words, no turbulence is present) to (2) the drawdown in the well,
These curves show a rapid drop in efficiency when discharges are increased
beyond the critical discharge, and also show the importance of the well radius
ai higher rates of discharge.

Variations of Brawdown with Time
‘Fhe foregoing discussion is based on 2 constant time; that is, all relation.
ships are for a well pumped at a2 constant rate for a given time {1 hour in the

exampie}. In the example recharge from the river was occurring, and steady-
fiow eonditions existed,
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For the ¢~ of a well in an infinite aguifer with neither barriers nor re-
charge, the  ression for drawdown in the weil sy, = BQ + CQ™ may be
altered® Lo include the time factor by eguating the formational term BQ o
the drawdown as expressed by the simpiified Theis eguation

‘i'I‘t

1

Sw = g 1TT vemminse {9 B log
in which 8 is the storage coefficient an{i Ty the “effective radius” of the weik

i we use Jacob’s definition for effectwe ragius, “the distance, measured
radially irom the well, at which the theoretical drawdown based on the Zoga»'
rithmic head distribution equals the actual drawdown just outside the at,reen,
the value of ry, is unknown.

Reference o figure 2 and to the comparison of the empirical and theoretl~
cal methods of analysis shows that the distance from the well center to the
point where the BQ and CQT portions of the drawdown are separated {rg)
oceurs at the critieal-fiow boundary for a discharge Qp. In the exampie the
term ry equals .66 foot. This seems a logical radius to use in the time h
equation in place of r, since losses beyond this point are expressed empiri-
caliy as formational losses, and losses between rp and 1y a8 “well losses”
which are considered constant with time.

Although Jacob did not mention partial penetration, it is obvious that the
equation mwust be altered if the pumped well penetrates oniy g part of the
aquifer.

If the emnpirical expression is accepted, then the “well loss” CQ® hypo-
thetically occurs in a very narrow zone {between rg = 0.69 foot and r| = 0.45
foot). ¥ rp be considered the “effective radius” of the well the penetration
factor would be applied only to the BQ term, using rg in place of ry inthe
Korzeny equation. U it be agsumed that pepetration effects are present be-

BT+ CQB {22)

tween ro, and 7., then the correction applies to both BQ and QR and T, shouid ;

be used in ¢omputing the correction. It shouid be noted that the Rozeny equa~
tion was derived for laminar flow and for a condition of steady flow, I the .
Kozeny equation is used for time problems, it is found that the BQ term is
made up of two parts, a constant representing the penetration correction and

a variable representing the formational loss which increases with time.

The theoretical drawdown distribution is considerably different than the
BQ + CQF empirical distribution. Until further analysis is made of the pene-
tration probiem, any allempts to relate step-test results to time problems
for partially penetrating wells shouid be carried out with caution.

The empirical expression for drawdown in the well (BQ + CQR) is appi-
cable to 2ll types of problems for fully penetrating wells and for constant.
time problems {or partially penetrating wells, and it can be vged within ces-
tain limits for probiems involving partial penetration and time effects. '

SUMMARY AND CONCLUSIONS

The important points covered in this paper may be summarized as follows:

1. On the basis of fieid data for several tests, it has been demonstrated
that the empirical equation

= BQ + CQD

9, Jacab, C. k., Drawdown test to determine effective radius of artesian
weil: A, Soc. Civil Eng, Trans., vol. 112, paper no. 2321, p. 1055, 1547,
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defines the total drawdown of a pumped well more ¢losely than the tion
Sy = BQ + CQF

proposed by Jacob.

2. A graphica!l method is presenied for solving step tests according to
the empirical equation s¢ = BQ + CQ" by a simple plotting on log-log paper.

3. Competation of Reynolds numbers shows that, outside the well, laminar
fiow may occur at low pumping rates and turbutent {low at higher rates.

4, Analysis shows that the boundary between laminar and turbuleni fiow
moves cutward from the well face as discharge rates are increased.

4. An approximate equation has been written that evaluates the drawdown
in the well in terms of laminar flow in the aguifer outside the critical radius,
Turbulent {iow from the critieal radius {0 and through the well face, and fric-
tional loss due to upward flow in the well.

6. Comparison of the log-log graphical method and the theoretical method
is made as {ollows:

The BQ + CQ" method is very siinple in application and allows for ex-
perimental errors. The exponent n is empirical and should not be confused
with the theoretical {sguare)} relationship of turbulent flow. The method is
not applicaile {o problems of head distribution outside the well or for design-
ing radii of wells. The term BQ carries the logarithmic distribution of head
into the turbulent zone, so that the separation of the terms for aguifer oss
and “well logs” is emplrical and does not agree with theory. The approxi-
mate equation maore nearly describes the true head distribution outside the
well and should be used for this type of problem.

Comparison of the tofal drawdown obtained by the two methods shows
ciose agreement at low and medium discharge rates bul some deviation at
higher rates. The deviation may be the resuit of erroneous assumptions or,
an erroneous assemption in the empirical expression or may result from
factiors such as well development, not included in the theoretical analysis.

In view of the fact that the deviation in total drawdown computed by the two
methode is smali at low and medium discharge rates and that unceriainty
existg as to which method is in error, it is suggested that the empirieal
method be uged because of its simplicily.

7. The bearing of radius on well design is more important than is indi-
cated in current Hiterature. Under certain conditions large savings in head
ioss can be made by using larger-diameter weils,

8. Efficiency of a well fails off rapidly as discharge is increased,

9, For fully penetrating wells step-test data may be used is probiems
having a variable fime factor, For partially penetratiag wells, the step-test
resuits are satisfactory for consiani-time problems, aad can be used for
variable-time problems under certain conditions.

18, The entire problem of effects of partial penetration should be investi-
gated.

11. Cther factors, such as the effecis of development of a well, shouid
also be investigated.

APPENDIX
Notation

B Head loss of formation per unit of discharge
< “Weil-loss® constant for turbalent flow for a given weil
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“ ~loss” constant for faminar flow for a given well
Aguifer constant for turbulent flow for a given well
Aquifer constant for turbulent flow f{or any well
Constant for head loss due to furbuient flow up the wejl

Head loss between the external boundary, rg, and the inside of the
sereen, ry,, according to logarithmic distribution for laminar flow

Head ioss between the furbulent-izminar boundary {"t) and the inside
of the sereen {r,) according to logarithmic distribution for lami-
nar flow

Discharge of well

Discharge at which the actual turbulent-iaminar fiow boundary
coincides with the empirical boundary ryp

Critical discharge below which laminar flow prevatls
Coefficient of storage

Transmissibility of aguifer; a property of the aguifer expressed as
the quantily of water flowing through a vertical section of the
aguifer of untt width, under a gradient of unity

Area

Thickness of aguifer

Unknown constant power relating discharge to “well loss”
Digtance from well cenier to any point 3, 2, --

Effective distance from well center to boundary of zero drawdown

Radius at which turbulent and laminar losses are separated by the
empirical equation s = BQ + CQ"

Iaside radius of well or well screen )
Distance from well center to boundary between laminar and turbulent flow

“fiffective radius” of well
Increment of distance from weill center
Drawdown at any point caused by pumping a well

Drawdown in the pumped well; at the end of any muitiple step, sy
equals the sum of the incremental drawdowns for all steps '

Head loss due to turbulent flow between the turbulaﬁt-iaminar
boundary {r,) and the inside of the sereen (r,)

Head loss inside the well resuiting from gpward flow in the casing
Drawdowns at any point a distance vy, r,, -~ from well center
Increments of drawdown resulting from changes in pumping rate
Increment of drawdown

All logarithms are to the base 10

Velocity

Porosity 362-14
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Figure 5, «-Graph showing variation in turbulent-flow
congtant, D, reguired to make theoretical and
empirical methods agree
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Figure 7, -«Graph showing I-hour bead distribution near a
pumped well for various pumping rates, {data from_north-
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