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APPENDIX., NOTATION

The following letter symbols conform essentially with American Standard
Letter Symbols for Hydraulics (ASA—Z10.2—1942) and with A\Cl* Manual
of Bngineering Practice No. 22 on “S0il Mechanics Nomenclature’:

B = “hydraulic resistance” of formation, head loss per unit discharge;

b = thickness of confined sand bed;
1 = coefficient in term € @ expressing “well loss/
drawdown, the other term of which is B @;
k = transmission constant, or “coefficient of permeability”;
n = porosity of sand;
@ = discharge of well;
A¢); = increment of discharge; ¢ = 1, 2,3, -
r = radial distance from axis of well;
e = “effective radiusg” of well;
8 = “sosflicient of storage” = (b/V){(dV.w/ds);
s = drawdown at distance r, the difference between initial head and
head at time £ at that distance;
8, = drawdown ab ry, according to theoretical logarithmic d1sf;r1but10n;
As(® = inerement of drawdown produced by AQ:;
As/AQ; = “specific ineremental drawdown’ during ¢** period of test;
As®/AQ, = limiting value of specific incremental drawdown for discharge
approaching zero (= B);
T = “transmissibility” of sand bed = k b;
t = time;
¢* = “inflectional time” = 2 S/4 T;
u=r:8/4T¢t= t*/t a nondimensional variable;
V = volume;
V., = volume of water;
Wi(u) = “well function” of %, or the negative “exponential integral” of
— u, for which tdbleb are available;
o= cempressxbmty” of solid skeleton of sand bed, rdatxve decrease
" in thickness per unit increase of vertical component of com-
pressive stress in sand bed;
8 = compressibility of water in sand bed;
B’ = apparent compressibility of water = 8 + a/n; and
v = specific weight of water.

’ a component of
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DISCUSSION

N. 8. Bourron,!! Bsq.~—The importance of carefully recording both the -
small variations in pumping level, which may oceur during pumping tests at
constant discharge, and the duration of the test, are appropriately stressed in
this paper. From such information it is possible to predict, as the author has
shown, the probable steady decline in specific capacity “for periods of several
months or a few years” when the well is pumped at constant discharge. It is
important to remember, however, that the aceurscy of this prediction depends
essentially on the assumption that the compressibility of the aquifer (which
enters into the coefficient of storage) has the same value for the very small
pressure releases which oceur at large distances from the pumped well as for
the comparatively large pressure releases near fo the well. . It would be appre-
einted if the author could present evidence in support of this assumption,
based on long-period observations of declining well levels. In addition, it
would be intex esting to know whether the author has been able to check the
values for “well loss” by direct estimates of the pipe friction loss as the water
flows inside the well casing and also of the loss of head due to the screen.

For the fourth period of the test at Bethpage, Long Island, N. Y., the depth
of water in the well was apparently about 238 ft. Allowing for the water en~
tering the well uniformly along the bottom 50 ft, a reasonable estimate (from a
usual formula) for the head lost in pipe friction in the S-in.-diameter tube is
about 10.5 ft, including 1.5 ft for the velocity head. The computed well loss
(see heading, “Data from Multiple-Step Drawdown Test”) is stated to be 15.5
ft, which leaves 5 ft for the loss due to the screen. If is easy to calculate the
latter loss on the assumption of flow through a uniform permeable medium
outside the sereen to which Darcy’s law may be applied. Thus, for long vertical
slots spaced equally around the eircumference of the well, it can be shown from
the potential solution for the flow net that the head loss due to the restricted
inlet area provided by a slotted tube is closely given by:

_ @ ( 2 (o
h~2wakIug, \»1“005},“} ................ (26)

in which ¥ is the number of vertical slots around the circumference of the
tube; and » is the slot~width ratio or width of slot divided by the distance be-.
tween the centers of two adjacent slots.

According to Eq. 26, the head loss is proportional to the discharge and, for
a given slot-width ratio, inversely preportional to the number of slots.

If @ = 3.39 cu {t per sec and b = 50 ft, as in the fourth period of the
Bethpage test, and if & = 0.004 ft per see (as deduced from Fig. 8), assumin,
¥ = } (since the dimensions of the slotted tubing are not given in the ps

whxch is neghgxbie On the other hand if the slots are arrang.,d ,battenes
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numbering, say, ten in the circumference, the batteries being 0.5 in. wide with
2 in. between them, A = 0.52 {t which is still small.

1t should be emphasized that this calculation makes no allowance for any

clogging of the slots. Such elogging may account for the discrepaney between
the small ealeulated screen loss and the value of 5 ft deduced from the test
resilt.

Cart Rorpwer,? M, ASCE.— The serious depletion of ground-water sup-
plies in many arveas during World War II has focused attention on the problems
of ground-water hydrology. In this connection the investigations of the en~
gineers of the Water Resources Branch of the U. 8. Geological Survey are
adding important information regarding the characteristics of wells and the
capacity of ground-water formations. The analysis of drawdown tests of
artesian wells by the author is & valuable contribution to this subject.

The writer is in agreement with the objectives of the author’s investigations
but he is of the opinion that the analysis of the problem would have been sim-
plified if some of the factors that have only a slight effect on the vesults had
been ignored. Under most conditions met with in the field of engineering the
compressibility of water can be ignored. The coefficient is approximately
4 3 10~ per pound pressure at ordinary temperatures and pressures. A reduc-
tion in pressure of 10 1b per sq in. would inerease the volume of 1 cu ft of water
by only 0.00004 cu ft, o difference of 1in 25,000. In view of the large unavoid-
able errors involved in other measurements it séems that this factor eould well
be neglected. The same may be stated of the compression of the aguifer. As
indicated by the author (see heading, “Application of Theory to a Simple
Drawdown Test’), the combined effect of compressibility of the water-bearing
formation is only five times the actual compressibility of water. Consequently,
the combination of these two factors would produce & change of only 1 in 5,000
for » drop in pressure of 10 Ib (approximately 23 ft). If the change in pressure
were inereased to 100 {t the effect produced by the compressibility of the water
and aquifer would not be significant. '

In reference to the tests on a shallow well at Meadville, Pa., the author
states in the sentences following Eq. 18, that:

“The foregoing calculations indicate that B Q in this case was about 19.5 ft
after 24 hours of continuous pumping. The observed drawdown in the
pumping well at that time was 48.0 {t, leaving 28.5 ft for the well loss.”

Such a large well loss seems unusual for an inflow of 1,350 gal per min through
15 ft of 18-in. screen unless the screen were badly encrusted or improperly
perforated. Immediate steps should be taken fo improve the performance of
the screen in this well.

In the solution of problems involving many variables of which only a few can
be determined by direct measurement, the use of multiple equations provides
4 method of determining the unknowns. However, there are difficulties in-
herent in this method which may lead to contradictory or inconsistent results.

Co # Benior [rrig. Kngr., Div. of Irrig., Soil Conservation Service, U. 8, Dept. of Agriculture, Fort Collins,
0.
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As shown by the author in reference to the determination of ' (see heading,
“Dats from Multiple-Step Drawdown Test”}, theve is considerable scattering
in the values obtained for the “specific incremental drawdown,” Fig. 7{(d). No
doub?, this is due in part to the inaccuraeies in the drawdown readings. If this
method were used on problems in which all readings could be made aceurately,
consistent results should be expected. Since this is not generally true, the
multiple-equation method results in solutions in which the final answers may
have errors greatly in excess of the observed data. The writer is not aware of
the mathematical basis for this assumption, but he observed the same effect
when attempting to use a similar method to determine the values of the factors
involved in the seepage from canals. The conclusion was reached that, in the
elimination of variables from the series of equations by subtraction, the vari-
ables eliminated were forced to conform exactly to the law; and, as a resuls,
all the diserepancies accumulated and finally appeared in the solution of the
unknown. A solution based on another pair of equations may, therefore; yield
a result widely different from the first one. )

Since the author has had the opportunity to observe how the solutions vary
when he uses different equations it would be of interest to study the mathe-
matical principles causing the variations. No doubt rules could be formulated
which would make it possible to obtain more consistent results from the ob-
served data. Such an analysis would be useful in the solution of problems in
other fields of engineering.

R. M. Luccerrre,® Arrizrare, ASCE-—Although it covers a highly
technical subject, this paper clearly demonstrates the practical importance
of & number of factors of well design. It seems desirable to emphasize these
practical considerations because they are often given too little attention.
Frequently water works men and well-drilling contractors greatly belittle or
fail to recognize the magnitude of what Mr. Jacob calls “well loss.”

It is obvious, of course, that the water level in a pumping well must be
lower than the water level immediately outside the well. In many wells,
much of this difference in head is screen friction loss which results from the
use of a poorly designed screen.  This difference in head is sometimes presumed
to be only a few inches, or a fraction of a foot; however, actual observations
have shown that in some wells the well loss is a considerable part of the total
drawdown. Thus, from the point of view of economy of operation, well loss
may be an important factor.

The paper also indicates the desirability of inereasing the effective radius’
of a “sand and gravel” well by development to remove the fine material
surrounding the screen, or by artificial gravel packing. It should be noted
that the advantages of development or gravel packing may be largely overcome
if an ineflicient well screen is used. ’

The process of development by surging, swabbing, and brushing is:being. -
used more and more in uncased wells (rock wells), the walls of which apﬁiﬁ;}feﬂﬂyv
become “mudded up” during the drilling process. This clogging of the uncased
wall of the well has the same effect as an inefficient well soreen in a “sand

8 Cons. Ground-Water Geologist, New York, N. Y. ‘
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and gravel” well. The well loss in many wells of this type has been greatly
reduced by development.

From the point of view of economy of pumping well water, this paper
indicates the following: A well should be of large diameter; it should be exten-
sively developed; and, if a well screen is used, it should be designed so as to
produce a minimum of screen friction loss.

M. R. Lewis,* M. ASCE—A valuable method has been presented, ini

this paper, for analyzing the capacity of artesian wells in spite of the necessary
assumptions that there is uniformity in the aquifer and that the total supply
to the well is drawn from the aquifer by the release of elastic forces. Such
theoretical or mathematical treatments of the flow of fluids assist greatly in
the understanding of practical problems even though the latter seldom are
based on ideal conditions. , '
‘ The multiple-step test proposed by the author should give very useful
1E1f0rmation on the peints mentioned in the “Summary’” wherever the assump-
tions are approximately fulfilled. It is hoped that the author will explore the
possibility of a similar analysis under other conditions. Two important types
of wells that might be studied are those of a simple water-table situation and
those in which the bed overlying an aquifer is relatively impermeable but
permits recharge from the soil surface surrounding the well.

It appears to the writer that two other factors besides the compaction of
the aquifer are important elements in making the “spparent compressibility,
8’7 greater than the compressibility of water, 8. These are (a) the increase in
volume of the solid material of the aquifer because of the reduced hydrostatic
pressure and (b) the reduction in the pore space because of the deformation of
the Sfolid particles by reason of the increased pressure on the mineral skeleton.
I}x his earlier paper,® the author mentioned these factors but, apparently, con-~
wsxdered them to be of negligible importance. Whether they are, or are not,
important makes no difference in the author’s analysis.

‘ C. E Jacon,'® Assoc, M. ASCE.—Although few in number and brief, the
dfscussmns have added much to the paper and, moreover, have suggested the
direction that further work might profitably take. The writer wishes to thank
those who have contributed,

'I;‘hfe question raised by Mr. Boulton is a pertinent one—regarding the need
for evidence to support the assumption that the compressibility of the aquifer
has the same value near to, and far from, the pumped well despite the wide
range of pressure release. The writer knows of no close observations of long-
period decline under constant and continuous pumping that might clarify this
problem. Of course, it is to be expected that an unconsolidated sand would
E"xzx.vf% a variable compressibility, depending on the rate and magnitude of the
loading oceasioned by the release of pressure. Moreover, sight‘should not be
lost of the fact that the flexural rigidity of the overlying beds complicates the
problem, especially in the immediate vicinity of pumped wells tapping deep

aquifers. Fortunately, however, as long as the compressibility (thus modified) -

% Irrig. Engr., Bureau of Reclamation, Boise, Idaho.
% Senior Hydr. Engr., Water Resources Branch, U. 8. Geological Survey, Washington, D. C.
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may be assumed reasonably constant in time at a given distance the uncertain-
ties arising from ignorance of its absolute value are reflected only in the degree
of approximation of r,. Actually, in predictions of future drawdown based on
the theory of an elastic aguifer, the product S72%, is used. This product is
determined empirically and it is not necessary to break it down inte 8 and r,,
except to compare different wells. If § varies with {, for one reason or another,
then some other theory must be used or the elastic theory must be modified.

Mr. Boulton’s estimate of 10.5 {t for the friction and velocity head losses
accompanying the upward flow inside the well casing of the Bethpage well
narrows down the well loss to that part that may be termed “screen loss.”” His
caloulation of the “convergence loss” under laminar flow into an assumed
system of vertical slots shows that such loss would be gquite small.  Actually
the openings in the screen are in the form of a helix, but the “convergence loss”
there should be of the same or even of a smaller order of magnitude. Clogging
of the slots is a distinet possibility, as pointed out by Mr. Boulton. Further-
more, departure {rom laminar flow may begin as the water passes through the
screen openings, especially if they are clogged.

By caleulation Mr. Rohwer shows that the combined relative compression
of the aquifer near Meadville, Pa., and its contained water is only about 1 in
5,000 for a 23-ft drop in head. He states:

“In view of the large unavoidable errors involved in other measurements it
secms that this factor [compressibility of water] could well be neglected.
The same may be stated of the compression of the aquifer.”

Perhaps Mr. Rohwer has in mind estimating the ultimate or steady-state dis-
charge of wells in a limited aquifer, in which case the volume of water derived
from artesian storage might soon become small by comparison with-the volume
drawn through the aquifer from an ocuter boundary. However, until that
steady state of flow is established, water is withdrawn from storage through its
elastic expansion and through the concomitant compression or compaction of
the aquifer. Indeed, in extensive and deep-lying aquifers such as the Dakota
sandstone, the supply may be furnished entirely from storage for decades.
Because of the tremendous volume of water in such an aquifer and because of
the sizable lowering of head that may be produced, the total volume of water
withdrawn from storage through wells may itself reach an astounding magni-
tude. Inany event, however insignificant this factor may appear, the study of
the transient behavior of an elastic aquifer, on which the paper is based, re-
quires an appraisal of it magnitude. :

With reference to the large well loss of 28.5 ft at 1,350 gal per min in the well
near Meadville, Pa., the suggestion is offered by Mr. Rohwer that the sereen
may be encrusted or improperly perforated. As the well was newly eonstructed
when tested, it would seem that sand packing of the gravel envelope and of 1
sereen might be the explanation. The formation is a uniform fine's
difficult to handle in drilling and developing a well. ,

Mr. Rohwer adds a valuable point in remarking on the unavoidable magni-
fication of errors through elimination of variables by subtraction from the series
of equations. He justifiably emphasizes the need fo‘g;ca;ne"i&:ﬁ'tréating such
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data as those presented in the paper. Whereas from a theoretical standpoint,

with ideal data, the procedure outlined in the paper is sound; in practice it -

needs modification. Higher precision of measurement may warrant the as-
sumption that the drawdown obeys the law s, = B @ + € @7, introducing a
third unknown, the exponent n (<2}, to be determined by trial-and-error
computation, or by graphical procedure togsther with the coefficients B and C.

An important point is raised by Mr. Leggette—that the advantages of
gravel packing or developing a well may be offset by poor design or improper
choice of screen. The writer feels that amassing empirical values of ¢ and of
Ty, together with pertinent data on the details of design and construction of
wells, may eventually make possible the accurate appraisal of these various

factors. The selection of sereen type, slot opening, and gravel size—and even
£ = o .

the determination of whether or not a gravel envelope is required—may be
lifted from the realm of guesswork to a rational plane through the future study
of existing and newly constructed wells and through the measurement of their
characteristics of performance, due consideration being given to the transient
hehavior of the aguifer. o

In emphasizing the magnitude of well losses, condemnation of the well
driller is not intended, for much of the friction loss in and near a well is unavoid-
able and will never be entirely eliminated. Nevertheless, it behooves the
engineer and the well-drilling contractor alike to strive for as efficient design
and construction as possible to meet the stringencies of economic demands.
The points summarized by Mr. Leggette thus are objectives toward which
progress should be made. .

Mr. Lewis suggests that similar analyses be made for unconfined flow under
simple water-table conditions, and for confined flow in which recharge from the
soil surface occurs through a relatively impermeable confining bed. To the
writer’s knowledge a satisfactory analysis of nonsteady unconfined flow has not
been given. Even in the case where the storage coeflicient (S, ultimately ap-
proaching “specific yield”’) is constant, there aré insuperable difficulties. Only
by analogy to confined flow, and then in cases where the maximum drawdown
is but a small fraction of the initial depth of flow, has an approximate solution
been obtained. It may be stated, however, that even in-the absence of well
losses the specific capacity of a water-table well would vary with the discharge,
the curve of drawdown versus discharge at constant time being a parabola under
certain approximative assumptions. Further work should be done on this
problem, both in the laboratery and in the field. .

A solution has been given for the nonsteady radial flow toward a steadily
discharging well in a leaky confined aquifer.’* The leakage is assumed pro-
portional to the drawdown. Whether this is exactly the condition Mr. Lewis
has in mind is not known, but in the early phase of a transient state such a
systein acts like an ideal elastic aquifer without leakage. Acecordingly, a short

multiple-step drawdown test could be analyzed under those conditions on the -
basis of the elastic theory, although long-term predictions would consider the

leakage.

B¢ Radisl Flow in & Leaky Artesian Aquifer,” by C. E. Jacob, Transactions, Am. Geophysieal Union,
Vol. 27, 1946, P, I1, pp. 195-205. .
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RIGID-FRAME STRUCTURES SUBJECT TO
NONUNIFORM THERMAL ACTION
By CARL C. H. TOMMERUP,* Assoc. M. ASCE

Wrrs Discussion By Messes. 1. Opsrersros, Franx R. Hicrsy, A. L.
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Mriter, Cuarnes O. Boyxnron, WILLIAM A. Conwrryn, axp Carn C. L
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ToMMpRUP,

SyYNOPSIS

The purpose of this paper is to clarify the problem of determining stresses
and strains at any point in rigid frames whose members are subject to a non-
uniform temperature differential; that is, structural members in which the
temperature on one face is different from that on the other face. Many engi-
neers are unaware of the exceedingly high stresses created by this quite common
loading eondition. The paper develops a rational setup which is of general
scope since it is applicable to any type of framework. ‘

This paper is divided into five parts, of which Sections 2, 3, and 4 contain
the complete thermal analyses of three basic types of frames.

, 1. INTRODUCTION

Thermal stress analysis is of considerable importance in many branches of
the metal industry in connection with castings, structural frames, etc., as well
as in the field of such reinforced-concrete structures as flues, flue portals in
plinths of stack foundations, hot liquid flumes, foundations for boilers, oil
refinery furnaces, and blast furnaces. , .

Although it is generally recognized that reinforced concrete is far from
being an ideal material in structures that are subject to high nonuniform tem-
perature changes, it is continually used under these circumstances with reason-
able success. The main reason for this is undoubtedly the fact that no other
material is so readily applied to a variety of structures. It is equally well
known, however, that a reinforced-concrete structure built in the shape o _a~
rigid frame (a closed ring, for example), and then heated to 2 fairly high degree
from within, is certain to develop a number of noticeable fractu;eségﬂdgg‘aaﬂ
outside edges. These fractures, which are caused entirely by thermal action,

Nore.—Published in June, 1946, Procesdings. Positions and titles given areﬁftﬁos‘é‘ in‘effect when the
paper or diseussion was received for publication. ’ S
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