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HYDRAULICS OF MIXING TANKS 

by THOMAS R. CAMP*, Past President 

(1969 John R. Freeman Memorial Lecture, presented before the Boston Society of 
Civil Engineers and the Hydraulics Section on January 22, 1969.) 

Introduction 

Mixing is widely used in the chemical and pharmaceutical industries to 
disperse additives throughout liquids or to homogenize two or more liquids. 
A measure of effectiveness of such mixing is the uniformity of dispersion. A 
frequent purpose of mixing is to promote chemical or biochemical reac
tions. 

In the treatment of water or wastewater in continuous-flow plants, 
mixing is used for all of the above purposes, but one of the most important 
functions is the flocculation of impurities with coagulants so that they may 
be removed by settling or filtration. It has become common practice to 
provide a rapid initial or flash mix for dispersion of the coagulants or other 
chemicals throughout the influent followed by two or more larger chambers 
in series where floe growth takes place. Mixing propellers or flat blade tur
bines are usually used in the flash mix, and rotor reels in the floe chambers. 

In 1943, the author and P. C. Stein1 demonstrated that the time rate of 
flocculation (i.e., agglomeration into larger particles) is direcdy propor
tional to the velocity gradient (i.e., space rate of change of velocity) at a 
point. The velocity gradients vary considerably throughout a mixing tank, 
but under steady conditions of mixing, a mean velocity gradient related to 
the energy dissipation per unit of tank volume may be used. The relation 
between the velocity gradient and the energy dissipated per unit volume was 
derived by the authors from the original analysis by Sir G. G. Stokes2 in 
1845. 

All of the energy dissipated in a moving or stirred liquid is by shear 
within the liquid, and heat is evolved to increase the temperature of the li
quid. The instantaneous shearing stress at a point is 

dv 
T µ ds (1) 

* Partner Emeritus. Camp, Dresser & McKee, Consulting Engineers, Boston, Massa
chusetts 
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where :: is the absolute velocity gradient at the point and the propor
tionality constant µ is the absolute viscosity of the liquid. The root-mean
square velocity gradient for a container is 

G=~ (2) 

where W is the energy dissipated per unit volume, called the dissipation 
function by Stokes. The author3 has recently demonstrated by extensive ex
periments with hydrous ferric oxide floe that the floe size and volume con- . 
centration may be varied over a wide range by changes in G. The principal 
constituent of floe (less than 85 to more than 99%) is loosely bound water, 
the amount of which is controlled by G. 

The value of W depends upon the geometry of the rotors, stators and 
container, and upon the speed of the rotors. Accurate values of W can be 
determined only by measurement of the torque input to the liquid at various 
speeds and liquid temperatures. The value of W in terms of the speed and 
measured torque is 

W = 211ST 
V 

(3) 

where S is the measured rotor speed in rps, T is the measured torque input 
and V is the liquid volume. 

The calibration curves for G shown in Fig. 1 were computed by means 
of Eqs. (2) and (3) from numerous measurements of torque input at the 
water temperatures shown. These curves are for 2 liters of water in a 2-liter , 
beaker, both with and without stators. All dimensions are shown on the 
figure. The torque measurements were made by supporting the beaker on a 
platform suspended on a piano wire, and by direct connection of the rotor 
shaft to a motor mounted on a thrust ball bearing ring. Torque measurements 
may be made for a large mixing tank by inserting a torque meter in the 
rotor shaft above the water surface for vertical shafts or in a dry well for 
horizontal shafts, provided the tank is designed to permit the insertion. Ac
curate torque meters are commercially available for this purpose. Since the 
purpose of calibration of a mixing tank is to determine the power dissipated 
in the liquid, torque measurements at each speed must be made with the 
tank both full and empty.The difference is the net torque for the liquid. 

The computed points on Fig. 1 indicate some errors in measurements 
of torque or speed. The curves were adjusted for a smooth fit of the plotted 
points. For fully turbulent drag, the ordinates for a particular speed should 
be inversely proportional to the square roots of the viscosities as required 
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by Eqs. (2) and (4). This relationship is met for the case with stators at all 
speeds above about 20 rpm, as later shown by Fig. 3, but for the case with
out stators, the drag is not fully turbulent until the speed is greater than 300 
rpm. For fully streamline drag at a particular speed, there is only one value 
of G for all viscosities as required by Eqs. (2) and (5). This condition is met 
at speeds less than 5 rpm for the case with stators, and 10 rpm for the case 
without stators. 

The speed without stators was limited to about 320 rpm, which pro
duced a vortex extending down almost to the top of the rotor blade, as shown 
in Fig. 1. The effect of the stators is to reduce the vortex in all cases and 
greatly increase the values of G at all speeds. Fig. 1 shows an increase of G 
by the stators of more than 3-fold at the higher speeds, which corresponds 
with about a 10-fold increase in the power dissipated. It is obvious from 
Fig. 1 that mixing tanks and equipment cannot be designed accurately 
solely on the basis of rotor drag, as assumed by the author in an earlier 
paper4 (1955), and that stator and wall drag must also be included. 

Gross Drag Coefficients 

In order to design a mixing chamber to produce a desired range of val
ues for G or W within a desired range of speeds, it is convenient to express 
the dissipation function W in terms of the drag on the rotors, stators and 
walls. Extensive velocity measurements in vertical cylindrical vessels with 
turbine blades on vertical shafts by Nagata et al, Aiba and others, as re
ported by Gray5, indicate that the radial and vertical velocity components 
are small as compared to the tangential velocity components, and that the 
tangential velocity is directly proportional to the radial distance out from
the center of the shaft almost to the tip of the turbine blades. Beyond the tip 
of the blades, the tangential velocity decreases in some cases and is approxi
mately constant in others. The radial distribution of the tangential velocity 
is about the same throughout the depth. The tangential velocity of the liquid 
is reduced with stators. 

To simplify the theoretical development, the author has assumed that 
all of the energy dissipation is associated with the tangential velocity com
ponents of the liquid, and that this velocity is directly proportional to the 
radial distance out from the center of the shaft to a maximum at the tips of 
the rotor paddles and is constant beyond the paddle tips. The assumed dis
tribution of tangential velocity is shown in Fig. 2. The velocity, v, of the li
quid at any radial distance r less than rr at the tip of the rotor is 2nrkS , 
and beyond the rotor tip is 2nr rkS ; where kS is the speed of the water in 
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3 
rps. Since the energy dissipated in turbulent drag is proportional to p ; , 

the value of the dissipation function W in terms of turbulent drag on rotors, 
stators and walls is: 

W=124paCtS 3 (4) 

(2n)3 

where 124 is - 2-, p is the mass density of the liquid; a is the projected 
area of the rotor blades, and Ct is a dimensionless turbulent gross drag coef
ficient determined by the geometry of the system. The term a is introduced 
solely for the purpos.e of making Ct dimensionless. 

For any speed S, Ct may be computed by means of Eqs. (3) and (4) 
from the corresponding measured value of the torque T, or by means of Eq. 
(2) from the corresponding value of G on one of the calibration curves for 
velocity gradient. The better procedure is to use a calibration curve for G 
for a selected temperature because these curves are already adjusted to re
duce experimental error. Fig. 3 is a log-log plot of the gross drag coeffi
cients, C1 against rpm computed in this manner for the 2-liter beaker with 
water at 30°C. For lower water temperatures, the curves will be approxi
mately in the same position for fully turbulent drag and will be higher in 
proportion to the viscosity for fully streamline drag. 

Fig. 3 is enlightening in several respects. First, it is remarkably similar 
to well known plots of friction factor or drag coefficient against Reynolds 
number. Second, it clearly shows the existence of a streamline region, at 
speeds below 5 rpm, with stators, and below 10 rpm without stators, for the 
particular example. Third, the drag in the example is fully turbulent with 
stators at about 30 rpm but, without stators, is not fully turbulent at speeds 
up to about 300 rpm. Since the effectiveness of mixing depends upon the . 
degree of turbulence, it is evident that the stators in the 2-liter beaker make 
an important contribution. For example, full turbulence is present with the 
stators at 30 rpm and a G of about 30, whereas, without stators, full turbu
lence is not present at 300 rpm even though G is about 350: 

The curves for Ct; illustrated on Fig. 3, are based on fully turbulent 
drag which is assumed to be proportional to v2• This proportionality does 
not hold except where the curves are nearly horizontal. In the streamline re
gion, the drag is proportional to v and Ct becomes inversely proportional to 
the Reynolds number. Since the speed of the rotors is the only changeable 
factor in the Reynolds number for a particular mixing tank and water tem
perature, the curves for Ct in the streamline region slope downwards on the 
log-log plot at 45 °. It becomes apparent that the dissipation function W 
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may also be expressed in terms of the viscous drag, where energy is dissi
pated in proportion to µv2 

, as follows: 

W 4.92µCvS 2 (5) 
(?1r)2 

where 4.92 is -8- and Cy1s a d1mens10nless viscous gross drag coeffic1ent 
determined by the geometry of the system. Fig. 3 shows a curve for values 
of Cvfor the 2-liter beaker without stators, which illustrates that the curve is 
horizontal in the streamline region and slopes upward at 45 ° in the fully 
turbulent region. 

Plots of Cv are not necessary because the value of Cv may be com
puted for any rotor speed from the corresponding value of C1 taken from 
the curve. The value of Cv in terms of Ct may be obtained by equating the 
values of W in Eqs. ( 4) and {5) as follows: 

C = .I aC S (6) 
V v t µ 

where 25 .1 is 81r and v is the kinematic viscosity of the liquid orp 
The value of the turbulent gross drag coefficient, C1 in terms of the 

drag on the rotors, stators and walls is 

ct = ~: [o-k)3 A+ k3{B + cfD C)] (7) 

where C
0 

is the conventional turbulent drag coefficient applied to the sys
tem of rotors and stators, f is the Weisbach-Darcy wall friction factor, and 
A, B and C are the dimensional turbulent work parameters for the rotors, 
stators and walls, respectively. 

The value of the viscous gross drag coefficient, Cv , in terms of the drag 
on the rotors, stators and wall is 

CI I 

cv = :z [o-k)2 A'+ k2 cs' + d
0

, c' )] (8) 

where C0
1 

is CD times the Reynolds number, f' is ftimes the Reynolds num
ber, and A', B' and C' are the dimensional viscous work parameters for the 
rotors, stators and walls, respectively. 

The dimensional work parameters are derived hereinafter in the Ap
pendix for various types of rotors and stators in terms of the areas and radii. 
The dimensions of the turbulent work parameters are (length)5, and the di
mensions of the viscous work parameters are (length)6• 

Eq. (7) for Ct is applicable only where turbulence is fully developed 
and does not change appreciably with change hi speed. Eq. (8) for Cv is 
applicable only where flow is streamline and Cv does not change apprecia-
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bly with change in speed. It is proposed to use these equations in design to 
estimate the position of the two tangents to the c1 curve on log-log paper. 

Evaluation of Coefficients 
In order to use the gross drag coefficients for design, torque measure

ments were made on existing tanks to evaluate friction factors and drag 
coefficients. The factor k may be. estimated by equating the moment of the 
drag on the rotors to the moment of the drag on the stators and walls, each 
of which is equal to the torque. The drag and friction coefficients may be 
estimated by assuming that at the same speed they have the same values 
without the stators in place as with the stators. This requires evaluation of 
C1 for both cases, as illustrated on Fig. 3. 

Drag Moments 
2 

The moments of the turbulent drag are proportional to p ; r , as fol
lows: 

Rotors (9) 

Stators M8 = 19.7 p C
0

k2 BmS2 (10) 

Walls Mw = 19.7 p C0 k2 f cms2 (11) 

(2n)2 D 
where 19.7 is -2- and Am• Bm and Cm are the dimensional moment 
parameters for turbulent drag on rotors, stators and walls, respectively. 

The moments of the viscous drag are proportional to µvr, as follows: 
Cl 

Rotors M~ = 0.785µ :J (1-k)A'ms (12) 

Stators 
(13) 

Walls 
(14) 

. 211' 1 B' 1 • • where 0.785 1s 8 and Am, m and Cm are the d1mens1onal moment para-
meters for viscous drag on rotors, stators and walls, respectively. 

The dimensional· moment parameters are derived hereinafter in the 
Appendix for various types of rotors and stators in terms of the areas and 
radii. The dimensions of the turbulent moment parameters are (length)5 and 
of the viscous moment parameters are (length)6• 



10 BOSTON SOCIETY OF CIVIL ENGINEERS 

Turbulent Coefficients 

Equating the moments of turbulent drag, 

from which, 

and 

Since _f_ >O 
CD 

and 

k2(Bm + f Cm)= (l-k)2 Am 
D 

(l -k)2 A > B 
k2 m m 

(15) 

(16) 

(17) 

(18) 

(19) 

From (19), for the case without stators, Bm is zero and k is less than 
1.0. For the case with stators, k

8 
is less than a fraction of 1.0. For example, 

for the 2-liter beaker with stators where Bm, Am and Cm are 10.67 x 10-s, 
l.017 x 10-s and 67.5 x 10-s ft 5 , 

l + 
10.67 X 10-s < 0.236 

1.017 X 10-s 

If from Eq. (17) the values ot-cf--for the cases with and without stators 
are equated, the following results: D 

(1 - k8)
2 (1 - k)2 Bm 

k2 -~ =A 
s m 

(20) 

where k is for the case without stators and k
8 

ts for the case with stators. 

lf the moment of the drag on the rotors of Eq. (9) is set equal to the 
torque of Eq. (3), the following results: 

CD 
W = 124pa Va (1 - k)2 AmS3 (21) 
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in which, by comparison with Eq. (4), 

CD 
C =-(1-k)2'A t Va m (7a) 

It is evident from Eq. (7a) that for fully turbulent drag, 

(1 - ks)2 Ct with stators 
= --,----- (22) 

(I - k)2 C\ without stators 

With known values of Clor the two cases, the values of all coefficients 
can be determin~d by trial-and~error solutions of Eqs. (22), ( 19), (20), (17), 
(16), and (7a). For example, for the 2-liter beaker at 300 rpm, C1 is 3.4 x 
10-2with stators and 0.33 x 10-3 without stators. From (22), 

~~ ~ ;;: = ~:i3 = 10.3 and \ ~ ~s 3.21 

From ( 19), k
8 
is less than 0.236, and by successive trials by (20) k

8 
is equal 

·o.765 
to 0.235, from which l- k

8 
is 0.765. From the above ratio, 1-k is or 

0.238, from which k is 0.762. Check by Eq. (20) 

From 17, 

and 

(
0.76~)2 - (0.23~)2 = 10.585-0.098 = 1049 = 10.67 
0.23) 0.76,_ . 1.017 

k = s 
1 + 

0.098 ~~~57 = 0.00147 

1 
10.67 + 0.00147 X 67.5 = 

0·235 

l.017 

I 
k =--- 0.00147 x 67.S = 0 ·762 

I+ 1.017 

Check by (16) 

For V of 0.0706 ft3, from Eq. (7a), 

Ct Va 3.4 X 10-2 X 0.706 X 10-l X 2.08 X 10-2 

CD = (i-ki Am - 0.765 2 x 1.017 x 10-s = S.4 

and f = 0.00147 X 8.4 = 0.0123 
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Viscous Coefficients 

Equating the moments of the viscous drag, 

From which 

and 

Since 

and 

r' 
c' > 0 

D 

I f
1 

1 I 
k(Bm + c' Cm) = (1 - k) Am 

D 

k 

f' 
C' 

D 

1 + 

l..=!.A 1 >B 1 

k m m 

k<--B-, 
m 

I+ A' 
m 

(23) 

(24) 

(25) 

(26) 

(27) 

From (27), for the case without stators, s
11

; is zero and k is less than 
1.0. For the case with stators, k is less than some fraction of 1.0. For exam
ple, for the 2-liter beaker with stators, where B~, A1~ and C~ are 40.0 X 
10-6 • 2.26 x I0-6 and 4.49 x 10-3 ft 6 . 

I 
ks < 40.0 X I o-6 < 0.0535 

I+ 2.26 x 10-6 

f' 
If from (25), the values of C for the cases with and without stators 

are equated, the following results: D 

(28) 

where k is for the case without stators and k
8 

is for the case with stators. 
If the moment of the drag on the rotors of Eq. ( 12) is set equal to the 

torque of Eq. (3), the following results: 

c' 
D I 2 

W = 4.92µ y 2 (I - k) AmS (29) 
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in which, by comparison with Eq. (5), 

c' 
D I 

Cv = v2 (I - k) Am 

13 

(8a) 

It is evident from Eq. (8a) and Eq. (6) that for streamline drag at t-he same 
rpm, 

Cv with stators Ct with stators 

Cv without stators Ct without stators 
(30) 

With known values of Ct for the two cases, all coefficients can be eval
uated by trial-and-error solutions of Eqs. (30), (27), (28), (25), (24), and 
(8a). For example, for the 2-liter beaker at 3 rpm, c1 is 9.32 X I0-2 with 
stators and 5 .96 x 10-2 without stators. From (30), 

I - ks = 9.32 = I 56 
I - k 5.96 . 

From (27), ks is less than 0.535, and by successive trials by (28) k
8 

is equal 

to 0.049 from which 1- ksis 0.951. From the above ratio, 1-k is 0.609, from 

which k is 0.391. Check by (28), 

0.951 0.609 
0.049 - 0.391 

B~ 40 
19.28 - 1.56 = 17.72 A~ = 2_26 = 17.7 

From (25), /, - 1.56 14!~ = 0.785 x 10-3 

D 

Check by (24 ), 

ks= l 40 X 10-6 + 0.785 X 4.49 x 10-6 0.049 

+ 2.26 X 10-6 

and .. k • 
l = 0.392 

l 0.785 X 4.49 X 10-6 

+ 2.26 X 10-6 

For water at 30°C, u = 0.86 x 10-s ft2/sec, and from Eq. (6) for 3 rpm 

Cv = 
0

_
8

~~1.o-s x 2.08 x 10-2 x 5.96 x 10-2 x :o = 181 without stators 



14 BOSTON SOCIETY OF CIVIL ENGINEERS 

For V of0.0706 ft3, from Eq. (8a), 

I cvv2 
18lx0.7062 xl0-2 

CD::::: (1 - k)A~ ::::: 0.609 x 2.26 x 10-6 ::::: 
6.57 X 105 

and f 1 = 0.78S x 10-3 x 6.57 x 105 516 

Principle of Least Work 

The author believes that the Principle of Least Work is a natural law 
universally applicable. This principle holds that nature is lazy and follows 
the path of least resistance with minimum work in all of its actions. It has 
been used in analyses of indeterminate structures where it is assumed that 
under an applied load the stresses will be distributed so that the total work 
done in deformation is a minimum. Since this principle has been badly neg
lected in fluid dynamics, the author has studied it as another means for the 
evaluation of k. · 

If the partial derivative with respect to k of the work W, and therefore 
of c1 and Cv in Eqs. (7) and (8), is set to equal to zero, equations similar to 
(15) and (23) result. The dimensional parameters, however, are the work 
parameters instead of the moment parameters. The work parameters are the 
same as the moment parameters for the rotors and inside stators where the 
same value of r is used for the moment arm and tangential velocity, as 
shown on Fig. 2. The parameters differ, however, for outside stators and the 
walls, because the velocity is determined by r r and the moment arms are 
r
0

s and.rw, respectively. 
The value of k determined by the least work method does correspond 

with the minimum value of W, but the method is incorrect because the re
quirement that the input moment must equal the resisting moment is not 
met for the assumed distribution of the velocity. Nevertheless, solutions by 
least work are approximately correct. For example, for the 2-liter beaker, 
the error in C0 is + 3.6%. and in C~ is + 0.3%, and the errors ink are 
+ 6.0% for turbulent drag and + 14% for viscous drag. It is evidenf that 
the Principle of Least Work does apply to this case, provided the drag mo
ments are also equal. 

Dimensional Effects 

In order to study the effects on drag and wall friction coefficients of 
tank shape and paddle arrangements, extensive exploratory torque measure
ments were made with water in the units of a small pilot plant consisting of 
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a rapid mix tank 4.4 in. sq. by 3 ft. deep, followed by 3 tanks each 1.0 ft. 
sq. by 3 ft. deep with vertical shafts. The rapid mix tank was designed to 
produce G-values of about 30 to 1000 with water up to 30°C and fully tur
bulent mixing. The first 1.0 ft. sq. tank was designed to produce, with fully 
turbulent mixing, G-values of about 30 to 750, and the second and third 
tanks, G-values of about 10 to 100. One of the larger tanks was filled to a 
depth of 1 ft. of water to study the effects of a cubic-shaped tank, and the 
paddles were designed to produce G-values of about 30 to 500 with full tur
bulence. 

The results of the torque measurements are shown in Table 1. Column 
1 shows the data for the 2-liter beaker, column 2 for the 4.4 in .. sq. rapid 
mix tank, column 3 for the first 1 ft. sq. by 3 ft. deep tank, column 4 for the 
second and third 1 ft. sq. by 3 ft. deep tank, and column 5 for the I ft. sq. 
by I ft. deep tank. 

The first measurements, made with rotor blades vertical, resulted in 
large· vortices at high speeds. The vortices were eliminated by pitching the 
blades 45 ° with the vertical, and placing the top rotor assemblies to pump 
upward. Hoerner6 has published the results of experiments which show that 
the turbulent drag coefficient is approximately constant with plates tilted 
against the direction of flow from 90° to 45 °. It is therefore permissible to 
use the projected plate area for pitched blades, provided the pitch is not less 
than 45° against the direction of flow. Experiments conducted with the 4.4 
in. sq. tank with rotor blades vertical and tilted 45°, but without stators, 
showed that the turbulent torque with the pitched blades was about 75.5% 
of the torque with blades at 90° with the direction of flow. Since the pro
jected area was reduced to 70.7% of the area of the vertical blades, the dif
ference indicates an increase of about 7 % in the value of ( 1-k)2 in Eq. (9). 

The small tank was equipped with 4 rotors 3 inches in diameter at 
depths of 12, 19, 26 and 3 3 inches below the water surface. Each rotor has 
6 radial blades attached to its hub at 60° intervals and pitched 45° with the 
vertical. Each blade is 1 in. wide by 1-1/16 in. long. The value ofa is 0.125 
sq. ft. The top and third rotors pump upwards, and the other two down
wards. The stators consist of 12 blades, each 2-1/2 in. high by 1-1/2 in. 
wide, placed in radial vertical planes through the corners with the inside 
edges 0.9 in. from the center of the shaft. Three blades are in each corner 
spaced vertically between rotors. 

The first large tank has 4 rotors 8 in. in diameter at depths of 3-3/8, 
16-1/4, 19-3/4 and 32-5/8 in. below the water surface. Each rotor has 6 
radial blades attached to its hub at 60° intervals and pitched 45° with the 
vertical. Each blade is 1 in. wide by 3-5/8 in. long. The rotor area, a, is 
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TABLE l. EFFECTS OF DIMENSIONS ON COEFFICIENTS, WATER AT 30° C. 

(I) (2) (3) (4) (5) 

CONTAINER 5 11 DIA. 4.4 11 SQ. I.0 1SQ. I.O'SQ. I.O'SQ. 
6.411 DEEP 31 DEEP 31 D.EEP 31 DEEP I' DEEP 

TURBULENT 
Am(ft.11•104> 0.1017 0.855 45.21 5.16 22.3 
Bm(ft.11• Id'> 1.067 6.102 324.4 223.3 147.0 
Cm(ft.5x Id'> 6.75 32.4 1810.0 1018,0 695.0 
CtslCt 10.3 1.44 1.70 1.55 1.56 
ks 0.235 0.2397 0.2498 0.1252 0.2514 
k 0.762 0.3689 0.4240 0.2976 0.3989 
f 0.0123 0.1365 0.0804 0.0472 0.1072 
Co 8.4 1.76 1.735 1.632 1.469 

STREAMLINE 

Arr:(ft~x 104) 0.0226 1.12 76.5 3.18 18.56 
Bm'(ft~• 104) 0.400 8.75 516.2 693.2 86.8 
Cm'(ft!S• Id'> 44.90 1150.0 70500.0 52800.0 10420.0 
Ct

5
1Ct 1.56 1.13 1.34 1.44 1.38 

ks 0.049 0.0941 0.1025 0.0045 0.1393 
k 0.391 0.3554 0.3329 0.3094 0.3996 
f' 516.0 918.0 2170.0 511.0 1395.0 
co'1110·5 6.57 5.18 9.96 37.9 5.23 
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0.433 sq. ft. The third rotor from the top pumps down and the other three 
upwards. There are 8 stators, each 6 in. high by 3 in. wide, placed in radial 
vertical planes through the corners with the inside edges 2.5 in. from the 
center of the shaft. Two blades are in each corner spaced vertically between 
the two top and two bottom rotors, respectively. 

The second large tank (and the third) has 3 rotors 6 in. in diameter at 
depths of 3-3/8, 18 and 32-5/8 in. below the water surface. Each rotor has 3 
radial blades attached to its hub at 120° intervals and pitched 45° with the 
vertical. Each blade is 1 in. wide by 2-5/8 in. long. The rotor area, a, is 
0.116 sq. ft. The middle rotor pumps down and the other two upwards. The 
stators are identical with those in the first large tank. 

The cubic tank has 2 rotors 8 in. in diameter at depths of 4 and 8 in. 
below the water surface. Each rotor has 6 radial blades attached to its hub 
at 60° intervals and pitched 45 ° with the vertical. Each blade is 1 in. wide 
by 3-5/8 in. long. The projected rotor area,a;, is 0.2135 sq. ft. The top rotor 
pumps upwards and the bottom rotor downwards. There are 12 stators, 
each 1-1/2 in. high by 3 in. wide, placed in radial vertical planes through 
the corners with the inside edges 3 in. from the center of the shaft. Three 
blades are in each corner, 1.9, 6 and 10.1 in. below the water surface. 

Table 1 shows very significant differences between cylindrical and 
square tanks in the region of turbulent drag. The drag coefficient C

0 
is 

much greater and the wall friction factor f much less for the cylindrical tank 
than for the square tanks, which results in a much higher value for Ct /Ct 
for the cylindrical tank. Figs. 4 to 7 show that turbulent drag can be8ob
tained over a much wider speed range in square tanks both with and without 
stators than is the case with cylindrical tanks. 

Design of Tanks 

The size and dimensions of a mixing tank are usually determined by 
the volume desired or retention period for continuous flow units. The design 
procedure thereafter is best .illustrated by an example: a rapid-mix tank 10 
ft. by 12 ft. in plan with a 13 ft. water depth constructed in an expansion of 
the Billerica (Massachusetts) water treatment plant. It is proposed to dissi
pate 10 hp, or 3.53 ft. lb. per sec per cf for a volume of 1560 cf. The maxi
mum value of G for this value of W will range from 311 sec - i at 2 ° C. to 4 71 
at 30°C. 

Two six-blade rotors, 6 ft. in diameter and 5 ft. on centers, are 
mounted on a vertical shaft; the top rotor to pump upward, and the bottom 
.downward. Each blade is 8 in. wide by 2.62 ft. long_.and pitched 45° with 
the vertical. The projected area of the rotor blades, a, is 14.8 sq. ft. There 
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are 12 stators, placed in 4 groups of 3 each in tlie radial vertical planes 
through the corners with the inside edges 2.0 ft. from the center of the shaft. 
The stators are 3.0 ft. wide with the top and bottom stators 1.5 ft. high and 
the middle stators 2.0 ft. high. The dimensional moment parameters for 
turbulent drag, Aui, Bm and fm ~re 114-,2, 1752 and 7790 ft. 5, respective
lv: and for viscous drag, Am, Bm and Cm are 0.0752 X 104, 2.17 X 104 

and 179.2 X 104ft. 6, respectively. 
For trial computations of the values of Ct for water at 30°C. on the 

turbulent and viscous tangents, the values of the drag and wall friction co
efficients for the small cubical tank, column 5 of Table 1, will be used. For 
turbulent drag, f is assumed at 0.1072 and C0 at 1.469. For viscous drag, f' 
is assumed at 0.01395 X 105 and C~ at 5.23 X 105• For turbulent drag, 
the value of k

8
, by Eq. ( 16), is 0.182 and the value of k is 0.31. From (7a), 

C18 is 4.85 x 10-3 and C1 is 3.47 x 10-3
• For viscous drag, by Eq. (24), 

k
8 

is 0.0276 and k is 0.1365. From (8a), Cv sis 157.3 and Cv is 139.7. 
For 0.1 rpm, S is 1.667 x 10-3 

; and from Eq. (6), Ct s is 2.20 x 10-3 and 
Ct is 1.95 x 10-3 

• The estimated positions of the tangents to the curves for 
Ct are shown by broken lines on Fig. 8. 

For the proposed maximum value of Wat 3.53 ft. lbs. per sec per ft. 3, 

the estimated speeds from Eq. (4) are 0.590 rps or 35.4 rpm with the sta
tors, and 0.66 rps or 39.6 rpm without stators. 
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APPENDIX 
Dimensional Parameters 

The dimensional parameters for the rotors and stators are functions 
of the projected blade areas perpendicular to the direction of tangential 
flow and of the radii which determine the velocity and drag moments. As 
indicated on Fig. 2, the velocity is assumed to increase from zero at the 
center of the rotor shaft to a maximum at the tip of the radial rotor blade 
( or to the center of the outermost parallel rotor blade or outer edge for 
wide blades), and to remain constant from this point almost to the wall. 
The drag on the walls and floor is assumed to be the same per unit of 
wetted area and to be controlled by the maximum velocity at r r ; and the 
drag moment arm is assumed to be rw, the radius of circular tanks and the 
shortest radial distance to a wall for rectangular tanks. For simplicity, the 
total wall area is used for rectangular tanks with no allowance for corners. 

Both radial rotors and wide blade parallel rotors and inside stators 
require integration of the differential moment and work on differential 
area, bdr, between r 1 and r2 • The moment arm to an outside stator is to its 
center, regardless of its width. Some stators may be partially inside and 
subjected to a velocity increasing with radial distance, and partially outside 
with constant velocity. 
Wall Parameters 

fv2 

The drag per unit of wall area = p 

I< or turbulent drag, the moment is 
M = f A (21r)2 2kzs2 = (21r)2 C k2 

w P 4 w 2 rr rw 2 P D 

and the dimensional moment parameter is 
2 

Cm =Aw 4 rw 

Since the work is M _y_ M 2 2.._ kS 
w or w 1T ' rw !w 

) 3 C f r 3 

W = (21r _.!:_ k3 - (A _r) S3 
w 2 pa Va C ·w 4 

D 
and the dimensional work parameter is 

3 
rr 

For viscous drag, 

C Aw4 

f 1vA w 

(31) 

(33) 

(34) 

(35) 

(36) 
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Substituting this value off in (31 ), the viscous drag per unit of wall area 

f
1
vAW pv2 r' Aw 

= v4V 8 = 32 µ V v <37) 
and viscous drag moment is 

I ¾2 f' A 2 

M ' _!_ µ -- vr = - µ _!!_ (27rr kS) r 
w 32 V w 32 V r w 

C I I 
2n o f rr 

= 8 µ V k C' (Aw2 4 rw) S (38) 
I) 

and the dimensional moment parameter is 
I rr 

C =A 2 
m w 

Since the work is I v I r r Mw- orMw 2n - kS, 
rw rw 

CI i r 2 
_ (2n)2 

_____Q. 2 ._f_ (A 2 r 
WW- -8- µ y2 k CI w 

I) 

and the dimensional work parameter is r 2 

c'=A 2_r 
w 4 

Rotor Parameters 
2 

The turbulent drag per unit of projected blade area = C0 p ; 

The turbulent moment for narrow parallel rotors is 

(39) 

(40) 
) s2 

(41) 

(42) 

_ v
2 

(21r)
2 

( k)2( 3) g2 Mpr - C0 ApP rp - 2- pC0 I - Aprp (43) 

and the dimensional moment parameter is 

Am per pr= Aprp3 (44) 

V . rp 
Since the work is Mpr - or Mpr 2n - (l - k) S, 

rp rp 

(2n)3 CD 
W per pr= -- pa- (I-k)3 (Ar 3 )S3 

pr 2 Va PP 
(45) 

and the dimensional work parameter is 

A per pr= Apr/ (46) 

which is the same as the moment parameter. 

The turbulent moment for wide rotors, including radial rotors, is 

f v
2 

(2n)2 1 Mwr=C
0

b drp 2 r=-
2
-pC

0
(l-k)2 (h r3 dr)S3 (47) 
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and the dimensional moment parameters are 

{' ' 
and A P" :~.:'F :,d: = :dr :,:: ,:, ;, + r,r,' + ,,' 

m Jr wr 4 
Since the worK 1s 1 

{48) 

(49) 

V 
Mwr r or Mwr 27T( 1 - k) S, 

(2tr)3 CD 1 (50) 
Wwr per wr = -

2
- pa Va (I -k)3 (b r3 dr) S3 

and the dimensional work parameters are the same as the moment 
parameters as given by ( 48) and ( 49). 

The viscous drag per unit of projected blade area = 1 

· c~ v2 Cd v v2 c0 A 
R p = v4R p ·2 = µ v V { 5 l) 

The viscous drag moment for parallel rotors is 

I c,~ A/ 2n c~ 
Mpr = g µ-,r v • rp = 8 µ-V (l - k)(Ap2 r/) S (52) 

and the dimensional moment parameter is 

A I per pr= A 2 r 2 (53) m p p 

Since the work is M 1 .Y..... or M 1 21r (I - k) S, 
pr rp pr 1 (54) 

I (21r)2 CD 
W per pr=--µ•- (I -k)2 (A 2 r 2 )S 

pr 8 V P P 

and the dimensional work parameter is A
1 

per pr= A 2 r 2 (55) p p 

which is the same as the moment parameter in (53). 

The viscous drag moment for wide rotors, including radial rotors is 
I I 

Mw:· Cg° µ ~ b j drvr = 
2
; µ -~ (1 -k)(Ahfr

2
dr) S (56) 

and the dimensional moment parameters are rr 
2 

A 
I 

per rr = A bj, r2 dr = A 2 
m r r 3 

() 

and 

T2 

A 
I 

per wr = A bf r2 dr = A 2 
m wr wr 

11 

(57) 

(58) 
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The dimensional work parameters A' per rr and per wr have the same 
values as the moment parameters in (57) and (58). 

The values of the total rotor parameters for a mixing tank are smnma
tions of the individual rotor parameters, as follows. 

The turbulent moment parameter or work parameter is 
r. 3 3 2 2 · 3 

A = A "" A 3 + "' A _r_ + "" A r 2 + r 2 rt + r 2 rt + rt (59) 
m L..J prp L..J r 4 L..J · wr 4 

and the viscous moment and work parameters are 
r 2 2 2 

A 1 = A = "" A 2 2 + "" A 2 __ 1_ + "" A 2 r 2 + r 2 r 1 + r 1 ( 60) 
m L..J p rp . L..J r 3 L..J wr 3 

In computing values of the parameters, the terms in (59) and (60) which 
are not applicable are omitted. 

The parallel rotor term may be used for wide rotors if r2 is not greater 
than 1.5r1.For turbulent drag, the value of r/is 3.7% less than 

r/ + rlr 1 + r2 r1
2 + r/ 

4 
f2 f2 . 2 

for- of 1.5 and 10% less for - of 2.0. For viscous drag, the value of rp r 1 r 1 

r2
2 + r2 r 1 + r/ r2 r2 

is 1.2% less than 3 for ft of 1.5 and 3.4% less forr7of2.0. 

Stator Parameters 
Using the turbulent drag of. (42), the turbulent moment for inside 

narrow stators and outside stators of width less than rw- rr is 

M - C v2 (. ) - (21r)2 k2( 3 A z ) s2 61) s - DAS P-y ris or ros - -2- P CD Asris or lr ros ( 

and the dimensional moment parameter and work parameter for the inside 
narrow stators is 

(62) 

The dimensional moment parameter for the outside stator is 
Bm per os = Al/ r08 (63) 

r 
Since the work is Ms .:!_ or· Ms 21r _r k S , the dimensional turbulent 

ros ros 

work parameter for the outside stator is 

B per os = A
8
r/ (64) 
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For wide inside stators, 
r/ + r/r 1 + r2 ri2 + r1

3 

Bm per is = B per is= A
8 4 

(65) 

Using the viscous drag of (51), the viscous drag moment for inside 
narrow stators and for outside stators is c1 

I - 27T D 2 2 2 ) M8 - 8 µ k (A8 ris or A8 rr r08 S (66) 

and the dimensional moment parameter and work parameter for the inside 
narrow stators is 

I 

B per is= B per is= A 2 r, 2 
m S IB 

The dimensional moment parameter for the outside stator is 

I - 2 Bm per os - A8 rr r0 s 

and the work parameter is , 

For wide inside stators, 

B
1 

per os = A 2 r 2 
s r 

I 

Bm per is B per is 

(67) 

(68) 

(69) 

(70) 

The values of the total stator parameters for a mixing tank are summations 
of the individual stator parameters, as follows. 

The turbulent moment parameter is 
~ '°"' '°"' r/ + r/r 1 +'r2 r/ + r/ 8m = L.J Aii/ + L..J Ai/ros + L..J As 4 

(71) 

and the turbulent work parameter is (72) 
3 2 + 2 3 

B ~ A . 3 '°"' A 2 '°"' A r2 + r2 r1 r2 r1 + r1 
L.J ~s +L..J ir r+L..J s 4 

The viscous moment parameter is (73) 

B i = '°"' A 2r. 2 + '°"' A 2r r + '°"' A 2 r/ + r2r1 + r12 
m L.J s IS L..J s r OS· L..J s 3 

and the vicous work parameter is 

B1 = '°"' A 2 f• 2 + '°"' A 2r 2 + '°"' A 2 r/ + r2r1 + ri2 . L.J S IS L..J S f L..J S 3 

(74) 

In computing values of the parameters, the terms which are not appli
cable are omitted. 

The parallel stator term may be used for wide inside stators if r2 is 
not greater than I .Sr 1 • The error in using the simpler term is the same as 
shown above for rotors. 



PROPOSED ALCOSAN SECONDARY TREATMENT 
by 

GEORGE T. GRAY*, ARIEL A. THOMAS**, Member 
and JOHN F. DENNIS*** 

(Paper presented at a meeting of the Sanitary Section, Boston Society of Civil Engi
neers on December 4, 1968.) 

Background 
The Allegheny County Sanitary Authority was organized in 1946 to 

comply with the Clean Streams Act passed by the Pennsylvania Legislature 
in 1945. This Act required all municipalities and industries to cease the dis
charge of untreated wastes into the streams of the Commonwealth. The Au
thority is known as "Alcosan". Metcalf & Eddy, Inc. has been consultant to 
Alcosan since 194 7. 

Alcosan now serves 72 municipalities plus the City of Pittsburgh. The 
collection system includes 69 miles of interceptors varying from 10½ ft di
ameter at the main pumping station at the treatment plant down to 8 in. and 
12 in. connecting sewers throughout the system. It generally follows the 
banks of the three rivers and two large creeks, and is almost entirely gravity 
flow with the exception of three small pumping stations and three ejector 
stations. Approximately 30 miles of the collection system is in deep rock 
tunnel. The collection systems of individual municipalities discharge into, 
but are not part of, the Alcosan system. 

The present treatment process is termed intermediate because of the 
preaeration channels, but is actually little better than primary treatment. In 
general, the plant consists of a main pumping station, rack and chlorination 
building, grit channels, meter vault, preaeration channels and sedimentation 
tanks, sludge heating facilities, sludge concentration tanks, and incinerators. 

All of the existing plant is designed for a peak flow of 300 mgd. All 
but the primary settling tanks are designed for an average daily flow of 200 
mgd. The primary settling tanks are designed for an average daily flow of 
150 mgd. However, space was provided in the original design for two addi
tional primary ta,1ks if they should be required by regulatory agencies. The 
sludge disposal 1:1,t the present time is by heating, sludge concentration by 
anaerobic flotation (Laboon process), and flash-drying incineration. The 
concentrated sludge averages 16 percent solids. 

The collection system and treatment plant took 3 years to construct 

*Chief Engineer, Allegheny County Sanitary Authority. 
** Senior Vice President, Metcalf & Eddy, Inc. 

***Project Manager, Metcalf & Eddy, Inc. 
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and was placed in operation in June 1959. The total cost for engineering, 
financing and construction was approximately l 00 million dollars. The 
treatment plant cost was approximately $20,000,000. 

Future Requirements 

In i 965 and I 966, Alcosan and the State Sanitary Water Board held 
several meetings to discuss new and improved treatment not contemplated 
by either in the original project. The State Sanitary Water Board issued an 
order on March 16, 1966 requiring Alcosan to provide additional wastewa
ter treatment. The Authority cooperated by submitting a schedule for re
ports, plans and specifications, and construction, and has met this schedule 
to date. Nine years after Alcosan's intermediate wastewater treatment plant 
was placed in operation, Metcalf & Eddy completed plans and specifications 
for secondary treatment and additional sludge disposal facilities in order to 
meet more stringent stream standards and upgraded effluent requirements. 
The State Sanitary Water Board has approved the plans and issued a permit 
for construction. 

The estimated construction cost of the project is $38,500,000 with a 
project cost of $49,700,000. Alcosan has applied for federal and state con
struction grants. If a grant of at least 30 percent is made, construction may 
start in the spring of 1969, and may be completed in 1970, all on schedule. 
The Authority needs a large construction grant in order to keep the increase 
in the service charge rate reasonable. Even with a 30 percent construction 
grant, the added operation, maintenance, and capital cost may require an 
increase in the service charge rates. The increased operation and mainte
nance costs alone are estimated at $1,255,000, about 33 percent of the pre
sent operation and maintenance budget. 

Fig. 1 shows the population and accounts served. These have increased 
slowly in the past and, as can be seen, are expected to increase slowly in the 
future. It is noted that the rate of increase of population and accounts 
served are approximately the same. Alcosan's present policy is to admit no 
new participants inasmuch as the collection system is designed to handle 
only the wastewater flows from the present participants and can be ex
panded only at a great additional cost. 

Fig. 2 shows the average annual wastewater treatment plant flow re
cords and the future trend. Since the records show no trends, the flow has 
been projected generally in accordance with increases in the population and 
the numbers of accounts. We expect the average annual flow to increase 
from approximately 140 mgd to about 150 mgd by 1985. 
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The Pennsylvania Sanitary Water Board order requires Alcosan to dis
charge less than 60,000 lb/day of 5-day, 20 deg C BOD into the Ohio 
River. Our computations showed that the Ohio River dissolved oxygen will 
be in excess of 4.0 mg/L downstream of the Alcosan outfall if not more than 
90,000 lb of BOD are discharged into the river each day. In general, remo
val of 85 percent of the influent BOD is required if the project is to be con
sidered for federal construction grants. We have designed for 90 percent 
BOD removal. 

Fig. 3 shows· estimated raw and effluent BOD in 1970 with the existing 
intermediate treatment, just before the new facilities are placed in opera
tion, and for 1970, 1980, and 2010 with the new facilities in operation. In · 
2010, the BOD load into the river is expected to be one half of the load 
allowed by the Sanitary Water Board. 

Proposed Secondary Facilities 

The proposed plant additions will consist of six aeration tanks, 12 final 
settling tanks, and two chlorine contact tanks. The existing preaeration 
tanks will be bypassed and used for partial aerobic digestion of the waste
activated sludge. They can be kept in service as preaeration tanks, if desired. 
Sludge disposal will be by vacuum filtration and incineration of raw sludge. 
No additional primary settling tanks are planned up to the design flow of 
200 mgd. Although the existing tanks are designed for only 150 mgd, the 
reduction in efficiency up to 200 mgd is slight and will be compensated for 
by the secondary treatment. Space has been reserved in this design for two 
additional tanks if they should be required in the future by the regulatory 

· agencies. 

Fig. 4 shows schematically the existing and proposed wastewater treat
ment. It is noted that preaeration will be eliminated and the tanks used for 
aerobic digestion of waste-activated sludge. 

The six aeration tanks are diffused-air, spiral.:.flow tanks designed for 
an average daily flow of 150 mgd, and a design loading of 45 lb of BOD per 
1,000 cu ft. It is expected that the loadings can easily be increased to 60 lb 
of BOD per day per 1,000 cu ft, and that the six tanks will treat an average 
daily flow of 200 mgd. The air capacity and hydraulic design are such that 
six aeration tanks will be able to treat an average daily flow of 200 mgd and 
a peak flow of 300 mgd. The present state standards for design loadings of 
aeration tanks permit not more than 35 lb of BOD per day per 1,000 cu ft 
of tank. The use of the 45-lb loading which was approved by the state re
duced the size of the aeration tanks significantly. We are confident that op-
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eration will prove that the higher loadings of 60 lb of BOD per 1,000 cu ft 
will provide a 90 percent reduction, and that additional aeration tanks will 
not be required in the future. However, space was left for two additional 
aeration tanks if they are required. 

The 12 circular final settling tanks, 141 ft in diameter, are designed on 
the basis of a 1,200-gallon per square foot per day overflow rate for a peak 
flow of 225 mgd. These tanks will have to be supplemented by two addi
tional tanks as the peak flow increases from 225 mgd to 263 mgd, and by 
two more tanks as the peak flow increases from 263 mgd to 300 mgd. Space 
for the four additional tanks has been provided on the site. 

The chlorine contact tanks are designed to provide a 15-minute deten
tion at peak flows of 300 mgd, 

It is believed that, by the addition of four final settling tanks, the exist
ing and presently proposed sewage treatment plant can provide a 90 per
cent BOD removal for an average daily flow of 200 mgd and ?. peak flow 
of 300 mgd. 

A blower building will contain four initially, and room for a fifth, cen
trifugal compressors, each having a capacity of 60,000 cu ft of air per min
ute. The air will be filtered through rough filters, electrostatic precipitators, 
and bag-type filters to reduce the tendency to clog the fine bubble tube dif
fusers that are specified. 

A small new operations building will be constructed next to the blower 
building. Secondary treatment and final chlorination will be supervised from 
this building. It will contain a small laboratory for operation control tests; a 
center for the automatic control equipment; shower, locker, and lunch room 
facilities; and some storage space. 

The operations building is electrically heated, as is the blower build
ing. The large electrical use in the plant makes it economical to use electrical 
heating. Much of the heat for the blower building will be produced by the 
blowers themselves although supplemental electrical heat will be required 
when the number of blowers operating is not sufficient to maintain a reason
able temperature. 

The new buildings and structures and existing plant facilities will be 
interconnected by tunnels and passageways so that the entire plant opera
tion can be observed without going outside in inclement weather. Practically 
all wire and pipe are installed in tunnels and easily accessible. Most of the 
power and control wires will be laid in trays. 

Sludge Disposal 

The sludge disposal for the proposed treatment plant is shown dia-
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grammatically on Fig. 5. It will consist of wasting activated sludge to the 
existing preaeration tanks, which will be used as aerobic digestion tanks. 
The partially-digested activated sludge will be discharged into the raw se
wage and will be resettled with the raw sewage solids in the present primary 
settling tanks. The raw sludge containing waste-activated and primary 
sludge solids will be pumped from the primary tanks through disintegrators 
into mixing tanks. The sludge will then be pumped to vacuum filters, dewa
tered, and carried by belt conveyors to the existing incinerators. The· in
cinerator asli will be settled together with residue from two-stage tray 
scrubbers in the existing ash settling tanks along the river wall. The super
natant from the ash settling tanks will be returned to the raw sewage for 
treatment. The ash will be handled as at the present time by hauling to a 
spoil area which the Authority maintains a couple of miles from the treat
ment plant. 

The present incinerators were designed to incinerate sludge concen
trated to 16 percent solids. The incinerators actually are evaporators of 
water, and were designed to evaporate water from sludge containing 84 per
cent water with the use of supplemental heat. The increased solids con
centration in the vacuum filter cake, compared with the present concen:
trated sludge, will markedly increase the capacity of the incinerators to dis
pose of solids. Fig. 6 shows the amount of wet sludge which can be inciner
ated as the sludge solids increase from 16 percent solids to 20 percent solids 
to 25 percent solids. It is noted that a constant amount of water is being 
evaporated. Also significant is the marked increase in the pounds of dry sol
ids which can be disposed of through a given incinerator. 

The incinerators were plagued for years with deposits on the vapor fan 
blades, which required that the incinerators be taken off line and solids 
chipped from the blades at intervals as short as 5 days. Investigation and 
experimental work by the Authority has proven that a minimum tempera
ture in the drying cycle of 300 deg F will prevent deposits on the vapor fans 
and will permit the vapor fans to operate almost indefinitely. Incinerator 
runs now exceed 1,000 hours, or 40 days. Therefore, while in the past it be
came difficult at times to keep two incinerators on line with a total of four 
available, three incinerators can now be used most of the time. As a result 
of the higher solids concentration in the vacuum filter sludge cake, and the 
solution of the vapor fan problem, the incinerators will have a capacity to 
handle the primary and secondary sludge from a 200 mgd flow. 

Two-stage scrubbers will be added to the incinerators so they will meet 
the applicable county air pollution codes. The alternative would have been 
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to scrap the existing incinerators and replace them with new incinerators 
which would give a satisfactory stack discharge into the atmosphere. 

Design Features 

A few of the interesting features of design are discussed ~elow. 
The secondary treatment facilities are designed so that they can be op

erated as two completely separate plants, or as one plant. Initially, the Au
thority staff will operate two completely separate plants. They will use dif
ferent mixed liquor concentrations, dissolved oxygen concentrations, per
iods of sludge reactivation, points of wastewater application, and BOD 
loadings to find the optimum operating criteria. Inasmuch as the staff will 
apply different operating criteria to two portions of the same wastewaters, 
the operation results will be much more informative than if the different cri
teria were to be applied to different wastewaters on different days. Once the 
best ranges of operating criteria are determined, the secondary treatment fa
cilities will probably be operated as a single plant. 

The flows from one primary settling tank effluent channel will be dis
charged into the six, or fewer, aeration tanks. The flows will be measured 
and regulated by flowmeters and automatic controls so that the primary ef
fluent can be divided evenly between the aeration tanks in operation, or can 
be divided 60 percent to one side of the plant and 40 percent to the other 
side of the plant if desirable during the investigations in early years, when 
the two sides of the secondary treatment plant are operated as two com
pletely separate plants. 

A plan of one aeration tank is shown on Fig. 7. It is noted that the 
sludge follows a U-shaped course. The re-aeration compartment is closest to 
the final settling tank. Primary effluent can be applied to each or any combi
nation of the second, third, or fourth compartments. This configuration re
duces the piping and channels which are required. The actual amount of se
wage discharged to each one of the compartments is controlled by manual
ly-operated gates. 

Aeration will be automatically controlled. Each compartment of each 
aeration tank will have three points at which DO analyzers can be installed. 
Only one DO analyzer is expected to be installed in each compartment of 
each tank. The best location for control of dissolved oxygen must be deter
mined in the field. In the early stages of operation the DO analyzers will be 
moved among the three points to find the best location to measure and con
trol the dissolved oxygen. Dissolved oxygen in each of the four compart
ments of the aeration tank will be controlled separately. The dissolved oxy-
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gen measured by the DO meter in one compartment will control a butterfly 
valve in the air header serving that compartment of the aeration tank. The 
butterfly valve will be controlled in such a way that the minimum discharge 
to any one section of tank will be kept above the minimum required to keep 
the tank contents completely mixed. Inasmuch as there are six tanks and 
four compartments in each tank, this will require 24 dissolved oxygen ana
lyzers and 24 air control points. 

The blowers will be automatically controlled to produce the correct 
amount of air. The control will be based on the blower discharge pressures, 
which will change as the butterfly valves on the air supply pipes to each 
compartment open and close to meet the demands for air. This system will 
provide only the air required to maintain the dissolved oxygen at the opti
mum level in each compartment. Power saving from supplying just enough 
air, and better treatment from always supplying enough air, are expected. 

The coliform effluent standards permit only 5,000 coliforms per 100 
ml. The rate of postchlorine feed will be automatically controlled by a 
chlorine residual meter to produce a residual chlorine which will reduce the 
coliforms to the required level. Postchlorination of approximately I 0 
mg/L will be required. 

Fig. 8 "Effluent Chlorination Control" shows that chlorine will be fed 
into the final settling tank effluent channels immediately ahead of a rapid
mixing chamber. A sample of chlorinated wastewater is taken immediately 
after the rapid-mixing chamber and pumped to a chlorine residual meter. 
The chlorine residual reading is transmitted to the chlorinator controller 
which increases or decreases the rate of chlorine feed to meet the set-point 
residual. The required residual will probably be in the neighborhood of 5.0 
mg/L for the disinfection required. The actual required residual will be de
termined by comparing coliform counts at the effluent end of the chlorine 
contact tank with the set-point residual. The set-point residual will be ad
justed daily, and then weekly, until a residual is found which will produce a 
plant effluent containing no more than 5,000 coliforms per 100 ml. Auto
matic control of chlorination not only saves chlorine but is also more effec
tive. 

Prechlorination will be retained and is expected to be used in the sum
mertime to control hydrogen sulfide odors from the raw sewage. Approxi
mately 5 mg/L will probably be used during the warm weather for this pur
pose. 

Experience has shown that sludge disintegrators are very important to 
the trouble-free operation of plunger sludge pumps. Therefore disintegra-
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tors will be provided before the mixture of primary and waste-activated sol
ids is discharged into the mixing tanks. These two mixing tanks are essen
tially wide places in the sludge lines, with capacity to handle approximately 
six hours of sludge flow. Mixing will be accomplished with slow-speed mix
ers to prevent any rapid change in sludge concentration or characteristics. 
The tanks will also serve as suction wells for the duplex plunger pumps 
which will pump sludge to the vacuum filters. 

Each vacuum filter will be fed by one plunger pump. The plunger 
pump speed will be controlled by the level in the filter tank. 

Facilities are being provided so that sludge can be conditioned with 
two polymers or with one polymer and ferric chloride. No provision has 
been made for the use of lime in the conditioning of the sludge. The opera
tor will proportion the amount of each conditioning chemical fed to each 
filter, and control equipment will automatically maintain this proportion as 
the sludge pump speed varies to maintain the sludge level in the filter tank. 

One console will control four vacuum filters. The filter .drum speed will 
be variable and remotely controlled from the console. Valves are provided 
on both the pickup line and the drying vacuum line. Each vacuum filter will 
have its own vacuum pump and its own chemical-feed pumps. In general, 
each filter will operate completely separately and have completely separate 
auxiliary equipment. If any part of a filter or its auxiliary equipment re
quires maintenance, the filter will be taken out of operation and a spare 
filter placed in operation. 

Carbon filters will be used to remove sludge odors from all air which 
will be discharged to the outside of the vacuum filter building, or recircu
lated. Two sets of filters will be included, one to take care of the general 
area, and one to take care of the gases which are pulled out of the filter by 
the vacuum pumps. 

Conclusion 

The proposed Alcosan secondary wastewater treatment plant will be a 
modern semi-automatic facility which will provide a high degree of treat
ment. It, in conjunction with wastewater treatment facilities to be built by 
other municipalities and industries, will assure excellent conditions in the 
Ohio River for years to come. 



HEAD LOSSES CAUSED BY AN 
ICE COVER ON OPEN CHANNELS 

PETER A. LARSEN*, Member 
(Paper presented at a meeting of the Hydraulics Section, Boston Society of Civil En
gineers, on November 2, 1966) 

Introduction 

The design of open channels in areas with long-lasting cold winters 
requires consideration of various types of ice problems. One such problem 
is the effect of an ice cover on head losses. The increase of head losses in, 
for instance, a hydro-power cha.noel is directly proportional to a reduction 
in power production. In wintertime the value of the power generated would 
be generally greater than in the warmer periods of the year. The economical 
aspect is therefore obvious and the question is: What is the cross sectional 
channel area that will give optimum economy? 

Two types of information are necessary for channel design: 
1.) Knowledge of the roughness of the ice cover. 
2.) A method of computing the effect of the composite roughness of a 

given channel, the bottom and ice roughness being known. 
Very little can be found in the hydraulic literature about ice roughness. 

Some authors recommend that the same friction factor be used for the ice 
cover as for the channel bottom. Others suggest that the ice cover be con
sidered as a hydraulically smooth surface. Of these suggestions the latter 
might appear to be the more logical, but it will be shown that this assump
tion is geI).erally too optimistic. 

As far as the composite roughness is concerned, a variety of formulas 
can be found based on different assumptions. As pointed out by Ven Te 
Chow some of these result in negative friction factors for the ice cover, an 
illogical result. 1 

The aim of this paper is to develop a rational formula for composite 
roughness based on the concept of logarithmic velocity distribution, and to 
report some field data relative to the roughness of the ice cover on two 
different Swedish power channels. The field data provided a check on the 
deduced formula. 

* Associate Professor, Worcester Polytechnic Institute, Worcester, Massachusetts. 

I. Chow, Ven Te: Open Channel Hydraulics, 1959. 
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Formation of Ice Covers 

In areas with cold climate, it is generally desirable to have an ice cover 
on the channels. This prevents the production of so-called frazil ice which 
generally results in the formation of hanging dams or anchor ice with un
controllable, high head losses. 

An ice cover is known to form in either one of two ways. The one dealt 
with here is the formation similar to the ice covering on a lake. This type of 
ice cover can form only when the flow velocity is relatively low- less than 2 
fps. Such an ice cover is, however, known to be stable at considerably 
higher velocities than those at which it can be formed. This is due to the fact 
that the whole flow pattern is changed when the cover is present. The ice 
forms a rigid boundary and consequently the flow velocity is zero at the ice 
surface and the maximum velocity occurs somewhere near mid-depth. 

An ice cover may also be built up by floating ice which is transported 
by the flowing stream and deposited at the edge of an ice cover that has 
formed in a low velocity zone of the channel. Such an ice cover is known to 
have a relatively high initial resistance coefficient which tends to decrease 
with time. 2 However, the roughness of the ice cover considered here has 
been shown to increase with time. 

In an investigation made by the Swedish State Power Board, ice floes 
were sawn out of the ice cover on two different power plant supply chan
nels. Figures 1 to 6 show the under side of the ice floes. A wavy pattern is 
apparent with its main direction being perpendicular to the direction of 
flow. A floe with its orientation perpendicular to the direction of flow did 
not show a regular wave pattern, although the surface was not smooth. The 
channel characteristics of the floes shown in Figures 1 to 3 were: depth 
about 13 feet, width roughly 300 feet, and the velocity of flow varying be
tween 0 and 2. 3 fps depending on short term regulation of the power station. 

The floes shown in Figures 4 to· 6 formed on a channel with somewhat 
different characteristics: depth about 35 feet, width 200 feet, flow velocities 
varying between 0 and 4.0 fps, and a short-term regulated flow. Tempera
ture measurements in this channel showed that the water temperature was 
constant at all depths, with a value of 0.01 C 0 measured at different loca
tions along the channel. 

To get an idea of the development of the surface configuration with 
time, an ice floe with a smooth upper side was turned and left in this 

2. R. Beccat and B. Michel: International Association for Hydraulic Research, Pro-
ceedings 1959, Vol. III. 
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Fig. I - Ice floes from the Alvkarleby Head Race canal. 

Fig. 2 - Ice floes from the Alvkarleby Head Race canal. 
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Fig. 3 Ice floes from the Alvkarleby Head Race canal. 

Fig. 4 - Ice floes from the Kilforsen Power canal. 
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Fig. 5 - Ice floes from the Kilforsen Power canal. 

Fig. 6 Ice floes from the Kilforsen Power canal. 
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position for 18 days. When turned again, the lower surface shown in Figure 
7 had developed a pattern similar to that shown on Figure 2, although the 
amplitude of the waviness was considerably less. At the same time a new 
floe was cut and turned, downstream of the above-mentioned. Inspection 
showed that the surface configuration was similar to that observed 18 days 
earlier at the upstream floe. During the 18 days the air temperature was low 
with night temperatures of - 20 ° C and day temperatures from - 7 to 
-10°C. 

It is commonly assumed that ice with uneven thickness will rapidly 
become smooth. This is explained in the following way: 

At locations with thin ice, the heat transfer would occur at a more 
rapid rate than at locations with thicker ice, thus resulting in a faster in
crease of the ice thickness in thin areas than in thick. This is assuming that 
the air temperature is below the freezing point. Figures 1 to 7 show that 
this theory does not hold. It appears that al.).y attempt to mathematically de
scribe the heat balance and ice production has to take into account some 
dynamic properties of the water flow. In connection with this, it is of in
terest to note the similarity between Figure 7 and Figure 8 which shows 
"ripples" produced by wind-transported snow. The resemblance to the 
waviness developed in an erodible channel is also apparent. It seems prob
able that the same mechanism is responsible for these different phenomena, 
a mechanism that is notcompletely understood. It also appears that experi
ments with flow under an ice cover could contribute to a better under
standing of this property of turbulent flow. 

Field observations have shown that the ice boundary is not a hydrauli
cally smooth surface. With this in mind, the next step is to evaluate the 
hydraulic influence of the ice cover. 

Hydraulic characteristics of an ice covered channel 

From a hydraulic point of view, the ice covering of an open channel 
causes a radical change of conditions. The ice cover produces a substantial 
increase of the wetted perimeter, see Figure 9. For a wide channel the 
hydraulic radius is reduced to near half the value of the open channel 
radius, assuming a thin cover. The open channel is thus changed to a closed 
conduit but with the important difference that the cross sectional area will 
adjust according to the need because the ice is floating on the water surface. 

To illustrate the effect of the reduction of the hydraulic radius, assume 
that the ice roughness is equal to the bottom roughness. If the thickness of 
the ice cover is assumed to be small, the hydraulic radius is reduced by a 
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Fig. 7 An originally smooth ice surface exposed to flow for 18 days. 

Fig. 8 Wind-blown snow. 
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factor 2; and if the flow is kept constant, the head loss computed by the 
Manning equation is 2.5 times the head loss of the open channel. 

The assumption of the ice roughness being equal to the roughness of 
the channel bottom is arbitrary and would, in general, not apply. For the 
usual case of the two boundaries with different roughness characteristics, a 
computation based on composite roughness would have to be applied to 
determine the head losses. 

Formula for an equivalent roughness factor. 
There are numerous formulas for computing the equivalent roughness 

factor of a cross section for which the roughness varies from part to part of 
the wetted perimeter. The cross section is divided into arbitrary subareas, 
according to the roughness prevailing in each part of the wetted perimeter. 
To derive an equivalent roughness factor applicable to the whole cross 
section, one of the following assumptions is generally applied: 

1. The mean velocity of each of the subareas is equal to the mean 
velocity of whole cross section. · 

2. The resistance to flow of the whole cross section is equal to the 
sum of the resistances of the subareas. 

3. The total discharge of the cross section equals the sum of the 
discharges of the subareas. 
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The common procedure in these assumptions is the subdivision of the 
cross sectional area. In order to derive a correct description of the physical 
behavior, the sub-areas should be chosen so that the flow within each area is 
governed by the type of roughness characteristic of the wetted perimeter 
assigned to that area. It is obvious that condition one above can be true only 
if the roughness is constant along the entire perimeter. Since the velocity 
distribution, and hence the mean velocity, are functions of the roughness, 
the mean velocities of areas with different roughnesses must be different. 
Condition two, however, is physically correct, provided the subdivision is 
correct. Condition three is true regardless of the subdivision because it 
involves only the continuity principle. 

A formula which does not suffer any of the shortcomings mentioned, 
can be derived from the equations for velocity distribution in combination 
with the continuity equation. In the following derivation, the Manning for
mula is used for computing the energy loss. It is assumed that the relation
ship between the roughness height k and the Manning roughness coefficient 
can be expressed as: n = ckl/6 (I) 

where c = 0.0316 according to C.F. Colebrook.3 For laboratory use the 
derivation could as well be based on the Darcy-Weisbach friction factor f, 
thus eliminating the approximation involved in the above equation. It is 
further assumed that the flow is rough turbulent, a necessary condition for 
the validity of the Manning formula. 

Let y t be the total depth of flow in the ice covered channel, see Figure 
10. The roughness heights are k 1 and k2 for the ice cover and for the 
channel bottom respectively. The velocity distributions near the boundaries 
are governed by the roughness and the distance to the boundary according 
to the Prandtl-Karman velocity distribution law. At a particular- distance 
from the boundaries, a maximum velocity occurs tbat is common to the two 
distributions. The shear, viscous as well as apparent, is zero at a horizontal 
plane through this elevation and thus, for uniform flow, this plane deter
mines the subdivision in areas where the velocity distribution is governed by 
the ice roughness and the bottom roughness, respectively. 

The velocity distribution for the upper region is: 

30 
v1 = 2.5 Vfl In k y 

and for the lower region: 1 
(2) 

3. Colebrook, C. F.: The Flow of Water in Unlined, Lined and Partly Lined Rock 
Tunnels, 1958. 
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Yt 

Fig. 10-Theoretical velocity distribution. Definition sketch. 

30 
v2 = 2.5 Vf2 In ki y 

where y is the distance from the respective boundaries. 

(3) 

The common maximum velocity occurs at the distances YI and Y2 
from the ice cover and the channel bottom respectively: (YI + Y2 = Yt)-

30 30 
Vmax = 2.5 vn ln kt YI= 2.5 vr2 ln ki Y2 

hence 
l 30 

VfI = _ {!I_ = n ~ Y2 a 
Vf2 l -;:;- 1n 30 = b 

kt YI 
(4) 

where the numerator is set equal to a and the denominator to b. 

The mean velocities vm 
1 

and vm2 are obtained by integration of the 

velocity functions and dividing by YI and Y2 respectively. The theoretical 

velocity is considered to be zero at the distance 
3
k
0 

from the boundaries. The 
mean velocity for the upper region is: 
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YI 
1 f 30 I Vml = -2.S Vfl In -k y dy = - 2.5 Vfl 

YI kt 1 YI 
[ 

30 k1 ] 
YI In - YI -yt + ·k1 30 

30 
or 

VmI ~ 2.5 Vfl ( In !~ YI - I ) (5) 

The term :
1 

25 vn ~~ is generally less than 10-3 Vm and is therefore 

considered to be negligible. 

In the same manner, the mean velocity for the lower region is found: 

vm2 ~ 2.5 Vf2 ( In !~ Y2 - 1 ) 

Division of (5) by (6) and comparison with (4) yields: 

30 
In - Y2- 1 

k2 VmI ( a- I ) 

l 
30 

1 
== ·vm2 b - 1 

n - YI -
kt 

Vfl 
-= 
Vf2 

(6) 

(7) 

From the assumption of uniform flow it follows that the energy lines of 
the upper and the lower regions are parallel and also parallel to the energy 
line of the entire flow, i.e. S 1 = S2 = S 

The Manning formula applied to the upper and lower regions and to 
the whole cross section is: 

_ I .49 213 8 112 
v 1- - Yt m n1 

_ 1.49 2/J 8112 
Vm2 -u;-Y2 

1.49 ( ) 2i3 1/2 
Vm = -

0
- Yt/2 S 

(8) 

(9) 

(10) 
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Dividing (8) by (9) yields 

Vml =~(~) 
Vm2 n1 Y2 

(11) combined with (7) and (4) gives: 

2-!_ = ( a(b-1) 
Y2 b(a - I) 

Finally, when the continuity equation, 

2/3 

YI Vml + Y2 Vm2 = Yt Vm 

(11) 

(12) 

(13) 

is combined with equations (8), (9) and (10) the following formula for the 
equivalent Manning cpefficient is obtained: 

1 5/3 + 1 S/3 
1 n1 YJ ni Y2 

(
1.)2/3 S/3 
2 Yt 

n 

1 
(When the metric system is used, M can be substituted for n ) 

(14) 

This derivation was based on the assumption of a wide channel section 
where the influence of the side slopes is neglected. This assumption has not 
been introduced. It is, therefore, of interest to examine the equations further 
with respect to changes in depth. First, it is noted that the expression for the 
equivalent Manning coefficient can be written 

(Y1IY2l13 _!_ + _!_ 
1 °1 °2 

n ( t )2/3 2 (Y}/Y2 + 1)5/3 

(15) 

1 
which indicates, that n is a function only of the ratio of YI to Y2 and thus 
independent of the total depth Yt . Next it is of interest to investigate the 

ratio:!_ with respect to Yt . Here it turns out that :!_varies but slightly with 
Y2 Y2 

the magnitude of Yt for the practical range of values of n1 and nz. This is 
very important because it implies that it is possible to definitely compute the 
equivalent roughness factor for any given set of roughness coefficients n 1 
and nz and thus to present a complete solution to the problem as a dimen-

sionless plot. Figure 11 gives the ratio 2:... as a function of~ in the range 
n2 n2 
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as 

04 
0 .I 

Ya/id for n2 tt. 0.tU and !It ~ 5 feel with an accurac!I 
of f % or helter. Jncreasin9 accuracy with increa.sing 
total depth !ft· 

Fig. 11 - Composite roughness as a function of ice~ and bottom roughness. 

from 0.2 to 1.0, assuming n2 < 0.04 and Yt > 5 feet. Here n1 is the Manning 
n for the smoother of the two boundaries involved. Therefore the curve is 
valid also for the case where the ice roughness is greater than that of the 
channel bottom. In this case, obviously, the subscripts have to be inter
changed. 

It would appear that the expression for the equivalent roughness factor 
is valid for any cross sectional shape. This is; however, not true because the 
Pranotl-Karman law gives the velocity at a given point and for a given flow 
as a function of the wall roughness and the perpendicular distance from the 
point to the wall. Therefore, when a sloping portion of the cross se9tion is 
considered, the distance to the plane of zero shear should be measured 
perpendicular to the slope. · 

If the total depth at a particular point is Yt = YJ + Y2, the ratio of the 

distances determining the plane of zero shear is y YI where · a is the 
. 2cosa 

slope angle, see Figure 12. The error committed thus increases with the 
cosine of the angle, but for flat slopes is of minor importance. 

With the composite Manning coefficient being determined according 
to the method indicated, head loss computations for the ice covered chan
nel can be performed in the ordinary manner. The hydraulic radius is 
computed from A/(P + B) where B is the width of the underside of the ice 
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LOCATION OF ZERO SHEA~ 

Fig. 12 - The effect of channel ~ide slope. Definition sketch. 

cover, and the cross sectional area A is corrected for the portion occupied 
by ice if the ice thickness is appreciable. 

Determination of roughness from measured velocity distribution. 
If the Prandtl-Karman equation for fully developed turbulence is as

sumed to be valid, the roughness of the boundary can be determined when 
the velocity distribution is known. Let Yo be an arbitrary distance from the 
boundary. Equation (5) yields for the mean velocity: 

vm = 2.5 Vf ( ln 
3i Yo -1) (16) 

The velocity at the distance Yo from the boundary is determined from 
equation (2): 

(17) 

Division of equation ( 16) by equation ( 17) yields: 
Vm a1 -1 

Vmax 31 

or 
30 Vmax 1 

a1 =ln-y0 = = ---
. k Vmax-vm Vm 

1--·-
Vmax 
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from which -a1 
k= 30y0 e (18) 

The measured velocity distribution is plotted and the depth Yo is cho
sen so that an accurate determination of a 1 is obtained. The mean velocity 
is determined and the roughness height then computed from equation (18). 
The Manning coefficient is finally computed from equation (1). 

Determination of the roughness height can also be performed graphi
cally by plotting the measured velocities on semilogarithmic paper where 
the measured velocities should fall on a straight line. This gives a conven
ient procedure for smoothing the measured values. The roughness height k 
is then found f~om the slope of the straight line as follows: 

Vt.o 

k=30y1=30xl0 V1.o-vo.1 (19) 

y I is the value of y for which the straight line intersects the velocity axis. 
Vi.o and v0_1 are the velocities at the distances 1.0 and 0.1 from the bound
ary, respectively. 

Field Measurements 
In order to obtain some information about actual ice roughness and 

about the increase of head losses due to an ice cover, a comprehensive field 
investigation was planned and performed by the Swedish State Power Board 
in 1960. The measurements were planned to be carried out on two occa
sions, one in summertime when the channel was open, and one in the 
wintertime with an ice cover on the channel. It was anticipated that the 
open channel measurements would give the roughness of the channel bot
tom, and the winter measurements would give the combined effect of ice 
roughness and the known bottom roughness. In addition, a comprehensive 
investigation of the velocity distribution close to the ice cover would yield 
information on the ice roughness. 

The measurements were made in th~ supply channel of the Kilforsen 
Power Plant. Figure 13 gives a plan of the waterways adjacent to the power 
station. The water enters the head race from a pond approximately 17 miles 
long formed by damming the river Fjallsjoalven. The head race consists of a 
6000-foot open channel, a 12,000-foot free-surface tunnel and a 2600-foot 
forebay. The station utilizes a head of close to 330 feet and discharges 
through a full-flowing tunnel about 9000 feet long. With a maximum flow of 
13,200 cfs, the capacity is 340 MW from three units. As seen from the 
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KILFORSEH POWER PLAHT 

PLAH OF THE WATERWAYS 

r 

Fig. 13 - Plan of the Kilforsen Hydro Power Plant. 

figures given, the plant is well adapted for the purpose of frequency and 
peak demand regulation which is generally performed by this station in 
coordination with other similar stations. 

For the actual tests it was essential that the flow be kept constant 
during each test period. Therefore, the turbines were locked at a constant 
output during each run. The discharge was determined from the output, the 
over-all efficiency being known from recently-performed efficiency tests. 

The winter measurements were carried out from February 23 to 26, 
1960. The ice, at that time approximately 2 months old, was between 2 and 
3 feet thick close to the.channel banks, while the thickness on the main part 
of the channel varied between 4 and 8 inches. 

A 2300-foot long section of the supply channel was chosen for the 
measurements, see Figure 14. Holes were drilled through the ice in six 
locations along this section, and steel poles were driven into the channel 
bottom. The elevation of the tops of the poles was determined by accurate 
leveling. 

The velocity distribution was measured in four cross sections, see Fig
ure 14. Holes were cut in these sections for insertion of the current meters. 
The meters had long tail fins and were suspended by wires because of the 
great depths. The holes, three feet long and 6 inches wide, were cut with the 
long direction perpendicular to the flow. Figure 15 shows examples of the 
velocity measurements, the crosses indicating the position of measuring 
points. 

The velocity measurements were carried out by one crew at each cross 
section, and determined the duration of each test run. The time required 
was of the order of 3 hours, during which time the water surface elevation 
was measured every 5 minutes. The 2°to 3-foot deep holes served as stilling 
wells to produce a calm water surface, the elevation of which was measured 
with a ruler (1 mm divisions) from the top of the poles. The head between 
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PLAN 0~ THE CMANNEL SECYION INVESTIGATED 

Fig. '14- Plan of the investigated part of the power canal. Variation of cross sectional 
area and hydraulic radius. 

MEASURED VELOCITY DISTRIBUTION 

Fig. 15 Velocity distribution in two cross sections. With and without ice. 
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the forebay and the draft tube exit, and the power output also, were meas
ured every 5 minutes during each test. Measurements were performed with 
4 different discharges in the range from 6100 cfs to 11,800 cfs. 

The summer measurements, June 16-20, 1960, were performed in a 
similar way. Due to the smaller losses to be expected, a higher degree of 
accuracy was required. Accordingly, the water surface elevation was deter
mined using point gages (1/10 mm reading) placed in stilling wells. The 
relative elevation of the point gages was established by hydrostatic leveling. 

Velocity distribution was measured in two cross sections and at 4 
different flows. Head losses were determined at 9 flows in the range from 
5300 cfs to 12,400 cfs. 

Wind velocities ranged between 0 and 9 fps, mainly in the direction of 
the channel flow, but did not affect the accuracy of the measurements. 

During both summer and winter measurements, the flows into the Kil
forsen reservoir were regulated to maintain the test flows in order to mini
mize variations in reservoir and channel surface elevation. Sufficient time 
was allowed prior to each test to reach a steady state condition. 

During the summer measurements the channel reach was sounded at 9 
cross sections. Since it was found that the cross sectional area was rather 
·variable, see Figure 14, complementary soundings were made later. Thirty
eight new cross sections were introduced reducing the distance between 
successive cross sections to 65 feet. Figure 16 shows 6 typical cross sec
tions. 

Treatment of the Data Collected 

The data obtained from the field measurements consisted of water 
surface elevations at six sections along the channel, at the power station 
intakes, and at the draft tubes, and of power output from the plant. The 
head losses in the supply tunnel were also measured to determine the rough
ness of the tunnel. 4 All of the data mentioned were time correlated. The 
water surface elevations were plotted as functions of time for each flow rate 
investigated; For each test period, a time interval was chosen within which 
the fluctuation of the surface elevations showed a minimum, and the average 
elevation was determined for this interval. This was done for each of the 
above-mentioned sections. Thus the result was an accurate water surface 
profile for each flow, and an accurate head at the power station. Accuracy 
determination based on the gathered data indicated a standard deviation of 

4. See ASCE, Journal of the Hydraulics Division, HY4, July 1966: Factors Influ-
encing Flow in Large Conduits, discussion by S. Angelin and Peter Larsen. 
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TYPICAL CROSS SECTIONS. 

Fig. 16-Typical cross sections. 

0.7 and 0.5 mm in the water surface elevation of a section, for the winter 
and summer conditions respectively. The standard deviation for the differ
ence in elevation of the water surface at the ends of the 2300-foot test reach 
was found to be 2.2 mm and 0.5 mm for the winter and summer conditions 
respectively. 

The flow rate determined from the power output and the measured 
head were believed to run within I % of the actual value for all tests. 

The water surface profiles obtained for various flow rates were used, 
together with the soundings from 38 cross sections, as a basis for backwater 
computations. Since the Manning "n" was the unknown, it was varied in 
order to obtain the best agreement between measured and computed water 
surface profiles. 

To obtain a comparison between the head losses for the open channel 
and those for the ice covered channel, all measurement results had to be 
converted to a common stage. Since the differences in stages at different 
tests were small(± 0.7 feet from the chosen reference stage), the correc
tions needed to take into account only changes in cross sectional area, the 
changes in wetted perimeter being insignificant. 

The velocity distribution measurements were treated according to the 
theoretical approach. Figure 17 shows the velocity distribution on a vertical 
measured at 4 diferent flows, and the computations based on these data. 
This was done for 40 verticals yielding 160 determined k values, the aver
age of which was used for computation of the Manning "n" according to 
equation (1). 
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Fig. 17 - Vertical velocity distribution with 4 different flow rates. 

Measurement Results 

The results of the measurements made it possible to compare the 
composite roughness of the channel obtained in two different ways. The 
head loss computations gave n = 0.0333 for the open channel. This value 
of the Manning coefficient fitted all measured surface profiles equally well. 
An example of the measured and computed water surface profiles is given in 
Figure 18. 

For the ice covered channel, it was similarly found from the head loss 
computations that n = 0.0270. Figure 19 shows an example of measured 
and computed surface profiles for the ice covered channel. Based on accura
cy estimates it was concluded that: 

Manning coefficient for the open channel, n 0.0333 ± 0.0003 
Manning coefficient for the composite roughness, n 0.0270 ± 

0.0007 
The roughness of the ice cover was determined from the measured 

velocity distribution close to the cover. It was found that the Manning 
coefficient for the ice cover, n 0.0192. Entering the Manning n-values, 
found for the channel bottom and for the ice cover, into the formulas for 
composite roughness, or using the diagram Figure 11, it was found that the 
Manning coefficient for the composite roughness n = 0.0267. 

This result compared closely with the value determined by direct meas
urements. 
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OPEN CIIANNEL 

DISCHARGE Q • 329 ..ti, 
MANNING n o.o,sn 

MEASURED SURFACE PROFILE 
COMPUTED ..,._ --
ENERGY LINE 

Fig. 18 Computed and measured water surface profile without ice. 

DISTANCE ALONG 1HE 
ICE COVERED CHANNEL 

- DISCHARGE Q • 331 ~ 
MANNING n 0.0270 MEASURED SURFACE 

COMPUTED _,_ 
ENERGY LINE 

Fig. 19 - Computed and measured water surface profile with an ice cover. 
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The Manning coefficient for the open channel is high. This can be 
explained by the fact that the major part of the channel reach investigated is 
lined with a loose rip-rap protection consisting of bed rock material from 
the blasted supply tunnel. 

It should be noted that the values of roughness height, computed pri
marily from the plotted velocity profiles, showed rather great fluctuations. 
This would, to some degree, be expected because the roughness varies from 
place to place, as seen from the photographs, Figures 1 to 6. 

The head losses, referred to a common stage, are shown on Figure 20. 
The head losses with the ice cover was found to be 62 % greater than the 
head losses of the open channel. It should be noted, however, that the 
channel investigated was rather rough, and that the head losses due to an ice 
cover could therefore be expected to amount to higher percentages of the 
open channel losses than those indicated above. 

M)'Z J • 5 6 7 6 9 /01//2/Nl 

-ti-
62 % INCREASE Of THE ENERGY LOSS DUE ro THE ICE COVER 

Fig. 20- Head losses with and without an ice cover related to a common stage. 
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Concluding Remarks 

The under surface of ice on a channel has been found to have irregu
larities that are formed by the flowing water. The effect of these irregulari
ties corresponds to a certain roughness expressible in terms of an equivalent 
roughness height. The mechanics of the formation, however, are not known, 
and therefore it is not possible at the present time to predict the roughness 
of the ice cover on a channel of given hydraulic characteristics and given 
climatic conditions. Two lines of approach should be followed in order to 
adequately investigate the phenomena involved. The gathering of field data 
should continue, but this should be supplemented by systematic research 
and laboratory studies. 

The formula derived for composite roughness is based on the assump
tion of two parallel (or slightly converging) boundaries, an assumption 
which merely limits the applicability to the case considered in this paper. 
The approach to the problem indicated herein, may be applicable to an 
attempt to develop a more general solution to the problem of composite 
roughness. The need for such a solution is obvious, both for design purposes 
and for laboratory use. Typical design problems include partly lined tunnels 
and channels with different construction materials used for bottom and side 
wall. A most significant example in the laboratory is in connection with 
flume tests conducted to evaluate the properties of various types of rough
ness. Numerous tests of this type have been performed in either relatively 
wide flumes, where the effect of the side walls has been disregarded, or in 
approximately square-shaped flumes with smooth sidewalls, the influence of 
which has been evaluated by some of the common formulas. 



PROCEEDINGS OF THE SOCIETY 
Minutes of Meeting 

Boston Society of Civil Engineers 

November 13, 1968.-A Joint Meeting 
of the Main Society with the Structural 
and Construction Sections was held at 
Nick's Restaurant, 100 Warrenton Street, 
Boston Mass. Following a dinner preceed
ing the meeting President Harl P. Aldrich, 
Jr., called the meeting to order at 7 :00 
P.M. 

President Aldrich stated that the Min
utes of the meeting held October 16, 1968 
would be published in a forthcoming issue 
of the Journal and that the reading of 
those minutes would be waived unless 
there was an objection. There was none. 

President Aldrich announced the death 
of the following members:-

Thomas A. Appleton, elected a mem
ber April 21, 1916, who died in 
April, 1968. 
Timothy F. Creedon, elected a mem
ber March 17, 1937, who died in 
1967. 
Elson T. Killam, elected a member 
June 20, 1950, who died May 27, 
1968. 
Lawrence G. Ropes, elected a mem
ber March 21, 1923, who died June 
25, 1968. 

As there was no other business from the 
floor President' Aldrich turned the meet
ing over to Arthur H. Mosher, Chairman 
of the Construction Section to conduct 
any business of that Section at this time. 
Mr. Mosher in turn turned the meeting 
over to Albert B. Rich, Chairman of the 
Structural Section to conduct any business 
of that Section at this time. 

Chairman Rich introduced the guest 
speakers of the evening Mr. Charles A. 
Richardson and Mr. Morse H. Klubock of 
Perini Corporation and Mr. Zoltan A. 
Stacho of Parsons, Brinckerhoff, Quade & 
Douglas, who presented an illustrated talk 
on "M.B.T.A. Tunnel - Haymarket 

Square to Charlestown - Design and 
Construction". 

A question period followed the talk. 
Ninety-five members and guests at

tended the dinner and meeting. 

Respectfully submitted, 

Paul A. Dunkerley 
Secretary pro-tern 

December 4, 1968.-A Joint Meeting 
of the Boston Society of Civil Engineers 
with the Sanitary Section was held in the 
Society Rooms, 47 Winter Street, Boston, 
Mass. The meeting was called to order at 
7:00 P.M., by President Harl P. Aldrich 
following an informal dinner at the May
flower Coffee House and Pub Plaza at 
One Center Plaza, Boston, Mass. 

President Aldrich stated that the Min
utes of the meeting held November 13, 
1968 would be published in a forthcoming 
issue of the Journal and that the reading 
of those minutes would be waived unless 
there was an objection. There was none. 

The Secretary read a list of fifty-four 
names of those who have applied for 
membership. 

President Aldrich commented on the 
excellent efforts of the Membership Com
mittee under the leadership of Max So
rola, Chairman. 

Necrology - President Aldrich asked 
for a standing moment of silence in trib
ute to those who have been lost to us by 
death since our last meeting as follows:-

J ames M. Driscoll, who was elected a 
member May 20, 1914, who died 
November 11, 1968. 
James P. Kelley, who was elected a 
member December 15, 1952, who 
died November 11, 1968. 

Since there was no other business from 
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the floor President Aldrich turned the 
meeting over to Charles A. Parthum, 
Chairman of the Sanitary Section to con• 
duct any section business. 

Chairman Parthum introduced the 
guest speaker of the evening, Mr. Ariel A. 
Thomas, Senior Vice President, Metcalf & 
Eddy. 

Mr. Thomas described a nine year old 
waste water treatment plant now serving 
the Pittsburgh, Penn., area. He described 
the features of the plant and indicated that 
the existing unit would become a primary 
treatment plant when a new secondary 
treatment plant is added. The addition 
will be required because of an upgrading 
of specifications for the effluent. The talk 
was illustrated and Mr. Thomas explained 
each feature of the addition, how it would 
function, and the expected product. It is 
expected that this paper will be published 
in a forthcoming issue of the Journal. 

A question period followed the talk. 
About forty members and guests at

tended the meeting. 

Respectfully submitted, 

Paul A. Dunkerley 
Secretary 

January 22, 1969.-A Joint Meeting of 
the Main Society with the Hydraulics Sec
tion was held in the United Community 
Services Building, 14 Somerset Street, 
Boston, Mass. Following the dinner at 
which 75 members and guests were pres
ent, President Harl P. Aldrich, Jr., called 
the meeting to order at 7:00 P.M. 

President Aldrich stated that the Min
utes of the meeting held on December 4, 
1968 would be published in a forthcoming 
issue of the Journal, and that the reading 
of those Minutes would be waived unless 
there was an objection. There was none. 

President Aldrich called upon the Sec
retary who read a list of forty-seven 
names of those whose applications for 
membership had been received. 

The Secretary presented a recommen• 
dation from the Board of Government for 

action by the Society at this meeting, as 
follows:-

MOTION "to recommend to the So
ciety that the Board of Government 
be authorized to transfer an amount 
not to exceed $4000.00 from the 
Principal of the Permanent Fund to 
the Current Fund for Current Ex
penditures". 
It was VOTED "that the Board of 
Government be authorized to trans
fer $4000.00 from the Principal of 
the Permanent Fund to the Current 
Fund". 

President Aldrich stated that this was 
the first of two votes required, and that 
the second and final vote would be taken 
at the monthly meeting in February. 

President Aldrich announced that this 
was a joint meeting with the Hydraulics 
Section and yielded the rostrum to Mr. A. 
A. Vulgaropulos to conduct the business 
of that Section. 

President Aldrich declared a brief re
cess while the furniture was rearranged. 

President Aldrich announced that this 
meeting was sponsored by the John R. 
Freeman Fund Committee as a John R. 
Freeman Memorial Lecture. Because of 
illness, Past President Leslie J. Hooper, 
Chairman of the John R. Freeman Fund 
Committee was unable to be present. Vice 
President Robert H. Culver introduced 
the speaker of the evening, Mr. Thomas 
R. Camp. 

The subject of Mr. Camp's paper was 
"Hydraulics of Mixing Tanks". Mr. Camp 
used two slide projectors to explain the 
highlights of his very interesting paper. It 
is to be expected that the paper will be 
published in a forthcoming issue of the 
Journal. At the conclusion of the talk an 
interesting question period followed. 

Eighty-eight members and guests at
tended the business meeting and the lec
ture. 

The meeting adjourned at 8:30 P.M. 

Respectfully submitted, 

Paul A. Dunkerley 
Secretary 
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SANITARY SECTION 
December 4, 1968.-President Aldrich 

opened the joint meeting with Main So
ciety in the Society Rooms at 7:00 P.M. 
After conducting certain Society Business 
including the reading (by Secretary Paul 
Dunkerley) of the names of fifty new 
members, the meeting was turned over to 
the Sanitary Section Chairman, Charles 
A. Parthum. 

A 11ominating committee consisting of 
Mr. William Traquair, Professor Robert 
Meserve and Mr. Walter Newman, Chair
man, was appointed to submit a slate of 
officers for the coming year at the March 
5, 1968, Annual Section Meeting. 

Chairman Parthum then introduced the 
speaker of the evening, Mr. Ariel A. 
Thomas, Senior Vice President of Metcalf 
& Eddy, Inc. who presented a paper on 
the "Design of the 150 MGD Secondary 
Treatment Facilities for the Allegheney 
County Sanitary District. The presenta
tion was illustrated with slides and traced 
the development of the plant through the 
primary treatment units and the new sec
ondary facilities. An interesting question 
and answer period followed. 

Attendance was about 40 and the meet
ing was adjourned at 8:30 P.M. 

Charles A. Parthum for 
Leland Charter, Clerk 

HYDRAULICS SECTION 
November 6, 1968:-A meeting of the 

Hydraulics Section of the Boston Society 
of Civil Engineers was held in the Society 
Rooms, 47 Winter Street, Boston, Massa
chusetts. The meeting was called to order 
at 6:40 P.M. by Mr. Athanasios A. Vul
garopulos, Chairman of the Section. Mr. 
Vulgaropulos reported on the general re
sults of the Questionnaire which had been 
circulated to all members of the Society. 
Mr. Vulgaropulos also reported on the 
Section's field trip of October 5, 1968 to 
the Hurricane Barriers constructed by the 
U.S. Corps. of Engineers in Providence, 
Rhode Island and New Bedford, Massa
chusetts. Notices of future meetings of this 
Section and of other sections of the So
ciety were read. 

The Chairman then presented the for
mat for the evening's workshop and intro
duced the various panel speakers and their 
topics, who were as follows: 

Research: Murray B. McPherson, 
Director, Urban Water Resources 
Research Program of the American 
Society of Civil Engineers at Har
vard University. 

Climatology a11d Hydrology: Robert E. 
Lautzenheiser, Meteorologist in· 
Charge, U.S. Weather Bureau Office 
for State Climatology, Boston, Mass. 

Administration and Fi11a11cing: Willard 
S. Pratt, Director, Department of 
Public Works, City of Newton, Mass. 

Planning and Design: Charles Fuller, 
Project Engineer, Camp, Dresser & 
McKee, Consulting Engineers, Bos
ton, Mass. 

Design Criteria and Design: Robert A. 
Carleo, Project Manager of Water 
Resources, Howard, Needles, Tam
men & Bergendoff, Consulting Engi
neers, Boston. 

Construction: Carl Buccella, R. A:Buc
cella & Son, Inc., Contractors, Avon, 
Mass. 

Many questions followed these presen
tations, however, due to the hour, ques
tion time was curtailed. 

The meeting had an attendance of 40 
and was adjourned at 9:15 P.M. 

Respectfully submitted, 

Stephen E. Dore, Jr. 
Clerk 

January 22, 1969:-The Annual Meet
ing of the Hydraulics Section was held 
jointly with the Main Society of the Bos
ton Society of Civil Engineers in the 
Adams Room of the United Community 
Services Building, 14 Somerset Street, 
Boston, Mass. The meeting was opened by 
President Harl Aldrich of the Society at 
7:00 P.M. President Aldrich called on 
Treasurer Paul A. Dunkerly to read a list 
of new applicants for admission. President 
Aldrich then turned the meeting over to 
Mr. Athanasios A. Vulgaropulos, Chair-
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man of the Hydraulics Section, to conduct 
the business of the Section. Chairman 
Vugaropulos read the report of the Nomi
nating Committee, consisting of Nicholas 
Lally, Peter S. Eagleson and Allan 
Grieve, Jr., who presented the following 
slate of Officers for the Hydraulics Section 
to serve during the year 1969-1970; who 
were subsequently elected by voice vote: 

Chai;.man, Ronald T. McLaughlin 
Vice-Chairman. Stephen E. Dore, Jr. 
Clerk, Albert G. Ferron 
Executive Co11imittee, Jerome 
Degen,·Frank E. Perkins, Robert S. 
Restall 

Upon conclusion of the Section busi
ness Chairman Vulgaropulos turned the 
meeting back to President Aldrich, who in 
turn called on Dr. Robert Culver, first 
Vice President of the Society, to introduce 
the speaker of the evening. Dr. Culver 
presented Mr. Thomas R. Camp, Consult• 
ing Engineer, who delivered the fourth 
John R. Freeman Memorial Lecture 
speaking on "Hydraulics of Mixing 
Tanks". 

Mr. Camp discussed the mixing of liq
uids as widely used in chemical, phar
maceutical and food industries and in 
water and wastewater treatment to dis
perse additives, homogenize two or more 
liquids and for flocculation. The paper an
alyzes rotary mixing in terms of energy 
dissipation by internal shear, and intro
duces design procedures in terms of the 
drag on the rotors, stators and tank walls. 

After a brief questions and answer per
iod, President Aldrich presented to Mr. 
Camp a certificate for the lecture and a 
check in behalf of the John R. Freeman 
Memorial Fund. The meeting was ad
journed at 8:40 P.M. Attendance at the 
dinner preceeding the meeting was 75 and 
attendance at the meeting was 88. 

Respectfully submitted, 

Stephen E. Dore, Jr. 
Clerk of the Hydraulics Section 

TRANSPORTATION SECTION 
November 20, 1968:-A luncheon 

meeting of Boston Society of Civil Engi
neers, Transportation Section, was held 
on Wednesday, November 20, 1968. After 
luncheon, the meeting was opened, with 
49 members present, by Chairman Maur
ice Freedman at 12:45 P.M. 

Minutes of previous meeting were read 
and accepted. Mr. Freedman then intro
duced the guest speaker, Mr. A. S. Plot• 
kin, Transportation Editor of the Boston 
Globe, who gave his concept of the 'Social 
Impact of Urban Highway Location'. His 
very informative and knowledgeable pre
sentation was followed by a question and 
answer period. 

The meeting was adjourned at approxi
mately 1:25 P.M. 

Respectfully submitted, 

A. Paul LaRosa, Clerk 

Abstract of talk by Mr. A. S. Plotkin, 
Transportation Writer for The Boston 
Globe, before a meeting of the Transpor
tation Section of the BSCE on November 
20, 1968. 

THE SOCIOLOGICAL IMPACT 
OF URBAN HIGHWAY LOCATION 

.-,, have seen the future and it doesn't 
work." This was the reaction of a New 
York newspaperman to the problems of 
the freeway system of a large western city. 
Urban highway problems cannot be ig
nored, and were the subject of a recent 
conference in Washington sponsored by 
the Highway Research Board. The mes
sage it produced is that the nation's road 
builders must learn how to make high
ways work for people, not against them. 

The consideration of local community 
values in connection with highways is not 
a passing whim that will change with gov
ernment administrations. Many of the 

. complaints associated with the Embarcad
ero in San Francisco, the present Balti
more project, some of New York's inter
borough expressways, and the Inner Belt 
and Southwest Expressway "in Metropoli
tan Boston, are sound and cannot be ig-
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nored. Boston need not be ashamed of the 
efforts that have been made to minimize 
the adverse impact of these highways, but 
more may have to be done in cooperation 
with local neighborhood and community 
groups. 

Broad urban highways have a profound 
effect on their environs. An embankment 
can create a "Chinese Wall" effect, while 
the cost of depressing a highway or rail 
corridor may be staggering. In Greater 
Boston we are relatively fortunate in that 
the Belt route recommended would not 
have as devastating an effect as would 
some highways proposed for other cities. 
In spite of some opinions to the contrary, 
it is felt that the difficulties can be re
solved and the Belt finished by 1975 or 
1976. When some sections are settled, 
there will be strong pressures to resolve 
the remaining problems. 

The idea that a highway can actually 
improve an urban neighborhood by meld
ing with schools and recreation facilities, 
model cities developments, shopping pla
zas and office buildings to bring new pro
perty taxes to a city, should not be dis
carded. However, most desirable schemes 
will cost money and consequently face de
lays in getting funds. Nevertheless, the 
number of automobiles will continue to 
increase, and this pressure will force ac
tion on highway improvements. The an
swers are anything but simple, and condi
tions may get worse before they get better. 

There is currently agitation for a Mas
sachusetts Department of Transportation 
which would act something like a holding 
company for various state agencies. This 
could be useful. A similar arrangement 
now operating in New York State could 
provide some guidelines. 
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on yoor Structure-or those nearby. Terrametrics 
instrumentalion techniques can accurately mw-
ure rebound or other movements and detect dis,. 
placements as small as0.001 inch during any stage 
of excavation or construction. Terrametrics Bore• 
hole Deflectometer, Pote Water Prmure Cells and 
the new Geocel Pressure Meter (System Menard) 
are recommended for theS& measurements. 

Whatever your needs for in situ determination 
of rock and soil .characteristics, Terrametrics high• 
ly specialized training service and inStruments are 
available dufing design, construction or operation. 
For full details, write or phone Terrametrics today! 
We weloome special problems! They make us think 
-the results are amazing. 

TERRAMETRICS 

Please mention the Journal when writing to Advertisers 



ADVDTISZXIMTS 

Asphalt Paving 
WARREN BROTHERS ROADS COMPANY 

Leaden in dNlp and eorutruetion of asphalt pavements since 1902. 
En1ineerin1 1taft' and te1tin1 laboratory available to furnish 1peein• 
cation, and advice .on unusual pavln1 problems, 

Brockton, Massachusetts JU 8-3660 
ox 6-8555 

Cast Iron Pipe and Fittings 
for 

Water, Gas, Sewerage and Industrial Service 

UNITED STATES PIPE AND FOUNDRY CO. 
New England Office Bldg. - 222 Forbes Road - Braintree, Ma&11, 02184 

Telephone COlambla 5-2600 

BEACON PIPING COMP ANY 
Pou,er Plant Piping High Pre11ure Piping 

Fabricator, o/ Piping 

200 FREEPORT STREET 
DORCHESTER 22, MASSACHUSETfS 

CONCRETE PILES 
BORINGS 
CAISSONS 

RAYMOND CONCRETE PILE DIVISION 
RAYMOND INTERNATIONAL INC. 

74 Concord Street : : North Reading, Mass. 01864 
Telephone: (617) 664-5121 
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ADVUTISEU:ENTS 

S. J. TOMASELLO CORPORATION 
General Contractor, 
A.1phalt Pavement, 

1895 Centre Street West Roxbury, Mass. 02132 

Tel. 327-3930 

New England Concrete Pipe Corp. 
NEWTON UPPER FALLS, MASSACBUSETl'S 

LA.aell 7-4560 
MA.NUFACTUJtBU OP 

Plain and Reinforced Concrete Sewer and Culvert Pipe 

Pre-cast, Pre-stressed Concrete Strudural Units 
PLANTS 

Newton, WeeUleld, Dedham, Mauaehaeetla 

I 

railroads' standard 
BUMPING POSTS 
All•Steel, 
Unlver■al fit, 
Six Types 

.DERAILS 
Sliding 
Hinge 
Portable 

I -...:: " 
',ue leatherette ring•binder cat•log ot 
world's mou-sp:eeWed denlla, bumping 
posts and wheel alops (including periodic 
supplement sheets), Write on leU&rbead. 

Specialists sina /903 in :iide /rack security 

Hayes Track Appliance Co. 
---- RICHMONO, INL'IANA •m• ___ _, 

Prnldenee, Rhode lelancl 
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WASHOHS • PHOTO R£PROOUCTIONS 

• PHOTOSTATS • 105 mm 

lEROX • SPEClflCATION PRINTING 

AOVEJtTll!l:MENTS 

BLUEPRINTS or WHITEPRINTS 
Delivered on time ... when you want them, how you want them 
There's probably nothing more 
frustrating than getting repro
ductions that are not exactly 
what you ordered - or getting 
them a day or two late. You 
can avoid these frustrations 
simply by relying on Make· 

peace or Providence Blue Print, 
New England's most modern 
and complete reproduction 
plants. We'll meet your most 
exacting requirements on 
schedule, every time. Try us 
and, see! (617) 267-2700 

B.L. MAKEPEACE INC. 1266,BOYLSTON ST.,SOSTON,MASS.02215 
Providence Blue Print Co., Inc. Div., 86 Weybosset St., Providence, R.I. 02903 

P. Gioioso & Sons, Inc. 
GENERAL CONSTRUCTION 

38 ROBINSON STREET 

DORCHESTER MASSACHUSETTS 02122 

PIPE FOUNDERS SALES CORP. 
CAST IRON AND DUCTILE IRON PIPE AND FITTINGS 

Representing 
The American Cast Iron Pipe Company 

6 PLEASANT STREET MALDEN, MASSAt:HUSETTS 02148 
617-324-3920 
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TI:!E ACKER DRlll COMPANY ·.··ker Manufactures a complete qualtly line of drilling equipment such as, Soil 
sampling T~, Rotaty Earth Augers, Diamond Core Drills, Diamond Bits 
& Care Barrels, Drilling Ac<lessaries and Supplies, 

1Jneq11a11ea collection of tools for recovering samples 
pracoc,au1y auy meter!als eJi:cept rock. Hand carry

is included, Write for bulletin No, 26, 

ACKER MOTORIZED CATHEAD 

Aluminunt tripod derrick with sheave.and powerful 
A-cycle cathead hoist, An ideal combination for: Soil 

· sampling, Driving casting, Water well work, Preliminary 
survey, Standard peneU~tlon tests and .;,,y lifting oper-
11..tions up to S00 lbs, Write for Bulletin No, 20, 

ACKER Hil.UllllY CORE DRil.L 

The Hillbilly is. a tried and p:oven care drill with un-
. Uritlted vematility to perform a host of jobs, Acker core 
drills 8l'e available in a variety of models to meet your 
particular need, .Write fer Bulletin No. 29, 

ACKER DRILL COMPANY, INC. 
. P. O. Box 830 
!::r.ro<>ntnn. PP.nnsvlv,:i: •a.. 18501 

ACKER VANE SHEAR 

The vane shear ls available in a kit ar torque head as
sembly for obtaining accurate in-place shear values of 
cohesive soils on the spot, Write f.cr Bulletin No, 700, 

ACKER DENISON CORE SAMPLER 

(Patent No. 24-03 ,002) Acker Denison Soil Sample Bu,:el 
obtains undisturbed quality cores from rare earths, cer
amic clays, soft but difficult f<rrnations, Accepted by 
mining and soils engineers around the world, For details· 
write for Bulletin. No. 1100, 

ACKER ALL PURPOSE AUGER 

This versatile auger ls capable. of handling soil sampling, 
mineral prospecting and earth augerlng to 100 ft. Depttis, 
Mounts on flat bed carrier. Easy to operate. Write far 

· free Bulletin No. 4-0. 

FREE 
Acker has available free of charge a complete series of 
illustrated bulletins ,; , • write us on your needs, 




