LITERATURE CITED

1. Adamson, A. W., “Physical Chemistry
of Surfaces,” Interscience, p. 270, New
York (1960).

2. Best, A. C., Great Britain Air Ministry
Meteorological Committee, 330/1947.

3. Ibid., 277/1946.

4, Blanchard, D. G., Trans. Am. Geophys.
Union, 31, 836, (1950).

5. Brink, J. A,, Proc. Air Water Pollution
Abatement Conf., p. 104 (1959).

8. Chen, C. Y., Chem. Revs., 55, 595
(1955).

7. Constan, G. L., Ph.D. thesis, Case
Inst. Technol, Cleveland, Ohio
(1961).

8. Das, P. K., Indion ]J. Meteorol. Geo-
phys., 1, 137 (1950).

9. Davis, C. N., Proc. Inst. Mech. Engrs.
(London), B 1B, 185 (1952).

10. Dorsch, R. G., P. G. Saper, and C. F.
Kadow, Nat'l. Advisory Comm. Aero-
naut. Tech. Note 3587 (1955).

11. Finlay, B. A., PhD. thesis, Univ.
Birmingham, Edgbaston, England
(1957).

12. Fonda, A., and H. Herne, National
Coal Board (Great Britain) Mining
Research Establishment Report No.
2068 (1957).

13. Gallily, Isaiah, J. Colloid Sci., 12, 181
(1957).

14. Garner, F. H,, and ]. J. Lane, Trans.
Inst. Chem. Engrs. (London), 37, 162
(1959).

15. General Electric Research Laboratory
Report R.L. 140 (1950).

16. Glauert, Herman, Aeronautical Re-
search Committee Report No. 2025
(London H.M.S.0.) (1940).

17. Gregory, P. H., Ann. Appl. Biol., 38,
357 (1951).

18. Hinze, J. O., Appl. Sci. Research, Al,
273 (1948).

19. , A.LCR.E. Journal, 1,
(1956).

20. Jarman, R. T., Chem. Eng. Sci., 10,
268 (1959).

21. Kliisener, O. Z., Ver. deut. ing, 77, 171
(1933).

22. Lamb, Horace L., “Hydrodynamics,”
6 ed., Cambridge Univ. Press, London,
England (1932).

23. Landah]l, H. D., and R. G. Herman,
]. Colloid Sci., 4, 103 (1949).

24, Lane, W. R., Ind. Eng. Chem., 43,
1312 (1951).

25. Langmuir, Irving, Met., 5, 175 (1948).

, and K. B. Blodgett, Army Air

Force Techn. Rept. 5418 (1946).

27. McCully, C. R., M. Fisher, G. Langer,
J. Rosinski, H. Glaass, and D. Werle,
Ind. Eng. Chem., 48, 1512 (1956).

28. Oakes, Billy Dean, Intern. J. Air Pollu-
tion, 3, 179 (1960).

29. Pemberton, C. S., ibid., 168.

30. Ramskill, E. A., and W. L. Anderson,
J. Colloid Sci., 6, 416 (1951).

31. Ranz, W. E., Dept. of Eng. Reseorch
Rept. No. 66, Penn. State Univ., State
College, Pennsylvania (1956).

, and J. B. Wong, Ind. Eng.

Chem., 44, 1371 (1952).

289

32.

33. Ranz, W. E., and J. B. Wong, A M.A.
Arch. Ind. Hyg. Occupational Med., 5,
464 (1952).

34. Savic, Pavle, Nat'l. Research Council of
Canada Report. No. MT-22 (1953).

35. Schadt, Conrad, and R. D. Cadle, Anal.
Chem., 29, 864 (1957).

36. Sell, W., VDI Forschungsheft No. 347
(1931). '

37. Sherman, Pauline, J. Klein, and M. Tri-
bus, Eng. Research Inst. Technical
Rept., Univ. Mich., Ann Arbor, Mich-
igan.

38, Stairmand, E. J., Trans. Inst. Chem.
Engrs. (London), 28, 130 (1950).
39. Taylor, G., Ministry of Supply (Chem.
Defense Experimental Station) Proton,

England, 6600/5278/49.

40, Taylor, G. 1, Aeronautical Research
Commission Reports and Memoranda
2024, London, England (1940).

41. Tribnigg, A., “Der Einblase and
Einspritzvorgang bei Dieselmaschinen,”
Vienna, Austria (1929).

49, Torobin, L. B.,, and W. H. Gauvin,
Can. ]. Chem. Eng., 37, 167 (1959).

43. Vasseur, Marcell, Res. Aeronaut., 9, 1
(1949).

44, Walton, William H. and Allan Wool-
cock, Intern. ]. Air Pollution, 3, 129
{1960).

45. Wong, J. B.,, W. E. Ranz, and H. F.
Johnstone, ]. Appl. Phy., 26, 244
(1955).

Manuscript received April 1, 1962; revision re-
ceived September 24, 1962; paper accepted Octo-

ber 30, 1962. Paper presented at AI.Ch.E. Los
Angeles meeting.

Total and Form Drag Friction Factors for the
Turbulent Flow of Air Through Packed and
Distended Beds of Spheres

CHARLES A. WENTZ, JR., and GEORGE THODOS

Several attempts have been made to
determine the form and shear drag
contributions to the overall friction
factors for the flow of gases past spheri-
cal surfaces. Fage (4) has measured
the static pressure around a single
sphere 6 in. in diam. mounted in an
open jet tunnel. His results indicate
that the form drag caused by the static
pressure on the surface of the sphere is
the major component of the total drag,
and that the contribution due to shear
drag resulting from skin friction is rela-
tively small. Similarly, Yen and Thodos
(8) have determined, with a sensitive

Page 358

micromanometer, static-pressure proﬁles
for the flow of air past a single celite
sphere, 2.02 in. in diam. In his study,
the total drag was also determined by
measuring with an analytical balance
the force exerted by air flowing past
the sphere. Again, the results of this
study indicate that the friction factors
for total drag and for form drag re-
sulting from the turbulent flow of air
are of approximately the same order of
magnitude. Flachsbart (3) has meas-
ured the pressure distribution around
a single sphere for turbulent and non-
turbulent conditions.

A.L.Ch.E. Journal

Northwestern University, Evanston, Illinois

Although many investigators have
measured the total pressure drop re-
sulting from the flow of gases through
packed beds of spherical particles (1,
2, 5), no attempts were made to re-
solve the resulting friction factors into
their form-drag and shear-drag compo-
nents. Therefore, in this study an effort
has been made to account for the form
and shear-drag contributions to the
total drag for fixed beds by measuring
the static pressure around the surfaces
of test spheres contained in packed and
distended beds of smooth plastic
spheres.
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EXPERIMENTAL PROCEDURE

The experimental apparatus included a
vertical wind tunmel, 14 in. in diam. and
26 ft. high, which was connected to the
suction end of a centrifugal blower. A
sliding window near the blower permitted
the flow of air to be varied from 2.5 to
13.4 ft./sec. The test section containing
the bed of spheres was 22 in. high and
was placed 10 ft. below the inlet of the
wind tunnel. The air velocity was measured
26 in. above the test section with a slid-
ing pitot tube which was connected to a
micromanometer capable of detecting
pressure differences of 0.0001 in. of man-
ometer fluid (isobutyl alcohol).

The packed beds contained spheres,
1.23 in, in diam., which were held to-

direction of
air flow

Fig. 1. Representation of the form drag force
on an element of spherical surface rotated on
an axis perpendicular to the direction of flow.

gether in a specific geometric configura-
tion with fine rigid wires, 0.018 in. in
diam, The distended beds were formed by
arranging the spheres in a specific orienta-
tion and then separating them and holding
them fixed in space with short lengths of
the rigid wire. The wires were permanently
fixed with epoxy resin in holes drilled into
the spheres at the proper angles.

The packed and distended beds con-
tained five layers of spheres and had the
following geometric configurations and
void fractions:

€
Packed Distended
Orientation bed bed

Cubic 0.480 0.882
Body-centered cubic 0.345 0.615, 0.728
Face-centered cubic 0.743

Three test spheres were utilized for the
static-pressure measurements. Each test
sphere could be placed in the center of the
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middle layer of each packed and distended

- bed. A hollow stainless steel tube was in-

serted into a hole drilled to the center of
each test sphere and was used to support
the sphere in the bed. Additional holes
were drilled into the three test spheres
at offset angles to the first hole of a« =
90 deg. for the first sphere, « = 60 deg.
for the second sphere, and a = 30 deg. for
the third sphere. These holes served as the
pitot end for the measurement of the static
pressure on the surface of the spheres. The
hollow tube was held fixed in the center
of a rotatable dial mounted on a solid sup-
port. The tube was then attached to one
end of the micro-manometer, whose other
end was connected to a fixed pressure tap
upstream from the bed. By turning the dial
and thus rotating the sphere about a hori-
zontal axis, staﬁc-pressure measurements
were obtained at 10 deg. intervals as the
pitot opening traversed a great circle for
the sphere having an offset angle, « = 90
deg., and minor circles for the two other
spheres. The measurements were made for
three test spheres to account for the effects
of the irregular flow pattern of the air in
the interstices of the spheres of the bed.

DEVELOPMENT OF FORM DRAG
RELATIONSHIP FOR TEST SPHERE

In Figure 1 a schematic diagram
representing a surface element of a
test sphere is presented. For an offset
angle, a from the horizontal axis of ro-
tation, x, and an angle of rotation, B,
from the xz-plane, the area of an ele-
ment on the surface of a test sphere of
radius R is

dA = (Rsinadp) (Rda) (1)

The form drag force exerted in the
direction of flow on the element dA is

dFp = (Pa,s— P*) sin a cos BdA (2)
where Pep is the normal pressure and
P* js the static pressure of the undis-
turbed air at a reference point up-
stream from the bed. When Equations
(1) and (2) are combined

dFp = (Paps — P*) R?
sin? @ cos BdBde (3)

Therefore, Equation (3) can be inte-
grated to produce the following ex-
pression for the form drag force on the
sphere:

Fp=R? {27 {7 (Pap— P*)

sin? a cos 8 dBde (4)
In this investigation, the offset angle,
o, was varied only from 0 to 127—, and a

symmetrical pressure distribution over
the other half of the sphere was as-
sumed.

The form drag force on the surface
of a test sphere can also be related to
the surface area of the sphere, As =
47R?, and the kinetic energy of the
flowing air, as follows:
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pu*
2gc

where fp is the contribution to the total
friction factor owing to form drag. By
combining Equations (4) and (5), the
form drag friction factor for this case

Fp = fp (4aR2)

(5)

“becomes

]_ J‘m:fr J‘B=27r
fo = 4 a=0 J g=0
. o Py — *
Sin” a

i3y, cos BdBda (6)

Therefore, form drag friction factors
for the packed and distended beds
were established by determining for
each test sphere (having a constant
value of «) the static-pressure differ-
ence as the angle of rotation, g, varied
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Fig. 2. Normal pressure distribution measure-
ments for the flow of air past the surface of a
sphere located in the center of ¢ distended bed.

from 0 to 2, and performing the nec-
essary integrations graphically.

FORM DRAG MEASUREMENTS

Fifty-one experimental runs were
conducted on the packed and dis-
tended beds of spheres to obtain in-
formation on the variation of the static-
pressure difference, Posg — P*, with
angle of rotation for each test sphere.
The experimental data can be found
elsewhere (7). The results of a typical
run, in which a body-centered cubic
distended bed having a void fraction
of ¢ = 0.615 was utilized, are pre-
sented in Table 1 for only angles of
rotation of 0 deg. = g = 90 deg. In
Figure 2, the resulting values of the
ratio of the static-pressure difference
divided by the kinetic energy are
plotted vs.  the corresponding angle of
rotation for each offset angle. The ir-
regularity in this figure for angles of
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TasrE 1. REsuLTs oF ForM DrAG MEASUREMENTS FOR A TypPicaL Run

(Run 5: Body-centered cubic, distended bed, e = 0.615)

pu2 DpG
= 0.0518 1b.s/sq. ft = 4,020
2gc
a=n/2 a=m/3 a = n/6
Pa,B-Pn Pa,B-P* Pa,B-Pﬁ Pa_,B-P"t Pa,B-PQ PaJB-P#
B Ib.s/sq. ft. pu2/2gc Ib.s/sq. ft. pu?/2gc Ib.s/sq. ft. pu2/2gc
0° +0.0252 -+0.488 4-0.0463 +0.894 —0.4016 —1.75
10 +0.0261 +0.504 +0.0157 -+0.303 —0.4388 —8.47
20 -40.0132 +0.255 —0.0579 —1.118 —0.4773 —9.21
30 —0.0190 —0.367 —0.1778 —3.43 —0.4971 —9.60
40 —0.0753 —1.45 —0.2713 —5.24 —0.5029 —9.71
50 —0.2345 —4.53 —0.3511 —6.78 —0.5034 —9.72
60 —0.3784 —7.31 —0.4339 —8.38 —0.5025 —9.70
70 —04773 —9.21 —0.4996 —9.64 —0.5017 —9.69
80 —0.5311 —10.25 —0.5408 —10.44 —0.5009 —9.67
90 —0.5501 —10.62 —0.5670 —10.95 —0.5013 —9.68
. . 3 of —10/8 resulted, suggesting that the
rotation of approximately £ = 5 7 product, fpe!”3, is a function only of

can be attributed to the presence of
irregular vortices in the flow pattern
around the sphere. The information in
this figure was utilized to produce
points for the second graphical inte-
gration required by Equation (6) and
performed in Figure 3 for this run. In
Figure 3, the offset angle, «, varies
from 0 to #/2, and the area under the
resulting curve was doubled (assuming
symmetry over both halves of the
sphere) to produce the form drag fric-
tion factor, fp = 1.17, for this run. The
calculated values of fp for all the runs
of this investigation are presented
elsewhere (7).

Friction factors due to form drag
were plotted against the corresponding
Reynolds number, Nre = Dp G/g, on
log-log coordinates to produce sepa-
rate relationships for each void frac-
tion. For a Reynolds number, Nre =
4,000, values of fp obtained from this
plot were plotted against the corre-
sponding void fraction on log-log co-
ordinates. A straight line having a slope

Reynolds number and is independent
of the geometric orientation of the
spheres of the bed.

TOTAL FRICTION FACTORS

Wentz and Thodos (6) have meas-
ured the overall pressure drop through
each packed and distended bed used
in the present investigation for the
same flow conditions. In addition, they
measured for these flow conditions the
pressure drop across the middle layer
containing the test sphere for each dis-
tended bed. From these measurements,
Wentz and Thodos developed a rela-
tionship for the ratio of the total fric-
tion factor for the entire bed, f: to
the total friction factor for the middle
layer, ft, which was found to be inde-
pendent of the Reynolds number and
void fraction of the bed. This relation-
ship can be expressed as follows:

ft

7
" (7)
Therefore, for packed beds for which

1.13

2 !
}
N
R
o, / / _— §
f= & [sina—3— cos o
" L— PT4n Pu’/2 g P P é
&£ 8 2«-0 B0
8 ST =35{7336) =117
R ax &
g .6
L O
':‘L‘J-g-'” Run 5 & \
s&1a body centered cubic
ot £-0615 N_=4020 & \ N
1]
» AR N
o N
0d— N
7 R V2

(-8

Fig. 3. Integration of normal pressure distribution data over the
surface of a sphere to obtain f,, the friction factor for form
drag.
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the pressure drop across a single layer
cannot be easily measured, the total
friction factor for the middle layer, ft,
can be calculated from the overall
pressure drop through the bed from
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Fig. 5. Relationship between friction factor for
total drag, f:, and void fraction, ¢ (NRe ==
4,000).
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Equation (7) and the following rela-
tionship:

pu?

2gc

Ac AP zf't As (8)
where AP is the pressure drop through
the bed.

As a result, the previous experimen-
tal data enabled the determination of
the friction factors, f, for each packed
and distended bed investigated. The
caleulated value of f¢ for each run is
presented elsewhere (7). In Figure 4,
the resulting total friction factors for
the middle layer are plotted vs. the
corresponding Reynolds number on
log-log coordinates to again produce
separate relationships for each void
fraction, Following a procedure simi-
lar to that utilized for the form drag
friction factors, values of f; obtained
from Figure 4 for a Reynolds number,
Nre = 4,000, were plotted against the
corresponding void fraction on log-log
coordinates as shown in Figure 5. Once
again, a straight line having a slope of
—10/3 resulted, indicating that the
total friction factors are also independ-
ent of the geometric arrangement of
the spheres in the bed.

From Equation (8), the following
relationship for the total friction factor,
ft, can be developed for a fixed bed of
spheres:

AP D 1
6ft = ?

pu?/2g. T 1—e
Figure 5 indicates that the product,
ft €198, should be dependent only on

Reynolds number. Therefore, Equation
(9) can be multiplied by €/ to pro-

duce
AP  Dp €108 DG
2 —p(22) o)

pu2/2gc —z._ 1l—c¢
Thus Equation {10) is similar to

AP Dp 63 _ ( DDG )

pt?/2g. L 1—e¢ X g (1—¢)

(11)
proposed by Ergun for packed beds
(2).

In Figure 6 the products, fpel®/?
and f: €3, are plotted against the
Reynolds number, Nre = Dp G/p, for
all the packed and distended beds in-
vestigated. For the form drag friction
factor, the data can be represented by
0.856
Npi/s

(9)

fp 1073 =

(12)

Similarly, the total friction factor can
be represented by the

0.972

NRgel/6

fe el0/3 =

(13)

Equations (12) and (13) apply for
Reynolds numbers in the range 1,500 <
NRe < 8,000
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drag friction factors and Reynolds number for

pocked and distended beds spheres having
varying void fractions.

The work of Ergun (2) indicates
that the total friction factor is only
slightly dependent on Reynolds num-
ber in the range investigated in this
study. Ergun utilized spheres of vary-
ing degrees of roughness, and therefore
obtained friction factors considerably
higher than those resulting from the
present study in which spheres with
very smooth surfaces were employed.
Total friction factors resulting from the
correlation of Carman (1) for the high-
est Reynolds numbers reported by him
were found to be consistent with the
corresponding values calculated from
Equation (13). Total friction factors
resulting from this equation were also
found to compare very well with val-
ues obtained by Martin, McCabe, and
Monrad (5) for the flow of fluids
through packed beds of brass spheres,
5/16 and 5/8 in. in diam., arranged in
various geometric configurations.

From the experimental data, friction
factors due to shear drag, fs = ft — f,
were obtained for each run. From
these values, the product fs €9/% was
plotted against Reynolds number, and
considerable scatter resulted. This
scatter can be attributed to the fact
that the total drag and form drag fric-
tion factors are of the same order of
magnitude, and thus it is difficult to
establish accurately their differences
directly. However, since the friction
factors resulting from Equations (12)
and (13) represent average quantities,
these equations can be used to esti-
mate the shear drag contribution to the
total drag to be [(0.972—0.856)/
0.972] X 100 = 12% for the turbu-
lent flow of gases through packed and
distended beds of spheres for Reynolds

A.1.Ch.E. Journadl

numbers in the range, 1,500 < Nge <
8,000.
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NOTATION

A = area

Ac = cross-sectional area of bed

As = surface area of spheres

Dp = sphere diameter, ft.

fo = form drag friction factor
shear drag friction factor,
fe—"fr

fe =~ = total drag friction factor for
test layer

ft = total drag friction factor for
entire bed

gc = conversion factor, 32.17 lb.m
ft./Ib.s sec.?

Fp = form drag force

Fs = shear drag force

F: = total drag force

G = superficial mass velocity, 1b.m/
sec. sq. ft.

L = bed height, ft.

Nre = Reynolds number, Dy G/

P* = static pressure of undisturbed
air

Pa,g = normal pressure

R = radius of sphere

u = superficial gas velocity, ft./sec.

Greek Letters

a = offset angle between radius of
surface element of sphere and
the horizontal axis of rotation,
%

8 = angle of rotation from the xz-
plane

€ = void fraction

# = absolute viscosity, Ib.m/sec. ft.

ar = 8.14159

P = density, Ib.m/cu. ft.
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