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Wall-orea heat transfer coefficients based on bulk-meon temperatures of the liquids flowing
upward in a steam-jacketed packed tube (4 ft. long and 2.25-in. I.D.) were determined. The
tube was randomly packed in each of the experiments with spherical glass packings of uniform
size (with diameters between 3/4 and 5/32 in.). The liquids used were water, toluene, 45%

aqueous glycerine, and nitrobenzene.

Analogous correlations were developed for the heat transfer coefficients and for pressure drop,
the dimensionless groups in the above being the same as for open tubes. The two relationships are
applicable for the range in Dr/De ratio from 14 to 3 and in Nz. from 40,000 to 300. The
first is satisfactory within 159% for heating of liquids in the above packed tube, the second
within 2=10% for most of the data of packed tubes reported so far.

CRITERIA OF FLOW IN PACKED BEDS

The packed beds containing small
packings have received much atten-
tion; the flow and transfer processes in
them have been studied with different
methods of approach, for example
empirical correlations, analysis based
on differential equations, and analysis
by means of statistical concepts for
turbulent diffusion. As shown in the
following brief discussion, the available
information provides the basis for a
conclusion that is important for the
present study; this is that the packed
columns may be conveniently divided
into two classes: the packed beds with
D./D, ratios greater than 10 or 12 and
the packed tubes with smaller D,/D,
ratios. In the former, analogy among
the three transfer processes is found
by the use of the modified Reynolds
number [N'z.;(D,w.p)/r] as the cri-
terion of flow. In the latter it appears
that the Reynolds number based on
tube diameter [Nz.;(Drw.p)/u] can
be used advantageously for satisfactory
empirical correlations. In the above as
well as in the following account the
term packed bed is used to specify the
packed systems containing (noncon-
ducting) smooth, spherical, randomly
packed packings of uniform size with
D:/D, ratios greater than 12. The term
packed tube is used for the packed
systems of same properties with smaller
D,/D, ratios.

Data and different empirical corre-
lations for heat transfer coefficients at
the tube wall of packed columns have
been reported by Colburn (18) and
Leva and co-workers (19, 20). These
correlations are based on the dimen-
sionless groups Ny. and N, and a
complex function of the D,/D. ratio.
Schumacher (10) used the above data
to show a single comprehensive corre-
lation represented in a plot of log Ny.
vs. log Ni.. The significant part of this
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correlation, given as
Ny, = 7.5(0.023) (Np,)*™

is applicable when N, is greater than
9,500 and also pertains mostly to
the data of packed tubes with small
D:/D; ratios. The suitability of this
simple relationship, without any need
for a complex correction factor based
on D,/D, ratio, indicated that the
tube-diameter—based Reynolds number
is to be preferred for the correlation of
the heat transfer data of the present
investigation in packed tubes.

It is remarkable that none of the
available correlations for pressure drop
[including that of Leva and co-workers
(15,16)] is satisfactory for the case
of packed tubes, as is evident from a
recent report (13). On the other hand,
for (spherical) packed beds the two
apparently different correlations of
Chilton and Colburn (I14) and Ergun
(8) are equally suitable. The first one
uses the group (Dsw.,p)/p to charac-
terize the flow; the second uses for the
same purpose the group (47stwp)/p
[generally represented as (Dsw.p)/[n
(1—e)] (7)]. However it is evident as
indicated by Mott (4) that the values
of the two groups are identical if the
terms ¢, w, and 1’y are given appropri-
ate values (9); ¢ = 0.34 + 0.4 D;/D»
for D;/D;<0.08, w = w,/e, and 7z =
Dre/[6(1—e)+ 4D:/D;]. The above
facts clearly show that the group
(Drwop)/p or Nz, is most satisfactory
for correlations, as in the analogous
field of heat transfer, only in the case
of packed beds with D:/D5 ratios > 12.

Recently Baron (I) and Wilhelm
and co-workers (2,3) used the ap-
proaches based on differential equa-
tions and also on statistical concepts to
interpret the mechanism of turbulent
diffusion in the packed bed by refer-
ence to the theory of random-walk flow,
This theory is valid owing to inherent
assumptions only for packed beds with
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D;/D; ratios > 10 and to N'z, > 200.
It predicts that the turbulent diffusivity
for the lateral diffusion process is de-
termined only by the product of w, and
D, and that the modified Peclet num-
ber [N'y.;(Dsw,)/(Er)] is constant
and nearly equal to 10. References 2
and 3 present experimental data that
are in accord with above predicted
results, the former for lateral diffusion
of mass in gas streams and water
streams and the latter for the lateral
diffusion of heat in gas streams. Thus
these results show that the packed beds
have unique characteristics different
from those of the packed tubes. Besides
in the former the mean fractional voids
vary but slightly as the D,/D;, ratios
increase abeve 12 (4); the distribution
of voids and velocity of flow across the
cross section in the packed bed is
nearly uniform. In all these properties
the packed tubes show marked differ-
ences (5).

In the packed tube there is appreci-
able channeling of flow adjacent to the
tube wall. Because of this the heat
transfer process at the tube wall of the
packed tube resembles that in open
tubes, especially those provided with
turbulence promoters. On the basis of
this view Ranz (6) recommended the
use of N, for correlation of heat trans-
fer coefficients of packed tubes. This
suggestion receives further support from
the following observations of reference
3: heat transfer rates (as indicated
from values of N’;,) are determined in
the packed. tubes, to an important de-
gree, by the dimension Dy; their values
are of the same order of magnitude as
those of open tubes.

The temperature gradients in the
packed bed, in its core as well as in
the vicinity of the tube wall, have been
studied to obtain a direct insight into
the mechanism of heat flow. From the
analysis of the temperature profiles in
packed beds (with gas streams) Argo
and Smith (26) noted that a constant
value of N’», is found only in the core
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Fig. 1. Pressure drop in packed tubes.

of the bed. There is an appreciable
temperature drop at the tube wall
which indicates the presence of a con-
vective tﬁ’pe of boundary layer at the
tube wall. Coberly and Marshall (22)
and others (23,24,25) undertook
special studies of this local resistance
to heat flow at the tube wall. It is
hence obvious that in packed tubes
characterized by channeling of flow
near the tube wall this boundary layer
at the tube wall must assume a major
role in controlling heat transfer as in
the case of open tubes.

In summary the above cited results
indicate that the choice of the criterion
of flow, that is the selection of the
length and velocity terms of the Rey-
nolds group, is complicated for the case
of the packed system. The lengths D5,
Dy and the ratios Dy/D, and e enter
into the geometrical specification of the
packed bed. But dimensional analysis
can merely affirm that any character-
istic Iengr{l such as Dy, Dy, or 47
(the equivalent diameter of the pores)
must be a component of the Reynolds
group. Similarly there is uncertainty as
to the exact value of the velocity com-
ponent. Under these circumstances the
justification for the necessary choice of
criterion of flow is a priori on the as-
sumption of a plausible model of flow
and a posteriori insofar as a simple
and satisfactory correlation is obtained.
It is interesting that the three models
proposed so far for flow in packed beds
all Jead to the same criterion of flow:
(Drw,p) /n. These models are (1) ex-
ternal flow past assembly of spheres,
(2) internal flow through the assembly
of capillaries within the packed bed,
and (8) random-walk model. However
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it is evident that these models are sat-
isfactory only for the case of uniform
flow as in packed beds with D;/D»
ratios greater than 12 and also that
they are not consistent with the flow
characteristics of packed tubes con-
taining large packings. In the latter
there is appreciable channeling of flow
near the tube wall, and the pores are
not comparable to capillaries since the
pore system is more open in structure.
Further, as found in the present experi-
ments, the resistance to heat transfer is
proportional to 1/w,** as in open
pipes. Consequently it seems more ap-

propriate to compare the flow to that in
open tubes provided with turbulence
promoters—which means that the cri-
terion of flow would be the Reynolds
number based on tube diameter. That
this criterion is satisfactory is evi-
denced by the correlation of Schu-
macher for heat transfer to gases and
the correlations presented in this paper
for heat transfer to liquids and for
pressure drop in packed tubes contain-
ing large packings.

PRESSURE-DROP CORRELATION

When one stipulates a similarity be-
tween the transfer processes in the
packed tube and the open tube, a cor-
relation for pressure drop in packed
tubes can be expected which must be
essentially a modified Fanning equa-
tion. Hence the following equations
may be given:

AH. — w’ L
r=f 2g 1y
for the open tube
w,’ L,
AHp =K -f+ ——-
Ez'2g r’H

for the packed tube

In the above rx = D:/4 and 7y
= DT€/6(1'—€) (DT/Dp) + 4, that iS
ratio of free volume and total frictional
surface. Increased pressure drop in the
packed tube is caused by the winding
paths for the liquid in the core of the
packed tube and by the consequent
kinetic losses. The last mentioned ef-
fects would be prominent in tubes

|

Fig. 2. Flow diagram: 1 and 2, steam main; 3 and 9, manometers; 4

and 5, thermocouples; 6, packed column; 7, thermometers; 8, insula-

tion; 10, tubular cooler; 11, rotameter; 12, C.F. pump; 13, tank; 14,
steam traps.
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Fig. 3. Wilson plot for heating of liquid in packed tube.

packed densely but would disappear as
the voids approach that of the open
tube. Hence it may be tentatively as-
samed that L, may be replaced by L/
in the above equation for the packed
tube. When one introduces these as-
sumptions the same can be given as

AHB——-K'—Z—f' w,‘:L_
[(1.5) (1—e) (D2/D5) + 1]
D,

Comparison of this equation with that
of Fanning gives with the introduction
of an additive constant

AHze'
AH,
K[(1.5) (1—€)(D+/D»s)+ 11+ b
or
AH ¢ Tne
—k[ 2] +p
AH, n +

This relationship (I12) for packed
tubes, a plot of which is given in Fig-
ure 1, is found to be satisfactory within
+ 109 for the available data (11 to
17) of pressure drop in packed tubes
with D;/D, ratios in the range be-
tween 14 and 3 and for a range in Nz,
from 300 to 40,000. It may be noted
that the constant K is a relative shape
factor which might be justified by the
complex geometry of packed tube. The
constant b as also the lower limit of
D./D; ratio of 3 might be attributed
to the behavior of ¢ which reaches a
maximum at D,/D, ratio of approxi-
mately 2.

HEAT TRANSFER EXPERIMENTS
IN PACKED TUBES

Only one tube size, a 2.25-in. 1.D,,
was employed owing to limited equip-
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ment and because priority was given
to the objective of getting the data for
heating of different liquids with vary-
ing Prandtl numbers. However the
analogous correlations of Schumacher
for heating of gases and that of this
paper for pressure drop cover the data
of different tube sizes in the range
usually feasible in laboratory work. In
view of the above and of the observa-
tions noted earlier in the discussion on
criteria of flow, it is believed that the
use of Ni. for correlation of heat trans-
fer coefficients, determined in this single
packed tube, is appropriate. The infer-
ence that the transfer process in the
packed tube is similar to that in the
operr tube is of basic importance to this
work. It has enabled the application of
simple procedures, as in open tubes, for
the experiments and for the treatment
of the data, for example the resolution
of over-all coefficients into liquid-film
coefficients by means of Wilson’s plot.
Further, this method of correlation is of
practical advantage since it permits
the direct comparison of heat transfer
and pressure-drop characteristics of
packed tubes with those of open tubes.
However it is recognized that further
experiments for other tube sizes are
necessary. Such an extension of this
work is also in progress.

The packed tube employed was a
steam-jacketed copper tube of inside and
outside diameters 2.25 and 2.5 in. respec-
tively, of packed length 5 ft. 6 in. (L/
D, = 294), and steam-jacketed length
4 ft. (L/D, = 214). It was mounted
vertically in a closed-circuit flow system
consisting of a glass-lined tank, a centrifu-
gal pump, an orifice meter, a rotameter for
visual inspection for presence of air, and
tubular cooler of ample capacity (Figure
2). The liquids flowed upward through
the packed tube heater. The steam jacket
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Fig. 4. Correlation of experimenta!l heat transfer coefficients.

was provided with an air vent. Liquid
temperatures were measured, at thermom-
eter wells containing mercury, with certi-
fied and calibrated thermometers reading
to 0.1°F. For measuring the temperature
of the wall of the packed tube four cop-
per-constantin thermocouples were inserted
on the outer surface of the packed tube
by adopting a simplified standard design
with the tube wall itself forming one of
the leads. In all the experiments the tube
was first filled with the liquid, and the
packings were then added a few at a
time to ensure random packing and also
the exclusion of air from the umit. The
measurements for each experiment were
liquid flow rate, inlet and outlet tempera-
tures, saturated steam temperature, and
tube wall temperature. In the heating ex-
periments with liquids steady state condi-
tions were reached by about 10 min. after
setting the inlet valves for steam, for
cooling water, and the discharge valve of
the pump. Readings were then taken every
5 min. till three or four were in agreement.
In most cases it took about 30 min. to
complete an experiment. In a few orien-
tating experiments the heat balance of the
system was verified by collecting the con-
densate.

The treatment of the data was as
follows. The total resistance is the sum
of individual ones as in

1 A
o

XA, 11
d

A T A T

For computing the values of h,. the
method of Wilson (27) involving
extrapolation of the straight-line plot of
1/U vs. 1/(velocity)®® is satisfactory
provided 1/h.. is the controlling factor.
In this work the resistance on the
steam side is appreciable and increases
with the 'heat flux, causing the above
plot to bend slightly upward near the
Y axis. Beatty and Katz (28) indicated
that this difficulty can be overcome by
fixing the slope of the same plot on the
basis of a narrow interval of points in
the high velocity range, and this pro-
cedure was found to be suitable in this
case. However plots were made of 1/U
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TasLE 1. CaaraCTERISTICS OF PAackings Usep

Diameter
of sphere Equivalent
Packing or nominal diameter Voids
number Shape diameter(D,) (D») % Dn/Dr
(A) (Glass beads) sphere 0.257 in. 0.257 in. 41.1 0.1143
(B) (Glass beads) sphere 5/32 in. 5/32 in. 40.8 0.0695
(C) (Glass beads) sphere 5/18 in. 5/16 in, — 0.1390
(D) (Glass balls) sphere 0.671 in. 0.671 in. 48.4 0.2985
(E) (Glass balls) sphere 0.585 in. 0.585 in, 45.2 0.2600
(F) Berl saddles 1/4 in. 0.227 in. 61.1 0.1010
(G) Raschig rings 0.230in. 0.229 in. 435 0.1020
(H) Raschig rings 1/4in. 0.249 in, 52.3 0.1111
(1) Raschig rings 3/8 in. 0.353 in. 58.8 0.1570

against p*/G,”® to get comparable
slopes with different liquids. A partial
over-all heat transfer coefficient may be
defined on the same lines as U by re-
placing the steam temperature by the
tube wall temperature in the equation
used for computing U. U’ is independ-
ent of condensate film resistance. The
intercept of the plot of 1/U’ vs. u**/
G,”® is a measure of the dirt-factor re-
sistance. The difference between the
values of the two intercepts of the
above two plots is indicative of the
resistance of the condensate film. In
this series of experiments the slopes of
the two plots tallied (Figure 3). The
values of the difference between the
two intercepts were of the right order
and were of the same magnitude at
equal heat-flux rates. However the data
of h., were computed based on the
former plots, since greater reliance can
be placed on the value of T, than on
the averaged value of T,

RESULTS AND CORRELATION

The data relating to nearly 330 runs
using the liquids water, distilled water,
aqueous glycerine 45%, toluene, and
nitrobenzene have been reported (11).
Table 1 lists the packings used. Repre-
sentative data are given in Tables 2
to 5*

Trial plots on logarithmic coordi-
nates for the data for any one liquid
and one D,/D: ratio indicated rough
correlation on the basis of the dimen-

sionless groups
0.4
) and

hmDr / (Cvax
ka k 14
A better fit and a slope of 0.8 was in-
dicated by the use of the groups
("))
K /1
* Tabular material has been deposited as docu-
ment No. 6269 with the American Documentation
Institute, Photoduplication Service, Library of

Congress, Washington 25, D. C., and may be ob-
:iail;ed for $1.25 for photoprints or 35-mm micro-

D ,-w,p

[
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To determine the effect of D,/D, ratio
on the shape factor in the relation

NNu —_ C(NR’)O.S(NPP)O.&Z(Z)O.‘M

(where Z = pi/ps), plots were made
on linear coordinates based on Ny, vs.
(Nz.)*® (Np.)*™ (Z)**. Representa-
tive graphs are given in Figures 4 and
5. These shape factors for each of the
Dz/D; ratios are given in Table 6*. A
plot of the value of C vs. the D»/D;
ratio indicated the simple linear rela-
tion
C =041 —0.5D;y/D;

The maximum variation in the value of
C, for the same Dy/D;, ratio and differ-
ent liquids, is within 15%, but the dif-
ference between the averaged value of
C and that for any one liquid is less
than 10%. Considering the a];;groxima-

tions involved in computing the value

% See footnote to column 1.

of h, from the value of U one cannot
readily expect greater accuracy than
+ 15%. Hence the relationship for the
heat transfer coefficients of present ex-
periments is given as

Ny = (0.41 —
O.S(DP/DT) (Nh)o,g(N")o.sa(z)o.u

as indicated in Figures 4 and 5, to
within * 15% for the range in Rey-
nolds numbers from 300 to 40,000 and
D;/D; ratios from 0.07 to 0.299 for
spheres. The same relation is also seen
to hold for the few sizes (three) of
Raschig rings and one size of Berl sad-
dles when their nominal sizes are used.

The above results indicate that the
heat transfer coefficients for heating
liquids in the packed tube are greater
than those in open tubes by a factor of
10 to 18. This may be compared with
the results of Schumacher who found
the coefficient to be constant at 7.5 for
gas streams in the case of data of Col-
burn and Leva and co-workers but
nearly 50% greater in the case of data
of Kling (29). Chu and Storrow (21)
also reported higher values than those
of Colburn. Again Colburn’s correlation
indicates a maximum for h,, at a D,/D;,
ratio of 0.15. In the present experi-
ments this maximum is not exhibited in
the D,/D; range studied. Hence it ap-
pears that the effect of this ratio is dif-
ferent in the case of liquids from that
of gas streams.

One of the significant results of this
work is that the same heat transfer
characteristics are found even at very
low Reynolds number down to 300, the
lowest of the experiments. Similar ef-
fects are shown in the case of pressure
drop. This result, though unexpected,
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Fig. 5. Correlation of experimental heat transfer coefficients.
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seems to be in line with the observa-
tions of Satterfield and co-workers
(30) that turbulence persisted even at
the low N’z, value of 10 in the packed
beds studied by them.

The effect of L/D, ratio to which
reference has been made by Calder-
bank and Pogorski (31) could not be
investigated with the present apparatus.
Because of the similarity shown be-
tween the open tube and packed tube
its effect might be small even as in the
case of open tubes. However experi-
mental data are needed for the case of
downward flow of liquids, for cooling
of liquids, for other tube sizes than the
one used here, and.-for different L/D;
ratios.

CONCLUSION

Data on heat tranfer for heating
liquids flowing upward in a single
packed tube and for a range in Dy/D»
ratios from 14 to 3.35 have been pre-
sented. For packed tubes of this ratio
from 14 to 3 a satisfactory correlation
for pressure drop has been developed
by the use of the Reynolds number
based on tube diameter, the Fanning
friction factor, and a simple rationally
derived function of fractional voids.
This relationship
AH BE‘

——

AH,

24.8[(1.5) (1—e) (Dy/D;) + 1]—22.8
is applicable within *£10% for solid,
nearly spherical packings in random-
packed tubes. An analogous correlation
has been found for heat transfer coeffi-
cients for the heating of liquids in a
packed tube of L/Dy ratio 21.4. This
is satisfactory within *=15% for the
range in D;/Dy ratio from 0.299 to
0.07, in Nz. from 40,000 to 300, and
in Np, from 2.7 to 11.7 and is given as

h"‘: = (0.4— 0.5 D:/Dy)
(P ) () ()
[ k, How
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Notation

A = inside area of heat transfer
surface of packed tube, sq.
ft.

A, = mean area for packed tube

A, = outside area of heat transfer
surface of packed tube, sq.
ft.

C = shape factor
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specific  heat
(°F.)
diameter of the equivalent
volume sphere, ft.

diameter of the packing, ft.
diameter of the packed tube,
ft.

eddy diffusivity, sq. ft./sec.
Fanning friction factor
acceleration of gravity

mass velocity of fluid based
on area of cross section of
empty tube, 1b./ (sq. ft) (hr.)
dirt-factor coefficient

mean heat transfer coefficient
of the packed tube based on
the area of the wall of the
tube, B.tu./(hr.)(sq. ft.)
(°F.)

condensing steamn coefficient
loss of head accompanying
fluid flow in packed tube
corresponding  quantity in
open tube

thermal conductivity of lig-
uid at average bulk tempera-
ture, B.tu./(hr.)(sq. ft.)
(°F/ft.)

height of the packed bed, ft.
equivalent length of flow
path in packed tube
Nusselt number, h.D./k;
modified Peclet number,
DPwo/ET

Prandtl number, C,u./k;
Reynolds number, Dsw.p/p:
modified Reynolds number,
Dyw,.p/p

hydraulic radius of tube, ft.
mean hydraulic radius of
packed tube, ft.

average mean bulk tempera-
ture of liquid, °F.

liquid inlet temperature °F.
liquid outlet temperature °F.
temperature of saturated
steam, °F.

tube wall temperature
over-all coefficient of heat
transfer, B.t.u./ (hr.) (sq. ft.)
(°F.)

over-all coefficient of heat
transfer from metal wall to
liquid, B.tu./(hr.)(sq. ft.)
(°F.)

velocity of the fluid, ft./sec.
velocity of fluid based on
area of cross section of tube,
ft./sec.

thickness of tube wall

ratio of viscosities of liquid
at bulk temperature and wall
temperature, (p1/p.)

mean fractional voids in
packed bed

viscosity at bulk temperature
of liquid, 1b./ (hr.) (ft.)
viscosity at wall temperature

of liquid, Ib./ (hr.) (ft.)

B.tu./(Ib.)
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