CONIMUNICATIONS TO THE EDITOR

Agitation of Non-Newtonian Fluids

This paper is a comment on several
statements concerning the prior art in
the paper, “Power Requirements and
Blend Times in the Agitation of
Pseudoplastic Fluids,” by E. S. Godleski
and J. C. Smith, which appeared on
page 617 of the November, 1962, is-
sue of the A.L.Ch.E. Journal.

The authors’ introduction states that
no prior art paper has considered
power requirements in non-Newtonian
fluids which deviate from the power-
law (that is, fluids which possess a
nonconstant flow behavior index), and
two of their three conclusions center
on their stated extension of prior-art
correlations to include such materials.
However, the fluids used by Metzner,
Feehs, Lopez-Ramos, Otto, and Tut-
hill (reference 4 of the Godleski-Smith
paper) were frequently not power law
materials. The legends of Figures 2
and 6 show, for example, the ranges
covered in these instances. Similar data
for the other figures are available in
the published theses to which refer-
ence is given in the paper by Metz-
ner, et al. When' it is noted that
changes in flow behavior index become
irrelevant in any event as the index
approaches unity (the indirect method
used to estimate mean shear rates in a
mixer in both of these papers breaks
down as the fluid approaches New-

tonian behavior) and the actual
changes given by Godleski and Smith
are compared to those in the earlier
work by Metzner, et al., one sees that
the deviation from power law behavior
was about the same in both instances
although a greater variety of fluids was
used in the earlier work. Thus, while
this portion of the Godleski—Smith
paper presents clearly useful results,
these results appear to be of the nature
of an independent verification of other
work published earlier.

In the second portion of their paper,
a discussion of mixing or blending
times, comparisons are made to the
earlier paper of Norwood and Metzner
(reference 7 of the Godleski-Smith
paper). Godleski and Smith state that
the earlier work on Newtonian fluids
predicted mixing or blending times
which were ten to fifty times smaller
than their measured values in non-
Newtonian systems. While some differ-
ence might well be expected, these ap-
pear to be surprisingly large. Inspec-
tion of their complete data, kindly
supplied by Professor Smith during our
correspondence, do reveal appreciable
differences but these are greatest near
those conditions under which Norwood
and Metzner suggest the occurrence of
a sharp discontinuity in the non-New-
tonian case. For example, at a T/D
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ratio of approximately 8.0, Norwood
and Metzner suggest that the non-
Newtonian mixing times would ap-
proach infinity below a Reynolds num-
ber of about 270. This is just the be-
havior experienced by Godleski and
Smith except that the critical Reynolds
numbers range from approximately 500
to 1,000 instead of the value previ-
ously estimated. Unfortunately, no
data appear to be available in either
study to assess the differences or simi-
larities between the mixing rates in
Newtonian and non-Newtonian sys-
tems under conditions well removed
from the transition point, below which
the non-Newtonian mixing rates ap-
proach zero because of incomplete
fluid turnover in the vessel.

The author does not wish to suggest
strongly that the Norwood-Metzner
correlation for mixing rates in New-
tonian fluids be applied to non-New-
tonians. As in the original paper by
Metzner, et al. this can only be sug-
gested as a rough and temporary ex-
pedient until some actual mixing-rate
data are available for non-Newtonian
systems. It is concluded, however, that
under conditions of good mixing the
differences may not be as large as in
the transition region in which the
Godleski-Smith data were obtained.

Reradiation to Furnace

Tubes.

Effect of Tube-to-Wall Clearance

One of the most common radiant
heat transfer problems in engineering
calculations is the design of tubular
industrial furnaces such as oil heaters,
cracking furnaces, and steam boilers.
Heat sinks in these furnaces are in the
form of rows of tubes supported along
the walls. A high temperature body of
gas, either with or without suspended
solid particles, constitutes the heat
source.
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Radiant fluxes to the sinks may be
conceived of as being made up of two
parts: direct radiation from the source
and reradiation from the wall behind
the tube rows.

The geometry of this radiating sys-
tem is conveniently handled through
conversion to a radiation system be-
tween two parallel planes. Hottel (1)
evaluated factors of comparison be-
tween the real system and an idealized
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two-parallel-plane system. This factor
of comparison, also called effectiveness
factor of tube rows (2), was presented
as a function of the ratio of tube-center
spacing to tube diameter. Along with
other cases, curves were given for a
single row of tubes and double rows of
staggered tubes. The results are widely
used and contained in textbooks on
heat transfer (2, 3).
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It is important in the application of
these results to realize the assumptions
made in their derivation. Hottel as-
sumed the radiating plane to be at
infinite distance from the tubes. For all
practical purposes, this assumption is
satisfied by real systems. The contri-
bution from direct radiation to the fac-
tor of comparison is therefore valid.
He further assumed the reradiating
wall to be at infinite distance from the
tubes. This situation might not hold
for actual systems.

It will be shown in the following
discussion that tube-to-wall clearance
makes considerable difference to re-
radiation received by the tubes. Re-
radiation increases as the clearance is
increased. Thus, Hottel's curves pre-
sent the limiting values.

Recently, Mathis, Schweppe, and
Wimpress (5) and Sutherland (4)
measured rate of heat transfer to tubes
in fireboxes. Considerable increase in
the rate was observed as the clearance
between tubes and wall was increased.
The observed variation was considered
to be entirely owing to convection
around the tubes. Results of the pres-
ent analysis show that account should
also be made of changes in reradiation
in their experimental systems.

THEORETICAL DEVELOPMENT

The effect of tube-to-wall clearance
on radiant flux is expressed through
the factor of comparison, o, of the
tube row with a cold plane. The cold
plane area, Acp, is the product of three
tactors: tube center-to-center spacing,
tube length, and number of tubes in a
row. The effective absorptive area of a
tube bank is expressed by the product
a Acp.

Since Acp is independent of tube-to-
wall clearance, variation in o with
clearance will, therefore, directly ex-
press the relative variation of total flux
received by the tube row.

The overall value of « is made up of
two contributions: «d, from direct ra-
diation and «r, reradiation from the
wall. The analysis in this paper will be
focused on «r and «¢ will be taken
from Hottel’s previous work (1).

The present analysis starts with
Lambert’s cosine law which states

aq, = Ix{cos 81dA1)

(cos B2 dAz2) /12 (1)
where

dq, ., = radiant flux from dAs to dA1
I» = intensity of radiation from

dAs
r = distance between dAr and

dAz
# = angle between r and the
normal to the -elemental

area
When Equation (1) is applied to an
area strip in the reradiating wall and
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Fig. 1. Point values of factor of comparison be-
tween two parallel planes. Tube center-to-

center spacing = 2D; tube-to-wall clearance
= 0; ai, for interception of radiation; ar, for
reradiation.

parallel to the center lines of the
tubes, the relationship

dQ =1 (cos ¢ dA)do (2)
is derived. The derivation of Equa-
tion (2) from (1) is shown in the
Appendix. dA now stands for the ele-
mental area strip. ¢ is the plane angle
between the normal to dA and the in-
cident beam. dQ is the flux impinging
on dA and bounded by d¢.

The total flux impinging on dA is
then

Q =1IdA [J:hl (cos ¢ dd) +

b
7 (s | =
IdA (sin ¢1 + sin ¢2) (8)

where ¢1 and ¢2, respectively, meas-
ure the angle of opening from the nor-
mal to either of the tangent lines. If
the tubes were absent, both of these

angles would be -;TT and the plane area

dA would receive a flux equal to

Q = IdA (sin%-{-sin-%) (4)
=2l dA
The factor of comparison with two

parallel planes in the interception of
incident radiation is then

Q 1

ai = —é; =5 (sin ¢1 + sin ¢2)
(5)
The factor of comparison in reradia-
tion is then
ar = ai (1 — ai)

(6)

Equation (6) applies to the elemen-
tal area dA. For the reradiating wall
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as a whole, the factor of comparison
is the area average of the point values.

The location of the elemental area
might be such that more than two
angles must be accounted for when the
elemental area sees through more than
one tube opening. This is readily car-
ried out by the inclusion of additional
terms, involving ¢s, ¢4, and so on in
Equation (5).

The variation of @i and ar with posi-
tion thus determined is illustrated in
Figure 1. It can be seen that con-
siderable deviation from uniformity
exists at small values of tube-to-wall
clearance. The term clearance here de-
notes the distance from the wall to the
closest point on the tube surface.

Figure 2 shows average ar as a
function of tube center-to-center dis-
tance and tube-to-wall clearance. The
case of infinite clearance is identical
to Hottel's results.

The overall factor of comparison, «,
is then obtained by adding ar to
where «r is taken from Figure 2 and
ag is taken from Hottel's previous re-
sults for direct radiation to tube banks.
Figure 3 shows the results.

DISCUSSION

Reradiation to tube banks increases
rapidly at small tube-to-wall clearance
as the clearance is increased while
keeping tube spacing constant. An
asymptotic limit is achieved at a
clearance approximately of the order
of one tube diameter. There could be
a variation of as much as 30% in re-
radiation from the case of zero clear-
ance to the asymptotic value.

However, in terms of total radiant
flux, the role played by tube-to-wall
clearance is not as great, even though
still possibly substantial. This is owing
to the fact that most of the radiant flux
comes as direct radiation which is in-
dependent of the tube-to-wall clear-
ance.
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The results presented here are in
qualitative agreement with experimen-
tal observations of previous investiga-
tors (4, 5) and should be useful to
account properly for the reradiation
contribution to their experimental sys-
tems.

Present practice in tube placement
varies widely ranging from tubes par-
tially embedded in the wall to tubes
supported at a considerable distance
from the wall. Reradiant flux to tubes
placed against the wall has been fre-
quently ignored. The present results
show that this flux might be substan-
tial and can be calculated.

NOTATION

Acp = cold plane area

dA = elemental area strip; plane
area

dQ = flux impinging on dA and
bounded by dé

I» = intensity of radiation from
dAz

r = distance between dA: and
DA: :

Greek Letters

o« = factor of comparison

a; = interception

ar = reradiation

ad = direct radiation

¢ = angle between r and the nor-
mal to the elemental area

¢ = plane angle between the nor-
mal to dA and the incident
beam
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Fig. 4. lllustrating derivation of Equation (2).

5. Mathis, H. M., J. L. Schweppe, and
R. N. Wimpress, Petrol. Refiner, 39,
No. 4, p. 177 (1960).

APPENDIX

Derivation of Equation (2)

Consider the radiant flux from area
strip dAz to area strip dA; as shown in
Figure 4. dA; is on the wall and parallel
to the center lines of the tubes. A coordinate
system is chosen so that the x-axis coin-
cides with the center line of dA;. The
origin is chosen to fall in the elemental
area dat of dAi. dAg is perpendicular to
the y z plane. Furthermore, dAz is so
oriented that its line of intersection with
the y z plane is perpendicular to the line
p that connects this line segment to the
origin.

The colatitude of p is ¢. The colatitude
of 7 is y; and 7 is the line connecting da;
to dag. The azimuth angle of r from the y z
plane is 0.

Note that the usage of ¢ here is in
agreement with that in Equation (2).

Apply Lambert’s cosine law to dag and

2

dq’ 2> 1= Iy (cos ¥day) (cos 6 dag)/r?

(A1)
Since
r = p/cos O (A2)

cos ¢ = Lcosq& = cos B cos ¢ (A3)
T

do
day = (pd¢>( C’;S% ) (A4)

substituting Equations (A2) to (A4) into
(A1)

dq’ 2> 1= Irdajcos?® cos p do d¢  (A5)

x
Integrating with respect to 6 from — 5 to

]t . .
—, one obtains the total radiation from
2

dAs to day
dgz2— 1= -;—12 cos ¢ do day  (AB)

Integrating again with respect to da
dQe—> 1 = %Iz cos ¢ do dA; (A7)

Equation (A7) is identical to Equation
b
(2), withI = ? I,
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