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HEAT TRANSFER WITH A FLOWING FLUID

THROUGH POROUS MEDIA
CHAPTER I
INTRODUCTION

The rate of heat transfer in porous media with a flow-
ing fluid present 1is determinéd by a combination of.mechanisms;
Broadly, these may be grouped as (1) bulk movement of the
fluid, (2) conduction in the solid and fluid phases, (3) con-
vective transfer of heat between the phases, (4) convective
eddy mixing or dispersion of the fluid phase in the porous-
media interstices, and (5) radiation. |

A well known example of the effect of these mechanisms
in porous-media heat transfer is illustrated in Figure 1. A
fluid, at temperature T,, is flowing in one-dimensional, steady
piston flow through a homogeneous, stationary porous prism,

also at temperature T .

At the peint x = 0, the tempsrature

of the input fluid is suddenly changed to a new value, T4, and
held constant. A thermocouple, placed at x = L, will yield

an "S" shaped response curve as the heat front arrives, not a
step funetion as was introduced into the prism: Thermal energy

will have dispersed in the direction of fluid flow and away

1
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Figure 1- Longitudinal Heat Transfer in Porous Media
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from the step-function position, the amount of dispersion being
determined by the heat-transfer mechanisms which are important
at the particular conditions of the experiment;

In the late 1920's, Anzelius (1), Schumann (159), and
others (80, 132) presented papers dealing with the mathematical
description of heat flow by bulk fluid movement with convective
transfer between solid and fluid phases. These works showed
that, as a consequence of the finite time required for heat
transfer between the phases, there was a dispersion of the
energy giving rise to a characteristic "S" shaped temperature
response curve with a step-function input; The articles form
a basis for much of the later research. Early experimental
studies at low fluid rates utilized a convective transfer co-
efficient to characterize the data (75, 139).

More recently, investigators have shown that the pre-
sence of other heat-transfer mechanisms aiso results in tempe-
rature profiles of the same general form. Molecular conduction
in one or both phases, superimposed on the bulk fluid flow, is
one dispersion means. Jenkins and Aronofsky (92), examining
this idea at the special condition of low fluid velocities,
stated that earlier experimental work could be represented just
as well by molecular~-conduction parameters as by the convective
transfer coefficient. In fact, they concluded that based on
the then avallable data, the conduction mechanism was a more
realistic explanation at very low fluid flow rates; Others

have reached this same conclusion (7, 76, 77, 138).
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Dispersion of heat by a convective mixing process oc-
curs in packed beds due to the irregularities of fluid flow
since fluid elements undergo a series of events such as accele-
ration, deceleration, or temporary trapping in eddies or stag-
nation points. Velocity profiles which develop in the
interstices also tend to cause a spread of the thermal energy.
These effects have been investigated by several workers in the
area of mass transfer (25, 29, 38, 46, 114, 120) and have been
found to be im?ortant both at low and high fluid velocities.,

In nearly all cases the diffusion equation has been used to fit
the experimental data, with molecular diffusivity being replaced
by an "eddy-dispersion" coefficient.

Examination of the general problem in which the dif-
ferent modes of heat transfer (e.g. conduction and convective
transfer between phases) act simultaneously has also shown
that the "S" shaped response curve results (73, ilo, 148).
Unfortunately then, the relative contributions of each to the
overall rate are not easily determined from experimental data
since measured temperature profiles have the same form for the
individual mechanisms and for a combination of these; Only a
very limited amount of data have been taken and analyzed for
this latter case. The importance of interactions of the mecha-
nisms has been little examined. Here, an analysis will neces~-
sarily need to rely on data taken at conditions where the

different effects could be isolated;
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Scope and Application of Rate Studies

A knowledge of réte processes in porous media is of
considerable importance in the design of many commerical opera-
tions. Since about 1940, experimental and theoretical research
has been accelerated in this broad field which includes heat
transfer and the closely allied areas of mass and momentum
transport. A fairly wide range of conditions has been in-
vestigated.

Packed-bed operations of the chemical and petroleum
industries have increassd in number and significance; Of prime
concern in such equipment are the transfer rates between phases.
Studies of mass and heat transport in the same direction as
flow (axial) and in a direction normal to flow (radial) have
found application. Regenerator heat exchangers, chromatography,
and nuclear-~reactor coolant systems are examples of other areas
where this type of informatlion is utilized.

In the last few years, rate processes at relatively low
mass flow rates have become of concern; Low-velocity analyses
are useful to the petroleum reservoir engirneer. One heat-
transfer application is in the design of the;mal methods of oil
recovery such as the in-situ combustion process. In this scheme
a small part of the crude oil is burned "in-place" creating a
moving heat front in the reservoir; The generated thermal
energy ralses the oil temperature, thereby decreasing its vis-
cosity and increasing its mobility through the porous rock;

Steam injection and hot-water injection have been proposed as
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alternate means of getting heat to the 0il.
More generally, the transport investigations at low
velocities serve to complement the high-flow results and there-

fore to increase our understanding of the rate mechanisms.

Research Objectives

This research is the beginning of a longer range pro-
gram to study dispersion of thermal energy in the same direction
as fluid flow in porous media. The goal is a better understand-
ing of the different heat-transfer mechansims, their interac-
tions, and the conditions under which each is significant in
establishing the overail rate.

The specific objective of the présent work is a theo-
retical and experimental examination of unsteady-state lieat
transfer at relatively low fluid velocities and low temperatures
where radiation is unimportant. One-dimensional, piston, 1li-

quid flow will be primarily investigated.



SRR T TR AT R T T e T e T

CHAPTER II
REVIEW OF PREVIOUS WORK

érevious theoretical and experimental work will be
discussed according to the heat-transfer mechanisms consideredQ
Unless otherwise specified, the physical model may be pictured
by reference to Figure 1, Chapter I; A fluid is considered as
being in one-dimensional, steady flow through a homogeneous
porous medium, There i1s no net heat flow in the y or z direc-

tions, i.e.y, there are no heat "losses" from the system;

Square Front
Probably the simplest case of heat transfer in the
direction of fluid flow is exhibited by the "square" heat
front as discussed by several authors including Preston (138)
and Churchill et al. (34). In this highly idealized case, twe
important assumptions are made;

(1) There is instantaneous thermal equilibriumhbetween
the solid and fluid phase; o

(2) Dispersion of thermal energy by molecular conduc-
tion or any type of fluid convective eddy mixing does not occur;
The first assumption is equivalent to an infinite heat-transfer

coefficient and the second to zero molecular and eddy thsrmal

7
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diffusivity. For this case, an energy balance on an increment

of porous medium yields

[P woud + Cs(1-0)] 2L =-vec0 21 (1I-1)
where T = Ty = Ts at every bed location. Nomenclature is de-

fined in Appendix A. For the boundary conditions,

T =f(x), 0% % )
(rx-2)
T=f2(e), x =0 .
Churchill et al. (34) present the solution
T = fl(x - Vg8), x = Vp©
(11-3)

T = £(0 - x/Vgp), x < Vgo

PwCy® Vv .
O R )

where VF =

For the special case of_ a step-function temperature input into
a system initially at a constant tempeiature (f;(x) = T,
f2(8) =-Ty), the solution is

T=T X>VF9

o!?
(11-4)
T = Ty, X < Vp®
The temperature response curve or profile then shows
a sharp break when the heat front arrives, going instantaneously

from the initial temperature, T,, to the input temperature,

Ty« The time of arrival of the square front is given by
0 = X- (1I-5)

so that Vp may be .called the "square® heat-front velocity;
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While this model is physically unrealistic, it does
serve as an idealized reference case. Churchill peints out
that in some instances it 1s closely approached and serves as
a good approximation. Hadidi (76) discusses this same type
model for a system in which two fiuid phases and a solid phase

are  present.

Finite Convective Transfer Coefficient
Theory
When the time taken for heat to be transfered.between
the solid and fluid phases is finite, the describing differen-
tial equations may be written:
For the fluid phase,

aT aT .
P,Cud aew = - v p,C,0 —5;1 - ha (T,-Tg) (II-6)

For the solid phase,

09T
Psls(1-0) 55> =ha (T,-T)) (11-7)

The basic assumptions in the derivation of these equations are
as follows:

a. Thermal diffusivities parallel to flow are zero.

b. No temperature gradients exist in the individual
solid particies, i;e;, the resistance to heat transfer between
the phases lies entirely within a fluid "film" around the solid;

c; The rate of heat transfer between phases is propor-
tional to their average temperature difference.

d. Solid and fluid physical properties are constant,
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e« The fluid velocity is constant and "pistcn" flow
exlists.,

These equations are commonly written as

3T aT
- W= - :—.—S -
sy = Tw - Tg = —— (11-8)

where the dimensionless variables

ha x

Y = —;;E;$;— and Z = —3;5;%%?$7 (6 -~ x/v)
have been introduced.

Anzelius (1), Schumann (159), and others (58, 80 139,
152) applied Equation (II-8) fo the unsteady-state huating of
porous solids or packed beds. Jakob (90) has discussed its ap-
plication to regenerator-heat-exchanger problems and Klinken-
berg (97) its application to cross-flow heat exchangars; This
equation has also been used .in adsorption and ion-exchange
problems (63, 88, 180),

For the boundary conditions,

TS = TO’ Z = 0
| (11-9)
Tw = Ti’ Y =0
the solution is (97)
Z
Tw-To _ - Uor (2yYu) du + e T21 (2 /YZ) (II-10)
= e e o u) du + e o -

Ty -T,

Tg-T .
Ts 2 = oY [ e™U I,(24/Tu) du (I1-11)
“ i -To
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where

o n
_ YZ -
(2 VYZ) = E: %FT%? (II-12)
n=o

By combining Equations (II-10) and (II-11), an expression is

derived for the solid-fluid temperature difference (97).

T, =T

= ¢ Y-2
T:'Tz = I, (2 \/_) (I1-13)

Several alternate forms of the solution to Eguation
(II-8) have been derived and are discussed in detail by Klin-
kenberg (97), Reilly (144), and Hadidi (76). A typical form
of the solution 1is shown in Figure 2a along with the square-
front solution previously discussed,

Walter (180) has shown that Equations (II-10) and
(II-11) approach from either side to

T -T

_1
T::?ﬁ =% [1 + erf (\F'-V?)] (II-14)

as Y and Z increase. The error function, srf, is defined to

mean

er = —_—— d IT-1
'--—l_l / e u 5

Kiinkenberg (97, 98) developed approximations to the
general solution which are applicable for smaller Y and Z
values,

T, -T

o2 =L [14erf (VE - w+8—§?+8\;7)](u-16)

Ti -To
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Figure 2~ Simplified Analytical Solutions, Heat

Transfer in Porous Media; 2a) ha=finite, ky=kg=0
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Tg-T

T_T°=%[1+erf (W‘W'gﬁ"ﬁ)] (I1-17)
o

i

These are stated to be accurate to 0,006 for Y = 2 and 0.002
for Y = 4., They should not be used for Y less than 2. Other
approximations are discussed also by Klinkenberg (97) and
Hiester and Vermeulen (83).

The more general boundary conditigns of an arbitrary
initial temperature distributicn'and an arbitrary inlet temper-
ature history has been treated by Churchill et al. (34). Their
solutions are also generalized to a two-or three-dimensional
flow field, where a knowledge of the point velocity as a func-
tion of distance along streamlines 1s required.

Kiinkenberg and Sjenitzer (100) have shown that, for
the case of a pulse input into a bed, the solution to Equation
(II-8) approachs a Gaussian distribution with a mean of Y and
a variance of 2Y. This is discussed in greater detail in

Chapter III.

Experimental Work

Unsteady-State. Only a few investigators have conduct-
ed unsteady-state experiments to det2rmine heat-transfer coef-
ficients. Furnas {58), Saunders and Ford (152), and Lof and
Hawley (116) injected air into beds of solid particles.. A
study by Coppage (37) utilized wire screening to simulats a
packed bed. Values of the heat-transfer coefficient, ha, were
determined by comparing the solution of Equation (II-8) with

measured packed-bed effluent temperature response curves to a
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step~function input., These investigations were generally in
the turbulent region and h was found to vary with Gn, n varying
between 0.7 and 1.0.

Greenstein and Preston (75), and Preston and Hazen (139)
obtalined data with liquids at relatively low liquid velocities,
approximately 3 to 24 ft/hr. They flowed hot water through
porous-media packs of sand grains, being primarily concerned
with secondary oll-recovery processes. Application of Equation
(IT-8) yielded heat-transfer coefficients which correlated with

fluid velocity as

ha = 0.196 G (I1-18)
Preston (138) and Hadidi (76), from later work at about the
same experimental conditions, concluded that the thermal con-
duction mechanism (to be discussed) was more applicable at the
low flow rates studied than the finite-transfer-coefficient
model. The conclusion was based to a large degree on the size
of the exponent in Equation (II-18).

Steady-State. A large number of investigators have
measured heat-transfer coefficients with steady-state experi-
ments. In some of these works, heat has been generated in
metallic particles by the use of electrical energy. Green
et al. (74), Baumeister and Bennett (10), Glaser and Thodos
(66), and Denton (41) used this method with gas as a flowing

fluid. In the latter two cases, both solid and fluid tempera-

tures were measured at selected points in the bed, and ha
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values were calculated from the measured differences and known
hsat-transfer rates. In the other papers, gas temperatures
‘were measured at the bed inlet and outlet and mean temperature
driving forces were used. The geqeral correlation procedure
has been to plet the “jh" factor, introduced by Colburn (35),

as a function of Reynolds numberj where

2/3

C,H
. _ _h W _
h = o (kwc ) (11-19)

Gamson et al. (61) measured simultaneous heat-and mass-
transfer rates from particle to fluid by drying beds of porous
water-filled particles, and Satterfield and Resnick (151) ob-
tained simultaneous rates in a system in which a "film-
diffusion" controlled chemical reaction was taking place;
Gamson et al. reported the ratio jh/jm to be 1.076 while
Satterfield and Resnick gave the ratio as 1.37. The mass-
transfer "jm" factor is defined analogously to "jh" as

jo = (HME) (——'i—-)Z/3 (IT-20)
m G P Dm

w
where H is the mass-transfer coefficient. Stewart (167) has
indicated that the value 1.076, obtained by Gamscn et al.,
resulted from use of humidity charts which were in error, and
that actually the correction should be in the opposite direc-
tion. The percentage difference woqld not exceed 7%;

Several investigations of mass transfer in packed beds
have been made (43, 52, 59, 60, 61, 84, 118, 190). Many of

these works have been with liquid-solid systems (43, 52, 118)
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and a few have been in the laminar flow region (43, 52, 59, 118,
190). Here again, the usual correlating procedure has been to
plot jm versus the Reynolds number. In general, the analogy
between heat and mass transfer holds, making it possible to
use mass-transfer results to predict heat-transfer rates. This
has been discussed by Gamson (60), Denton (41), and Colburn
(35), among others.

The agreement of results of different researchers has
been fair to poor. Differences in type and mode of bed pack-
ing and bed geometries have been suggested as reasons for the

disagreements.

Finite Convective Transfer Coefficient Plus
Solid-Phase Resistance

In some cases, the assumption that solid temperature
gradients within individual particles do not exist, i;e;, that
the solld offers no resistance to particle-fluid heat transfer,
may be in error. The effect of this additional resistance is
to spread the temperature response to a step-function input
into a packed bed in the same manner as the fluid "film" re-
sistance.

Saunders and Ford (152), using a dimensional-analysis
approach, concluded that heat transfer in a packed bed should

be governed by thres groups: pwcw¢v9’ prw¢v dg, and L_.
dp-pscs kse dp

In their experimental work, the maximum value of the group,
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W w

kSC

p . C bv d
—2tW___ P, was approximately 4.0. At this magnitude it had
no influence on the correlation, indicating that solid resis-
tance was negligible compared to the gas "film," Their cal-
culations further indicated that solid-phase resistance should

be considered at P wCwd v dp values of 8 to 12 and higher;

kSC

Rosen (147, 148) attacked this problem by solving dif-
ferential equations which include both a finite "film" transfer
coefficient and intra-particle conduction. His approach was to
assume that each spherical pellet is surrounded by fluid at a
constant temperature, i;e., thQ downstream fluid temperature
gradient across one particle is so small that assuming it con-
stant causes negligible error. The resulting partial dif-
ferential equations,; which describe transfer in the solid :sphere
and in the bulk fluid stream, were solved for a step-function
input in;;w;ﬁe bed. As the complete solution involves compli-
cated integrals, a simplified approximate solution was also
presented. Babcock (6) discusses the application of these re-
sults to heat transfer at relatively low liquid flow rates.

Rosen and Winsche (149) have used a frequency response
analysis, and by analogy with electric-circuit theory have
derived expressions for the complex admittances for both the
"f1lm® resistance and intra-partical diffusional resistance
mechanisms. Their work showed the total impedance for linear

systems to be equal to the sum of the solid-phase impedance
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plus a "film" resistance term. Kasten et al. (94) and Edeskuty
and Amundson (48) have also mathematically treated the case of
"£11m" diffusion combined with intra-particle diffusiom in ad-

sorption systems-

Effective-Thermal-Coinductivity Model

Theory
An alternate assumption to the finite-heat-transfer-
coefficient model is to take the bed thermal conductivity as
finite and ha as infinite; Jenkins and Aronofsky (92) proposed
this model to be applicable at relatively low flow rates in

porous media. An energy balance on a porous-medium increment

gives
C. &+ p_C ‘(1-(p)'_'~--53—I = -vpo. C, 62T 4 b1
[Pw w P svs 56 Pw™w ¥ x 7 e T2
(I11-21)

where, as in the square-front model, T = T, = TS at each bed
position. Equation (II-21) is the one-dimensional form of the
more general Fourier-Poisson equation; The parameter kg, is the
effactive thermal conductivity of the porous medium, As pro-
posed by Jenkins and Aronofsky, it is the "static" conductivity
of the bed, i.e., the thermal conductivity of the porous medium
in the absence of fluid flow.

Additional assumptions implied include the following:

a, The fluid is in steady, piston flow in the x di~-

rection only;
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bs There are no temperature gradients normal to the
fluid flow direction,
c. The physical properties of the system are constant.
For the boundary conditions,

T =T e = 0, all x

O,
(I1-22)
T = Ty, e > 0, x =0

the solution is (92, 138)

T -To

1
’F;.—:—'IT; = E erfc [’zwlf (ﬁi - VF'\/-g)l

. % exf>wa® V/ke oerfe [ 1 X + VF'VB)] (II-23)

2 yk Vo
where erfec, the co-error function, is equal to (1 - erf).

The thermal diffusivity, K, 1s defined as

k
K = e As Illustrated in Figure 2b, the

P wCyw® + PsCs (1-0)°

shape of the temperature profile curve is the typical "S" shaped
response curve with the curve "spread" becoming larger as ke
increases,

Preston (138) and Hadidi (76, 77) have discussed the
application of Equation (II-21). Preston discussed the pos-
sibility of the effective conductivity, kg, varying with fluid
velocity, being made up of a static component, keo, anq a com-
ponent which is a funeﬁion of velocity, ke(v);

The thermal-conductivity approach has generally been
taken in petroleum reservoir studlies of secondary methods of

0il recovery since fluid velocities are very low. Bailey and
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Larkin (8) and Ramey (141) obtained solutions for the case of
a moving heat source where conduction is the only mechanism of
heat transport (no heat flow by bulk fluid movement). Solutions
were presented for both linear aﬁd radial heat flow; Vogel and
Krueger (176) examined this same problem using an analog com-
puter, Bailey and Larkin (7) have also solved the one-
dimensional, moving-heat-source problem including both conduc-

tion and transport by bulk fluid flow.

Experimental Work

Unsteadi-State. The early experimental investigations
at low fluid velocities assumed a finite heat-transfer coef-
ficient and zero thermal diffusivity (75, 139). Jenkins and
Aronofsky (92) compared these very limited data to the effective-
thermal-conductivity model and concluded that k, was a more
applicable characterizing parameter; Their conclusions were
based primarily on the following:

l. Values of ha varied with fluid velocity to about
the 1.8 power see Equation (II-18) , while at high veloci-
ties; previous investigators found ha to be a function of ve-
locity to the 0.70 to 1.0 power (58, 116). Calculated kg
values did not vary with velocity, in agreement with the appli-
cation of the "static" thermal conductivity;

2, Particle size did not influence ha; Again, at high
velocities, workers have found particle diameter to affect ha

(58, 116). The magnitude of kg did not change with particle
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size as predicted by static-conductivity correlations (51)
[ see Equation (II-26) ].

3; Numerical values of calculated k,'s were more in
agreement with previous works and were more reasonable than the
ha values,

Hadidi (76), in a very few experimental runs at low velocities,
reached the same conclusion;

A more extensive study was made. by Preston (138). Pres-
ton concluded, in disagreement with his earlier work (75, 139),
that the effective-conductivity concept was more reasonable at
relatively low liquid velocities than the finite-ha model. He
did find, however; that k, varied with liquid velocity. The

final correlation was

k /Ik d, G 17 .
_._4.% = 8,40 (—=P—) (TIL-24)
(o /tye) o

to be used at Reynclds numbers between 0,01 and 10. Data scat-
ter was large. Preston's results are discussed further in
Chapter V and in Appendix L.

Steady-State. Effective thermal conductivities in the
same direction as fluid flow have been measured in steady-state
systems by Kunii and Smith (106) and Yaei et al. (189). 1In
these low-velocity studies, heat was injected into one end of
a packed bed and fluid into the other. The resulting steady-
state temperature profile across the bed was measured. Data
were analyzed by comparing this temperature profile to the so-

lution of the steady-state form of Equation (II-21);
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=0 (11-25)

These investigators found kg to be a function of fluid velocity.

Static Thermal Conductivity
Theory. The use of the effective-thermal-conductivity
model, Equation (II-21), requires a knowledge of the thermal
conductivity of porous media when a fluid phase is present but
not flowing. This is so even when kg is a functicn of fluid
valocity since it can then be thought of as being composed of
a static contribution, keo, and a velocity-dependent contribu-

tion, k_{v). Several predictive correlations have been pre-

e
sented for the static conductivity.

Euchen (51) modified an equation developed by Maxwell
for the electrical conductivity through a two-phase system
where one phase was continuous and the other consisted of
spherlcal pellets of different conductivity; The Euchen equa-
tion is

k. © = Kye [ksc t 2kye " 2(1-9) (k. - kscﬂ'
e kKgo * 2k + (1-0) (kyo - kge) (I1-26)

Hamilton (78) modified this expression to include non-spherical
§articles;

Kunii and Smith (105) developed a keo expression for
packed beds considering heat transfer by (1) conduction in the
gas phase, (2) conduction in the solid phase, (3) a solid-fluid-

solid conduction mechanism, and (4) radiation.
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Preston (138), based on experimental data in several
systems, modified a result due to Schumann and Voss (160);
Preston's relationship should be applicable in systems of the

particular type studied.

K = 1.536 k ,"000 (11-27)

The term, kg, is the Schumann and Voss conductivity given by

the following equations;

- k‘lc Kgo L+ p(l+p)(kw0-ksc . k,o(1+p)
kyctPlkuc-kse) Ko tP(Kyo-Kge kg oP
(11-28)
kKsy = Kye ¢3 + k"(1'¢3) (11-29)
¢ = (p° + p) 1n (E-;‘:-—l) -p (II-30)
k .
Tabulated values of k., as a function of EEQ and ¢ are given by
we
Preston,

IExgerimental Work. Several experimental studlies of
the static thermal conductivities of two-phase porous-media
systems appear in the literature (44, 55, 65, 105, 138, 166,
169) . Pregton (138) measured keo values for the same experi-
mental systems as used in his dynamic heat-transfer experiments,
making the work very useful for packed-bed, liquid-solid cal-
culations; The data were correlated by modifying an earlier

equation due to Schumann -and Voss (160){

Radial Effective Thermal Conductivity

The effective~thermal-conductivity model has been
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applied to the radial transfer of heat (perpendicular to fluid
flow) by many investigators (3, 9, 21, 27, 127, 136, 163, 187).
In these steady-state studies, longitudinal conduction is gene-
rally assumed negligible. Values of radial conductivities are
taken to be composed of a static contribution and a component
which is velocity dependent (127, 163, 187). Wall effects are
also sometimes accounted for (27, 136). In many of the works,

radiation is included as a heat-transfer means (3, 187).

Longitudinal Eddy Dispersion
Theory

Longitudinalb"eddy dispersion” of thermal energy and
mass is known to be a result of a convective mixing process
which occurs in packed beds; This effect has been studied pri-
marily in mass-transfer investigations{

Diffusioﬁ Mgggl; The theoretical model usually applied
is the ordinary "random-walk" condept: When a macroscopic ele-
ment of fluid undergoes a statistical number of events, such
as acceleration, deceleration, trapping, etc;,-it may be des-
cribed by a law similar to Fick's law of molecular diffusion.
The spreading therefore follows a Gaussian distribution, and
for packed beds this may be assumed to hold in a bed of suffi-
cient length (4, 22, 38)., The differential equation describing
this process is the diffusion equation; For mass transfer,

X R v iLQ + Emiljiil (11-31)
9 9 x 9 x?

where E,, the dispersion coefficient, has replaced the
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molecular-diffusion coefficient. Keulemans (95) and others
(4,100) have reasoned that E is proportional to fluid velocity
and particle diameter;
E = 1 vdy (I1-32)
The coefficient "n " is a constant characterizing the porous
media.

The solution to Equation (II-31) is well known and has
been discussed with reference to packed-bed dispersion in sev-
eral articles (38, 46, 113). Danckwerts (38) has presented
solutions for the boundary conditions of either a pulse-function
oristep-function input. Carberry and Bretton (29), Klinkenberg
and Sjenitzer (100),.and Levenspiel et al, (113) have treated
the case of a pulse input. A frequency-response analysis has
been used by Kramers and Alberda (104), Ebach and White (46) and
McHenry and Wilhelm (120).

Cell-Mixing gggg;; A cell-mixing model has been pro-
posed by Kramers and Alberda (104) and others (4, 29). A packed
bed is assumed to consist of "n" perfect mixers in series, i;e.,
the fluid leaving a mixing cell has the same concentration of
tracer material as ths solution in the cell; Equations have
been derived expresging the effiuent from the nth cell as a
function of time for a given input into the first ce11; Car-
berry (28) extended the model by the introduction of a cell-
mixing efficlency.

Aris and Amundson (4) compared the cell-mixing and dif-

“

fusion models and, at distances equivalent to several mixing
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lengths down the bed, the two models gave approximately the
same distribution expressions for injected tracer material,
By equating these distributions, an expression for the Peclet

number resulted.

v d

Pe = _BE = 2;_ (11-33)

where ¥ characterizes the distance between successive mixing
lavers and 1s approximately equal to 1;0 for random-packed
spheres, This limiting value of 2.0 for the Peclet number was
stated to be applicable at high fluid velocities where perfect
mixing occurs in the mixing cells.

Alternate Statistical ggggl; Cairnss and Prausnitz (23,
25) proposed a statistical model alternate to the random-walk
model, Their work is based on the mathematics of Einstein (49).
Fluid corpuscles are assumed to move through porous media in a
series of "motlion phases" and "rest phases;" that 1s, the cor-
puscle may be moving rapidly in one instant and in the next
instant caught in an eddy or at a stagnation point; By con-
sideration of a Galton plane, probablility expressions were
derived for the downstream concentration distribution of in-
Jected tracer material., Parameters for this model were ob-
tained by equafing the derived distribution to the Gaussian
distribution of the diffusion model, at large values of time
and distance down the bed. In this theory, upstream mixing of

tracer material is not allowed.

Miscellaneous Models, The application to packed beds
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of the theory of Taylcr (171) for long**udinz. dispersion of
material in flow through a capillary tube has ':sen discussed
(17, 56). Here, the porous-media void spaces are viewed as
small tubes in which velocity profiles develop causing a net
concentration spread of tracer material. According to Taylor's
theory, the dispersion in this case is inversely proportional
to the molecular diffusivity of the tracer; This result was
also reached by Ffankel (56) who considered the effect on the
mixing process of stagnant spheres of fluid or stagnant "poc-
kets" of fluid. In these models,

2
E ~-§—— (1I-34)

Frankel suggests combining this effect with the mecdel of
Keuleman's, Equation (II-32), and with molecular diffusion to

ylield a general expression for the total dispersion;

Experimental Work
Experimental investigations for the purpose of determin-
ing longlitudinal dispersion coefficients have been limited to
mass-transfer studies. In nearly all cases, the diffusicn
equation has been used to analyze experimental data. frimarily,
the reason is the simplicity of analysis with this approach
since the measured concentration response curves are character-

ized by a single parameter, E Other theoretical models re-

m.
guire knowledge of bed parameters which are difficult to obtain
(eegss in the mixing-cell theory the cell volume, mixing

efficiency, and number of cells must be known); Values of Ep
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reported by the different researchers are actually the sum of
the molecular diffusios contribution, D,, plus the convective
mixing contribution. Howaver, in many cases Dm is negligible.

Methods of injection of tracer material into the beds
have varied, including approximations to pulse-function injec-
tion (29, 46), step-function input (17, 25, 38), and sinusoidal
injection (4O, 46, 104)., Relatively low Reynolds numbers have
generally been investigated, with flow ranging from purely
laminar up through the flow-transition region;

Experimental data taken by different investigators in
the laminar flow region with liquid-solid systems have yielded
Peclet numbers on the order of 0.5+ 60% (25, 29, 46, 114, 168).
McHenry and Wilhelm (120), with gas-solid porous-media systems
at about the same range of Reynolds number, gave an average Pe
value of 1,88, in close agreement with the theoretical maximum
of 2,0. The possibilify of this nearly four-fold disagreement
between liquid and gas systems being due to fluld "by-passing"
in the liquid case has been discussed (17, 56, 71). The aréu-
ment is that fluid next to solid particles and in the crevices
formed by solid-solid contacts will tend to be by-passed by the
main stream, causing a spread in the concentration profile.
This by-passed fluid will approach the main stream concentra-
tion by molecular diffusion; The overall result of such a
process is to increase the size of the measured dispersion co-
efficient, E, inversely proportional to the size of the mole-

cular diffusion coefficient as predicted in the model of
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Taylor (171) previously discussed. The high molecular dif-
fusivity of gases, compared to liquids, markedly reduces the
magnitude of this effect for gas-solid systems; Handy (79)
examined the effect of molecular diffusivity on the dispersion
coefficient by making experiments with liquids in which D, had
different values (Dml/Dm2== U); No positive conclusions could
be made, but a qualitative trend of increased E, with lower D,
values was noted.

The fiuid flow mechanisms resulting in eddy dispersion
in porous media are illustrated pictorily in movies taken by
~ Chatenever (32); Events such as acceleration, déceleration,
temporary trapping, and differences in velocity across a single
pore opening are clearly shown;

Radial Dispersion. Radial convective dispersion occurs
in porous-media systems but at a slower rate than longitudinal
dispersion. Bernard and Wilhelm (12) experimentally detarmined
radial Peclet numbers of approximately 10-12 with furbulent
flow. Other investigétors (91, 142) are in general agreemenf
with the lower dispersion coefficients for radial transport of
heat or mass. For heat transfer, the radial convective dis-
persion coefficients are combined with the static thermal con-
ductivity of the packed bed to give the radial effective thermal

conducfivity previously discussed.

Combination of Iransfer Mechanisms

Theory

Combination of the concepts of longitudinal dispersion
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of heat or mass by molecular transport and convective mixing,
and of finite times for transfer between the solid and fluid
phases of a system has been theoretically considered. For a
few specialized cases, differential equations have been solved.

Lapidus and Amundson (110) considered longitudinal mass
transfer of an adsorbate in a column packed with porous adsor-
bent particles. The differential equations, assuming piston

fluid flow, are

2
9C _ a C 9°C 1 9n
————— = - ———+ - - eep—— I-
%) V ox Em 9x2 ©® de (11-35)

where here, E  includes both molecular diffusion and eddy dis-
persion, and where n is the amount of adsorbate on the adsor-

bent in moles per unit voiume of bed; For the adsorbed phase,

7?% = kyC - kpn (1T-36)

where kl and k2 are constants;

With the boundary conditions,

C=n= 0, 6= 0, all x
(1I-37)
C = Cy, all e, x =0
the solution is
/"
_C .  VX/2Ey F(8) + k F(8) ae 1 (1I-38)
Cy 36

F(©) is defined as
a0 /0 ko2
F(G) = a 2 Io 2 —-6—— (g_z)

2
S —X - dz (II-39)
2 - Ep? exp [EEmz zg]
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2k
withg=-K-E——+$L—k2.
m

Van Deemter et al. (175) discussed an approximation to this
solution, for the boundary conditions of a pulse input, which
holds under certain assumptions concerning the size of the
system parameters, This simplification, due mainly to Van der
Waerden (unpublished report referred to by Van Deemter et al.),
reduces the solution to a Gaussian distribution in which vari-
ances for the two mechanisms of longitudinal dispersion and a
finite transfer rate between phases are simply additive;
Klinkenberg and Sjenitzer (100) also proposed the idea of
added variances for the different mechanisms. This is discus-
sed in detail in Chapter III.

In the investigation of Rosen and Winsche (149) dis-
cussed earlier, heat transfer between phases was taken to be
governed by both a "film" resistance around the solid and
infra-particle conduction. Their work, using the analogy to
electric-circuit theory, showed the complex impedances for the
"film" resistance and intra-particle conduction to be additive;
Deisler (39,40) extended this work by experimentally and theo-
retically investigating simultaneous diffusion into the pores
of a catalyst, longitudinal diffusion, and convective eddy
dispersion., Deisler's work is discussed further in Chapter
IIT and Appendix K.

Bland (16) developed relations governing both the flow

of gas in porous media and the heat-transfer rate: He combined
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the energy balance, equation of continuity, an equation of
state for the gas, and Darcy's law for fluid flow in porous
media to derive the generalized equations; Analytical solu-
tions were obtalned ;or a few particular cases.

Amundson (2) has obtained solutions for several cases
of heat transfer in which the different mechanisms are combined.
In treatment of a bed packed with small particles, the mechai-
isms of radial and longitudinal conduction in the fluid phase,
and sclid-fluid convective transfer were included. The solid
was assumed to contain a heat source, For a bed of large
particles, the equations were extended to include intra-particle
conduction in the solid phase, with the assumptizn that the
temperature around each sphere was constant. Downstream solid
conduction was not allowed.

Combination of the different heat-transfer mechanisms
has been treated by Bailey and Larkin (7), and the case of a
moving heat source with longitudinal conduction and particle-
fluid transfer has been sclved for quasi-steady-state condi-
tions. The steady-state situation, not including a heat-source
term, has been discussed by Kunii and Smith (106) and Yagi
et al, (189).

Hadidi (76) attacked the problem of two fluid phases
flowingvsimultaneously through porous media. Finite-difference

equations describing heat transfer were set up but not solved:

Experimental Work

Deisler (39) measured total longitudinal dispersion
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of mass in a gas-solid packed-bed system in which intra-particle

.diffusion, gas-phase molecular diffusion, and eddy dispersion

were present. A frequency-response analysis was made. From
response concentration curves, values were calculated for the
apparent diffusion coefficient of the gas within the porous
solid and for the gas-phase lorigitudinal diffusion coefficient,
(Em + Dm). Longitudinal Pe numbers were slightly higher than
4,0, considerably above the results of McHenry and Wilhelm
(120).

Van Deemter et al. (175) studied limited experimental
data obtained in two chromatographic columns. The important
mass-transfer mechanisms were considered to be molecular dif-
fusion, eddy dispersion and a finite fluid-solid mass-transfer
rate., Constants, characterizing the mechanisms, obtained from

the data were the right order of magnitude for all mechanisms .

Velocity-Profile Considerations

Deviations from piston fluid flow in packed beds are
known to occur. An effect of the tube wall on the particle
packing arrangement, with_a corresponding effect on fluid ve-
locity near the wall, has been observed (26, 128, 161). The
presence of the wall increases the void volume of the pack in
the region of the wall, The result is a higher fluid velocity
in this zone and, when ths particle size is large compared to

the tube diameter, significant deviation from piston flow can

occur. Ratios of particle diamster to tube diameter, above
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which the wall effect is important, have been reported from
0.04 (161) to 0,067 (26).

Flow channeling frequently appears in porous media as
the result of an unfavorable viscosity ratio, i.e., when the
fluid being displaced from a porous medium has a higher vis-
cosity than the displacing fluid (17, 32, 154), Brigham et al.
(17) discuss this phenomenon with reference to longitudinal
dispersion of mass in a two-liquid system.

Natural convection‘pan induce flow channeling. This
has been observed in experimental studies of solid-fluid mass
transfer at low Reynolds numbers (43, 59, 185). The effect is
characterized by the Grashof number.

Cairns and Prausnitz (26) discuss the influence of de-
viations from plug flow on experimental longitudinal dispersion
coefficients. When experimental concentration response curves
are determined by measuring radially averaged packed-bed ef-
fluents, calculated parameters, (such as E), may be influenced
by these deviations., A calculated longitudinal dispersion co-
efficient will be high unless radial transport is of sufficient
magnitude to eliminate the radial concentration gradients in-

duced by the non-plug flow.



CHAPTER III
' THEORETICAL INVESTIGATION

The mechanisms of heat transfer considered which con-
tribute to the dispersion of thermal energy are (1) longitudi-
nal ccnductien in the fluid and solid phases, (2) convective
eddy mixing or dispersion in the fluid phase, and (3) a finite
rate of heat transfer between solid and fluid. These processes,
combined with bulk fluid movement, are assumed to account for
the total heat-transfer rate in the direction of fluid flow.

General differential equations resulting from an
energy balance on the porous media were formulated. Since an
analytical solution was not obtainable, numerical calculations
were made,using a digital computer, for several specific values
of the system parameters., Numerical calculations were time
consuming and rather impractical for use in the evaluation' of
experimental data. Therefore, based on literature sources,
an approximate solution was derived which in many instances
allows the heat transfer to be well represented using the dif-
fusion equation and an effective thermal conductivity account-

ing for the several individual dispersion mechanisms;

35
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Physical Model
The system is a semi-infinite porous body through which
a liquid is flowing in one-dimensional, steady, piston flow
(see Figure 1). Solid and fluid temperatures are initially
equal and constant throughout. At time zero, the injected
fluid temperature is suddenly changed to a different value;
No net heat transfer in a direction normal to the liquid flow
occurs, l.e., there are no heat "losses" from the system,
Radiation is assumed negligible. For any given set of condi-
tions, fluid and solid physical properties are taken as inde-

pendent of temperature.

Fluid and Solid Phase Energy Balances
An energy balance over a porous-medium increment yields
the following differential equations;

For the fluid phase,

2
T 9T 3°T
P Co® _.;e.‘x. = - v p Oyl 8xw + kyd - x‘; - ha(Ty-Tg)  (I1I-1)
For the solid phase,
T, | 821
P sCs (1-0) —=2= = kg (1-0) ——5 *+ b (T,-Tg) (III-2)

Here, kg is a pseudo thermal conductivity which characterizes
the rate of apparent solid-phase conduction in the longitudinal
direction. The fluid-phase coefficient, ky,, includes both a

conduction contribution and the effect of eddy dispersion,

ky = kye + Kym (III-3)
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where

kW c

Kim

Of these coefficients, ky, is a function of fluid flow rate

thermal conductivity of the fluid phase

eddy-dispersion coeflficient

while k. and kg are assumed to be independent of fluid ve-
locity. The rate of heat transfer between the phases at any
point is assumed proportional to their average temperature dif-
ference, ha being the constant of proportionality. An implicit
assumption in the derivation of Equations (III-1) and (IXII-2)
is that the solid pﬁase is an evenly distributed source or
sink, also having the property of allowing conduction only in
the direction of the flowing liquid. However, temperature
gradients in the solid normal to the fluid flow are assumed
non-existent, that is, the resistance to heat transfer between
fluid and solid lies entirely within a fluid "film" arou~d the
solid.

Applicable boundary conditions for the model are

Ty = Tg = Ty all x, =0
Tw = TS = Ty, x = 0, all e >0 (ITI-4)
Tw = TS = TO, x-—-°0, all e

The second condition, of an instantaneously reached solid tem-
perature, Ty, at the boundary x = O, is an approximation which
should be sufficiently accurate for times slightly larger than
zero. An analytical solution to Equations (III-1) and (III-2)

was not obtained and numerical methods were therefore used.
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Numerical Solution
Equations (III-1) and (III-2) can be written in a di-

mensionless form as

ot 9t 24
—w - _ LA ooh (t,~te) (ITI1-5)
w 'S
aT 9 vy ) Y2
2 '
dt a a°t -a
S -\ s S 4+ \ 2s _w _ -
5T Tw 5 o2 Tw kT (twts) (111-6)
y s
where
A= QET 3 Sl S g EET zy 0, and y = 937 LA
kw v kw Ky

The dependent variables ty and tg are "accomplished tempera-
ture fractions" and may have values between zero and one. All
nomenclature 1s defined in Appendix A{

These equations were reduced to finite-difference
equations and solved for several values of the parameters on
an IBM 650 digital computer; Equations of the forward-
difference type were used in the solution. Convergence of the
numerical solutions was checkad by reducing increment size
untll convergence was obtained and by checking computer results
against the analytical solution for the case, ky = kg = 0 and
ha =_finite. The difference equations and convergence criteria
of the type presented by Dusinberre (45) are presented in
Appendix B. To obtain solutions, it was neééssary to use very
small time and distance increments necessitating long runs on
the computer.

The parameter range studied corresponded primarily to
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water-silica and water-glass porous-media systems. In Figures
5 and 4 are shown some typical time-fluid temperature profiles.
A decrease in A which is equivalent to decreasing ha or in-
creasing fluid velocity, all other properties held constant,
causes an earlier appearance of the heated zone at a given
position and a greater "spread" of the profile curve (Figure 3);
Similarly, an increase in solid thermal conductivity results
in the heated zone appearing earlier with a greater spread of
the curve (Figure 4). Also shown in these plots iswthe posi-
tion of the square heat front for the simplest case discussed
in Chapter II, i.e., t, = tg, kg = ky = 0.

The influence of the parameter X on the solid-fluid
temperature difference is seen in Figure 5, where (tw - ts)
decreases significantly as M increases. The curves are plot-
ted at different dimensionless y and T values to allow them
‘to be nlearly presented on one graph, and such small changes
in time or distance will not markedly affect the magnitude of
(tw - ts).

The effect of a finite heat-transfer coefficient re-
sulting in these solid-liquid temperature differences is shown
by a comparison of the analytical solutions for the simplified
cases (discussed in Chapter II) with the more general numerical-
solution results. This 1s done for different parametric values
in Figure 6. The simplified cases used for comparison are (1)
k, = kg = O [Equation (II-8) ], and (2) t, = t, [Equation (II-

W S

21)]. The value of kg used in the analytical solution for the
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conduction case, where ty, = tg, is kg = ky,® + kg (1-¢)..\At X
values of 0.114 or less for these liquid-solid systems, the™
numerical solution approaches the curve assuming ky = kg = O
which indicates that the fluid-to-solid heat transfer is.es-
sentially controlling the profile shape. When M is increased
to 0.342 and above, the numerical solution approaches the ana-
lytical solution based on an assumption of ty = tgy 1.e., the
solid-fluid boundary resistance is neglibible. It is also
shown in Figure 6 that in the intermediate N range, both the
heat-transfer coefficient and the thermal cenductivity should

be considered to accurately describe the temperature profiles,

Approximate Solution

The derivation of an approximate solution to Equations
(ITI-1) and (III-2) follows the work of Klinkenberg and Sjenit-
zer (100), and Van Deemter et al. (175). Klinkenberg and
Sjenitzer have shown that for a pulse input into a packed bed
the heat-or mass-transfer mechanisms of molecular conductlon,
eddy dispersion, ana convective transfer between phases all
individually give rise to Gaussian distributions in the bed
holding-time variable., This is true under certain conditions
of bed parameters. They postulate that when these transport
mechanisms act simultaneously in a systemy, the distribution
of holding times is still normal and the individual variances
may be simply additive. Van Deemter et al. arrived at the

same conclusion by starting with the solution to the
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differential equations which include both a diffusivity term
in the fluid phase and a finite rate of heat transfer between
phases. The solution, with the boundary condition of a pulse
input, was reduced to a simplified form which is Gaussian and.
in which the variances for the two mechanisms of conduction
and convective transfer between phases are additive.

It will first be shown that the different heat-transfer
mechanisms, treated separately, give rise to normal distribu-
tions. The individual variances are then added to yield an
approximate solution for the case of multi-mechanistic heat
transfer. The work of Van Deemter et al. Jjustifying this ad-
dition for a special case is outlined. Finally, the numerical
solution to Equations (III-1) and (III-2) is used to further
support the application of this assumption to the model con-

sidered here.

Convergence to Normal Distribution
Conduction. If it is assumed that at every point in

the porous media, tw = tg, i;e;, ha = =, and that eddy dis-

persion is negligible, then Equations (III-1) and (III-2) may
be combined to yield
2

9T 5 T 8 T
[P wCw? * pscs(l-cp)] S5 =V P wCu® 5 k° ~ (I11-7)

where ko’ is the static thermal conductivity of the bed,

ke~ = kg(1-0) + kyo0 (III-8)

As previously discussed, Equation (II-23), Jenkins and
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L6
Aronofsky (92) give as the solution to Eguation (III-7) with
a step-function temperature input and constant initial tem-

perature throughout,

X P Cubv/k,°
t = L erfe X -VF\[E)jl+%-e v ©

1
pore | v I
__+ VF-\/—é—) ] (I11-9)

erfc (
2wf‘5\/—
kO

wa¢+ PsCg(1-0) °

where K° =

Now, rather than a step temperature or energy input, consider
an energy input over only a very small increment of time e,
That 1s, with the porous medium initially at T, and the in-
Jected fluid temperature at T,, introduce a pulse of fluid at
temperature Ty over the time interval ©,, at & = O, The re-
sulting temperature distribution in the porous media, T (x,8),
as a result of this input may be derived by differentiating

Equation (III-9) to give

e [V ( x-Vp0 )2 i Vp i X
®, ~|bymxos EJ‘W Wi koe 4 ko3
x+V_© xvp _C :
exp | - F + P w Wq) (III-10)
(o]
2 K6 k°

Equation (III-i0) may be simplified. If it is assumed
that all energy-retention times in the bed are close to the

mean time of %_, then 6 may be replaced by X_ = in all terms
F F

except the numerators of the exponent arguments, With this

assumption, the second term of Equation (III-10) is eliminated
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and the resulting simplified expression is a normal distribu-

tion,
-(2- - 0)®
%_= i exp F (IIT-11)
o \]2110‘1 2 0-12
where
2 k 9x '
@ - 2% . e’ (III-12)
1 Vg3 P wCwvVyp2

Plots of Equation (III-11), with a comparison to the complete
expression, Equation (III-10), are shown in Figure 7. The

necessary assumption for the substitution, x/VF = 6, as made,

is
2 K% x X 2
el x < -ﬂ:} (III-13)
F
2 kO
or —_—t £ 1 (I1T-14)
prWOVX

i.e., the "spread" in time of the temperaturs profile due to
conduction is much less than the total time of travel of the
heated zone.

Eddv Dgsgersian; Since the diffusion equation applies
to eddy dispersion in porous media, the results of the simpli-
fication, Equation (III-11), are also applicable to this heat-
transfer mechanism with keo replaced by k,.0, the dispersion
coefficient. However, as discussed by Aris and Amundson (4),

the boundary condition

T = constant, x = 0, >0 (IIT-15)

used by Jenkins and Aronofsky in the derivation of Equation
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(III-9) is not strictly applicable to the eddy-dispersion case;
With boundary condition (III-15), back diffusion of energy out
of the bed is allowed, a condition which does not seem reason-
able for eddy dispersion. The error introduced by use of this
condition will be small for relatively small values of the
thermal diffusivity, and this boundary condition will be assum-
ed sufficiently accurate.

The condition for convergence to a normal distribution

follows from Equation (III-14),

2 kuypd <1 (I1I-16)

chwﬁvx
Finite Heat-Transfer Coefficient; When the heat trans-
fer in a packed bed is controlled by the rate of transfer be-

tween solid and fluid, and conduction and eddy dispersion are

negligible (ha = finite, k,; = kg = 0), an energy balance gives
aT 8Tw

PwCw® -55-‘i = - vp yCyf - ha (T, - Tg) (I1I-17)

psCs(1-0) —5= =ha (T, - Ts) (III-18)

The solution for the fluid phase with a step-function tempera-

ture input into a bed initially at constant temperature is (97?)

e
= h ~h
_/ pscs?l-¢ exp [—p———c%é- —p————r——)- (G X/V)
l -
\'4

ha)“x (6-x/v) -hax _ _ ha YIRS
I, ZVT:LE};W PCs(1- oy]de * °"P wcw(pv Fooo(ioey O/

Io[ 2\/.(_)._’& 0-x ,Lv%l_ﬁ)] (III-19)
w
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The corresponding solution for the injection of an energy
pulse over a small time interval 8, may be derived from Equa-

tion (III-19).

=hax - ha -
t, °xP [PHC"@v Pscs(l"’) (e x/v)]

——

% — 7%
- x(0-x/v)
[p §Cg(1-9) 4 havacw?v Pscs(l'ﬂ}

exp |:2ha I_.!.(Q;{/V) -
p.COv p _C_(1-9)
L \J v il | (III-20)

[x(e—x/v) P wCudv ] J

The asymptotic expansion for the Bessel function has been

used, implying

2 3
2 a x (6 - x/v ] ~ 2 ha x 1 (IIX-21)
pwcwsv P 50511-6) J pwcwsv
Equation (IIT-20) may be simplified as previously done in the

conduction case by the substitution of © = 2%~ in all terms

\'s
F
but the numerator of the exponent, Details are given in Ap-

pendix C., The result is the Gaussian distribution

2
- Vip-0
% 2 O, 2 0,2
where . 2
2 2 x P sCs(l-(b) |
= IIT-2
o, RO ( 3)

wow?

The assumption leading to the substitution © = x/Vy is

2x_[pycqli-0) ]2 <

2
X (I1I-24)
ha p C.O v VF)
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or 2vyp? [p Cs(1 ¢) > -
b P oCad 1 <1 (Tr-23)

The spread of the injected thermal-energy pulse is much less
than the total time of travel in the bed; It is noted that
Equation (III-25) is always satisfied if condition (III-21)

holds since the former may be rearranged to give

PwCy® + P gCg(1-0)
z_-_ha}__._f - < 1 (III-26)
chw$ v

Addition of Variances
Klinkenberg and Sjenitzer (100) have proposed that
when the different heat-transfer mechanisms act simultaneously,
and conditions are such that each would approach a Gaussian
curve, individual variances are simply additive; This assump-
tion results in the following approximate solution with a

pulse thermal-energy input into a packed bed.

1t - oF

t 1
X = exp
o, > 10 o 2 G2 (III-27)
with
2 _ 2 2 2
o- = 0-1 + 0-2 + 0.3 + cecevee (III-28)

For the specific mechanisms considered here,

o2 - _2 ko® x , 2 Kymd x 2 [p c(1-9) ]2 x
PuCwdv VF2 P yCydv Vg2 P Cy? v ha

(I1T-29)

where keo is the bed "static" thermal conductivity
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[keo = kwc¢ + ks(l-¢q, and k_ 0 is the eddy-dispersion coef-
ficient. From Equation (III-29), it is seen that an "apparent"”
longitudinal effective conductivity for the heat-transfer-

coefficient contribution to the dispersion may be defined as

2 2
kpna = s VI‘;:CS(1‘°)] (III-30)

reducing Equation (III-29) to

(o] .
o2 = 2x_(ke® + kypd + kpa) (III-31)
P Cw® v VE2

Thus, an overall effective thermal conductivity, kg, 1s defined

(o]

kg = kg + k9 + kp, (III-32)

Equations (III-27) and (III-28) are based on the gen-
eral principle of probability theory that the variance of the
éum of two or more statistically independent random variables
is the sum of the individual variances (5). Use of these
equations therefore assumes that the different heat-transfer
mechanisms act independently, and that the spread of thermal-
energy, bed-holding times away from the mean time, x/VF, is
the sum of the spreads due to each mechanism taken separately;

The corresponding form of the solution for a step-

function temperature input is

X. .9
A ) ] (11I-33)
;;2 05

Rearrangement of the error-function argument leads to

tw=%— [l-erf‘
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. 1 1 c X - VFQ
vz |5 ToRze (IIT-34)
where
g* = VZK (I11-35)
K = ke0 + kymd + kha _ _k

TPyCy0® + PCo(1-9) P C,0 + ePsCs(l—¢) (III-36)
and where 6 has been re-substituted for x/Vp in the denominator
of the error function. Equation (III-34) is the first term of
the conduction-equation solution, Equation (III-9), with keo

replaced by kg.

Van Deemter et aly, Summation of Variances

The work of Van Deemter et al. (175) adds strong jus-
tification to the assumption of added variances. These results
are outlined in brief here and in detail in Appendix D.

The heat-transfer mechanisms affecting the longitudi-
nal dispersion are (1) conduction and eddy dispersion in the
fluid phase, and(2) a finite rate of heat transfer between the
sclid ard fluid phases. From an_energy balance, the describing

differential equations are
32

9T, 8T T
w - w W -T
P uCe® <3 v p,C0 st kO - ha (T, -T,)
(ITI-37)
T
P gCg(1-9) S = ha (T,-T) (I111-38)

LT)

The solution corresponding to the injection of an energy pulse

[p wow® Vv (T4 -Ty) eo], over the small time increment 8,, into
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a bed initially at temperature T,, is given by Van Deemter
et al, and was derived from a solution of Lapidus and Amund-

son (110).

t

w

. P »
+/ . X exp [- XV ]F(Z) dz (111‘39)
, z aQ wz

o 2z\/I1 o

L - ﬁ.(_&;v_@_z. - hae
29'\/ ® P wCy O

1
- (ha X3 2 -ha_(6-z) _ _ha 2z
Flz) = [ Cu8 P C (1-0) (0 z)J oXp [pscs 1-0) P ,C.0
-
ha)? z (8-2) III-U0
11[2\/7(';6,,0 ) ( )

Simplification of these equations by use of the asymptotic
expansion for the Bessel function and substitution for 6,
e = x/VF, in all terms but the numerators of exponents yields

2
Y p S ,
EE =p‘////b 1 exp ’r P )
2]
Ul'VZ n

2
2 Gl

lo-2)"
—1l— exp -—-,-9-—-- dz (ITI-41)
T, V2T 2 0,2

. 2
where: g = pr!g ; s Gl was previously defined

c,b + PC (1-¢)

in Equation (III-12) with ky® replacing k.°, and 0'22 was de-
fined in Equation (III-23). This integral may be approximated

to give as a final expression



55

) -(%- - e)?
X = 1 exp F (III-42)
% 2n (0,2 + 0 ,°) 2( 012+ 0 ,2)

The solution has therefore been simplified to a form which is
Gaussian and in which the variances for the heat-transfer

mechanisms considered are summed.

Numerical Solution to the General Equations,
Summation of Variances
It is proposed that the general equations, Equations
(III-1) and (III-2), may be approximated by the conduction

equation, Equation (III-7), in which, k_°

e 1s replaced. by kg,

given by
ke = kg© + kypd + kpa (III-32)
where kha was defined in Equation (III-SO); The previously
discussed numerical solutions to these general equations show
that the addition of conductivities (equivalent to addition of
variances) is justifiable under the conditions (III-14), (III-
16) and (III-25)., This is demonstrated in the following by
first determining an effective conductivity, kgs representative
of the numerical solution. This kg, calculated from the nume-
rical data (termed k ) is then shown to agree with the
©(num)

summed effective conductivity, i.e., Equation (III-32).

Numerical Solution, Effective Thermal Conductivity. For

specific system parameter values, the numerical solution ylelds

the fluid temperature, %, ,, as a function of x and 6, and this
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temperature profile may be approximated by the use of the con-
duction-equation solution, Equation (III-9), with the proper

Several methods of calculating k from

value of k
e © (num)

(num) °

temperature profiles are available and these are discussed by

Preston (138). The procedure used here is to determine ke(num)

from the "spread" or variance of the temperature profile.
Preston (138) developed an approximation to the second
term of Equation (III-9) by using an expansion for the error

function. Define the second term of the solution as R.

1 prw¢vx/ke[
R=§-e

1 X
1 - erf + Vpye || (111-43)
Vil
Then by Preston's simplification, for values of the error-
function argument greater than 3.0,

. e(z-wz)

) 2 w\ﬁT-
XV PuCu® | and w = #?‘V‘x?* Vp\E | = ;A.V.f :

(III-44)

where z =
e

The error in this approximation is about 5% of R at A/2V K
values of 3.0 and the error decreases as A/2\K increases.

The maximum value of R was determined by Preston to be

- 1y[——e ]
Rmax - 2 \V ne WCW¢ v x (III u.S)

Comparison of Rpy,, to conditions (III-14), (III-16), and (III-

25) shows that when these conditions are satisfied Rypax 1S

necessarily small, In the calculations performed here, the
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contribution of R to the tétal was generally less than 0,03,
and as shown in Appendix E, R values of this magnitude can be
neglected with only a small error introduced into the calculat-

ed ke(num) value. Equation (III-9) therefore reduces to the

simplified form

Vp - O
ty = i 1 - erf (il—%e-—— ] (III-34)
2 o*\z6 J
or defining
F =_\% - Vp -\(e (ITI-46)
1 F
t. == |1 - erf (I1I-47)
voo2 [ 2Vk ]
k
where (* ='V2K and K = ° (num) .

PuCu® * P gCg(1-0)

An effective thermal conductivity, ke(num is now

)’
calculated for a numerical solution as follows. A plot of ty
vs, F is made on probability paper, at constant 6 or constant
x, with t, being plotted on the probability scale. This graph

paper gives a linear representation of the function

y =4 [1 - erf bx] (III-48)

where y and x'are dependent and independent variables and b
is a constant. The best straight line is therefore drawn
through the plotted points. At t, = .16, Equation (III-34)
reads

. F, _
-.68 = - erf —t=elS (III-49)

and from error-function tables,
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t=,16 _ . .7032 (III-50)
2 V K
At t = .84 F
w 68 = - erf —tz:84 _ (III-51)
2\'K
and . F
_t=.84 _ _ .7032 (IIT-52)

If the error-function arguments are subtracted,

1.406 = L |F, _. 1¢ - Fy_ 84] (III-53)
2\/}; L.t .16 .
or
Fe=,16 - Ft=.84 =2 ¢* (ITI-54)
Thus, 1
k=785 [Ft=.16 - Ft:.au]2 (III-55)

A plot of tw vs. F on probability paper for one of the numeri-
cal calculations is shown in Figure 8. This method determines
a ke(num) which will give excellent agreement in temperature-
profile shape between the numerical solution and Equation (III-
34)., However, the two solutions will not coincide completely.
That is, if the numerical temperature profile and Equation
(ITI-34) with the calculated ke(num) are plotted on linear
graph paper (Figure 9), there will be a small displacement be-
tween the curves along the x or © axis. This is because the
numerical solution, at these values of x and 6, and the con-
duction-equation solution have not compietely converged: Con-
tinuation of numerical calculations to large x and é values
was impractical because of the time necessary for the calcula-

tion. It was indicated in the numerical results that, as long
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as conditions (III-14), (III-16), and (III-25) were satisfied,
the above procedure was satisfactory for the estimation of
ke(num) values from the numerically calculated temperature
profiles. A sample calculation of kg is shown in Appendix
(num)

F.

Summation of Conductivities. The effective conduc-

tivities for the numerical solutions are now estimated assum-

ing the variances for the individual mechanisms are additive,

o
kg = kg t+ kyp® + kyo (II1-32)

where, for a given numerical solution, the individual k's are
determined from the parameter values of the numerical calcu-

lation. That 1is,

sCéil-())lz

vt e
ke = kg(1-9) + k0 + —& [ 5

(III-56)

where the terms on the right hand side of the equation are the
quantities used in the numerical solution. The validity of
Equation (III-56) may be checked by comparing this kg to the
ke(num) determined from the corresponding temperature profile.
The results of these calculations for several numerical solu-
tions are shown in Table 1 where the difference is generally
less than about 8.0%; System parameter sizes, as well as the
approach to conditions (III-14), (III-16)}, and (III-25) are
also included in the table.

These results indicate, for the conditions specified,

that the solution to Equations (III-1) and (JIII-2) may be



TABLE 1

NUMERICAL SOLUTIONS - EFFECTIVE THERMAL CONDUCTIVITIES

At t=.53% At t=.53% \
3 e 0] e i S oo £ 200 R TR A
114 ..316 | 337 .52 [2.88%| 2.90 3.04 b.7 .0095 .ob2
.228| .316 «337 .524L 596 1.12 1.17 b4 .024 .022
.500| .316 | .337 .524 .124 . 648 .686 5.7 .053 .0125
42| 169 | .231 .809 6571 1.04 1.07 2.8 .043 .0179
.228|1.48 |[1.20 .242 775 1.02 1.09 6.6 .024 .060
342] .0779] .106 1.58 .23 1.81 1.73 b.5 .136 .027
\167| .123 | .167 | 1.67 1.53 | 3.20 2.95 8.1 .ols .097
.520 |2.44 |1.57 .52l 438 .962 1.04 8.0 .085 .071
.398 |1.43 .922 .392 439 .831 . | .900 8.0 .055 .063

*Condition (III-il4) and (III-16) combined.
¥Condition III-25
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approximated by the conduction equation in which the variances
for the different heat-transfer mechanisms are simply additive.
Since this conclusion was made from specific numerical calcu-

lations, its generality has not been shown.

Improved Approximate Soliution
An improved approximate solution to Equations (III-1)
and (III-2) was found in which the displacement between the
approximation and the numerical solution (previously discussed,
see Figure 9) was essentially eliminated. This equation is
presented in Appendix G, The solution was checked against the
numerical calculations for several systems and agreement was

good, although its generality has not been ascertained.

Summary
Numerical solutions to Equations (III-1) and {(III-2)

were obtained. Because it was necessary to use small incre-
ment sizes in these calculations, the computing time necessary
to run the solutions out to x and 8 values of interest was
prohibitive. An approximate solution to Equations (III-1)

and (III-2) was developed utilizing the previous work of Klin-
kenberg and Sjenitzer (100) and Van Deemter et al. (175); This
approximation is based on the supposition that the different
heat-transfer mechanisms are independent, at least for sta-
tistical purpeoses, and therefore, the individual variances are
additive, With this assumption, Equations (III-1) and (III-2)

may be adequately represented by the conduction egquation
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(III-7) where ks is the sum of the different contributing con-
ductivities. Equation (III-34) is the applicable form of the
solution for a step-function temperatu:e input. The approxi-
mate solution was checked through use of the numerical solu-
tions and was found to be satisfactory. Necessary conditions
for the use of Equation (III-34) were given as Equations (III-
14), (1II-16), and (III-25).

In the following chapters, the approximate solution
is checked experimentally. Effective conductivities are cal-
culated from experimental data using Equation (III-34). These
kg values are assumed to be the sum of the molecular-
conduction, eddy-dispersion, and heat-transfer coefficient
contributions, and conductivities are determined for each
mechanism. The conductivities obtained from the data are

shown to be consistent with available literature data.



foo- i andaaiing
'

CHAPTER IV
EXPERIMENTAL INVESTIGATION

The experimental model was designed to simulate the
basic requirements of the real physical system. The main re-
quirements were:

(a) Piston flow of a liquid in one direction (axial)

through a homogeneous packed bed.

(b) The establishment of a known initial constant tem-

perature throughout the bed.

(c) The introduction of a step function in temperature

into one end of the bed.,

(d) The measurement of the response temperature pro-

file at a known position down the bed.

(e) Negligible heat losses in the direction perpendi-

cular (radial) to the fluid flow.

Early considerations indicated that a design similar
to that used by Preston (138) and Hadidi (76) would be satis-
factory. The heat-transfer section in these investigations
consisted of a homogeneous packed bed of particles contained
in a'thin-walled, insulated, cylindrical tqbe. An open-volume

section immediately above the bed face served to distribute
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the flow evenly across the pack. A step-function temperature
input was approximated by first bringing the bed to a desired

temperature, T using the test liquid as heating media. Then,

0,
the entrance-face temperature was quickly changed by "flushing
out" the open volume above the bed with liquid at the different

input temperature, Tj. These design concepts were followed in

this work,

Exgerimental Apparatus
Flow System

A schematic diagram of the flow system is shown in
Figure 10. Flui& storage was in an 8 gallon closed tank,

Flow rates through the system were controlled by regulated air
pr®ssure on the liquid in the storage tank. Liquid leaving
the storage passed through a rotameter (C). To maintain con-
staﬁt volumetric flow rates during an experimental run, a
setting on this meter was held by manually adjusting the
storage pressure,

To preheat the liquid, it was passed through the heat-
transfer coils in two heating baths in series. Water was used
as the heating media. In the first bath, a crude temperature
control was maintained with the test liquid being heated to
within a few degrees of the final temperature. The heat source
was a 1000 watt immersion heater (D) which contained its own
thermostat. The second bath maintained a fine temperature

control (#0,1°F) and brought the liquid entering the packed
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tube to a set temperature level., The control in this second
bath consisted of a mercury temperature regulator (E) and an
electronic relay in conjunction with electric immersion hea-
ters (D).

The test liquid went directly from the heating baths
to the packed-bed test section. To reduce heat losses between
the temperature baths and the test cell, a double-pipe heat
exchanger insulated the flow line (A). Hot water from the
second constant-temperature bath was circulated through the
annulus of this exchanger.

When the test liquid was not preheated, it went im-
mediately from the flow meter (L) to the test cell, by-passing
the heating baths. With a constant flow rate, the temperature
at the entrance to the cell was found to hold steady (io.loF)
over the time of an experimental run.

A small resistance heater (G), manually controlled by
means of a rheostat, was wound around the liquid flow line'
just above the cell entrance. The need for this heater is
discussed later, When desired, the packed bed could be by-
passed by closing the exit flow line and opening the flush-out
line (B) from the entrance cap. Provision was made to catch
timed samples of the packed-bed effluent in order to determine
volumetric flow rates.

Temperatures were measured using iron-constantan ther-
mocouples and a Minneapolis-Honeyw2ll multipoint temperature

recorder (Y 153 x 87-C-11-111-106-8-B-V). Up to 24 separate
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points could be recorded during a given run, however, a maxi-
mum of six were used in this work. Print speed was two seconds
per point, with a recording chart speed of one inch per min-
ute. The temperature range was 60 to 220°F. The chart was
graduated at 1.0°F and temperature recordings could easily be
read to 0.2°F. Both 30 and 24 gauge, spun-glass insulated
thermocouples were used. In order to obtain small thermocouple

beads, an electric arc was made to form the wire junctions;

Test Cell

More detailed sketches of the test cell are shown in
Figures (11), (12), (13), and (14), and a photograph in Figure
(15). The packed bed, consisting of solid spheres, was held
in a cylindrical metal container which was 3.66+.01 inches ID
and 13.67 inches in length (including threaded end pieces);
The spheres were held in place between two end retaining
screens, each of which was composed of a 200 mesh over an 18
mesh screen. The outlet retaining screen was soldered perma-
nently in place while the entrance screen was fixed using
Armstrong A-1 adhesive (Armstrong Company, Warsaw, Indiana);

The wall of the packed bed was made of 0,010 inch
stainless steel sheet formed into a cylindrical shape and
soldered at the seam. Threaded end pleces were soldered to
the tube. The thinness of the tube resulted both in a low
wall heat capacity and small heat conduction dewn the tube in

the direction of fluid flow. The heat capacity of the tube
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wall was approximately 1.4% of the total packed-bed heat ca-

pacity, with water as the test liquid.

Fluid entrance and exit caps were threaded to match
the tube end pieces. The use of "O" rings at this point pre-
vented fluid leak (Figure 12). The thin-walled retaining
tube, plus end caps, were inserted into a heavy-walled, steel
casing. "O" rings were also used here to hold the inner tube
in place and to seal off the annular space. This arrangement
allowed a vacuum to be pulled around the packed bed, provid-
ing insulation. Vacuums on the order of 0.5 mm total pressure
were used. An alumina-foil radiation shield around the inner
tube, at a distance of about 0.25 inches from the tube, pro-
vided further against heat losses from the packed bed,

The entrance cap contained a flow sparger which served
to distribute the incoming fluid over the face of the packed
bed (Figure 12). There was a void space of 0.4 inches above
the bed in which mixing of the feed liquid occurred. Two
flush-out exit lines were fitted into the entrance cap allow-
ing the bed to be by-passed. The use of this flush-out will
be discussed in the Procedure Section. Thermocouples were
fixed at diffarent radial positions just abeve the entrance
retaining screen (Figures 13 and 14), The thermocouples were
sealed by taking the leads in through l/b inch copper tubing
and applying Armstrong adhesive at the outlets,

The exit cap contained seven obpenings for thermocouple

leads (Figures 13 and 14). Thermocouples (30 =zauge) located
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in the packed bed itself were run into the cap openings,
through small holes in the bottom retaining screen, and up
into the bed. These were fixed in place with Armstrong adhe-
sive prior to packing the bed. Lead wires were sufficiently
rigid to hold the thermocouples in upright positions. Thermo-
couples could thus be placed at any selected depth in the bed,
or at the packed-section exit, just below the retaining screen.
The thermocouple openings were designed to sérve as fluid flow
outlets, however, it was found satisfactory to use only the
center exit line. A thermocouple placed in this center exit
line could be used to give the average temperature of the

leaving liquid. .

Experimental Materials

Four different liquids were used in the experimental
program. These were distilled water, 30% by wt. glycerol
{agqueocus), 60% by wt. glycerol (aqueous), and ethyl alcohol.
Sources and specifications of the liquids are given in Table
9 oflAppendix H,

Solid glass spheres made up the packed beds. The four
sizes used were 0.0038, 0.0181, 0.0425, and 0.1f8 inches in
diameter. Sources and descriptions of the beads are listed
in Table 10 of Appendix H. The spheres were screened until a
minimum of 95% were within two closest standard sizes in the

U.S. Sieve series; The diameter was then téken as the mean

of the two screen openings.
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Physical properties of the liquids and solids are pre-
sented in Appendix H for temperatures over the range of in-
terest in this research. The densities of the glass spheres
were determined to within 1% by measuring the liquid volume

displaced by a bead sample of known weight.

Experimental Procedure

Preliminary Procedures

The Minneapolis-Honeywell Temperature Recorder was
calibrated using a Leeds and Northrup Potentiometer #8662,
as prescribed in the Leeds and Northrup manual.

Thermocouples were checked against the best available
thermometers over the experimental temperature range. The pre-
cision of all thermocouples used was judged to be better than
+0.2°F between 70°F and 175°F. Accuracy was within 0.5°F.

Prior to packing the spheres, thermocouples which
were to be located within the bed were fixed in position and
their locations measured. Position measurements with respect
to the top of the tube were within +0.04 inches. The thermo-
couples generally were placed approximately 2;0 inches from
the outlet end of the bead pack and approximately 11.0 inches
from the entrance face. Also, prior to packing, the empty
volume of the tube between the retaining screens was measured
to allow a calculation of bed poro-ity;

The beads were wet packed using a mechanical shaker,

with two to four inches of water maintained above the beads
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during packing. When the final bed height was reached, the
top was smoothed, and the retaining screen fixed in position
using Armstrong adhesive, Once the top screen was fixed and
the entrance cap threaded on, the complete tube could be in-
verted with no shifting of the bed. Fluid flow could be in
either an upward or downward direction-

Bed porosity was calculated, knowing the empty tube
volume, bead density, and total weight of beads in the bed.
Packing as described gave porosities reproducible to within
one per cent,

The packed heat-transfer tube, with the radiation
shield in place, was next inserted into the heavy-walled out-
side cylinder which was fixed in a tri-pod metal stand: The
"O" rings were clamped into place; The assembled tube was
placed in its operating location, leveled, and a vacuum was
pulled on the annular space. The tube was now ready for ope-

ration.

Experimental Run Procedure
The experimental procedure consisted of bringing the
bed to a constant temperature, injecting a step function in
temperature at one end, and measuring the response curve at
fixed positions.
In cooling runs, the packed section was heated to a
constant specified temperature throughout by preheating the

test liquid in the constant-temperature baths and flowing it
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through the section until thermocouple readings at the inlet
and outlet agreed. Initial bed temperatures between 115°F
and 180°F were used, with about 130-150°F being the usual
value. The hot flow through the bed was stopped. The entrance
cap (space above packing) was flushed out at a high flow rate
with cool (room temperature) test fluid. This was done by
closing in the tube exit line and opening the entrance-cap,
flush-out line. Flush-out was continued until the entrance
thermocouples indicated a constant temperature., The approxi-
mate flow rate for the run was set using the flow meter; After
allowing a few seconds for further temperature adjustment at
the entrance, flow was sktarted through the test section by
simultaneously opening the tube exit line and closing the
flush-out line. The temperature recorder was'started at this
same instant., Total time of flush-out was held to one minute
or less and, as discussed in the next section, this procedure
resulted in a satisfactory approximation to a temperature step
function.

Even with flush-out, the entrance temperature tended
to drift downward 1-3°F during a run; This was apparently
due to a combination of initial incomplete cooling of the en-
trance cap and back diffusion of heat out of the bed. To off-
set this drift, a small resistance heater was wound around the
feed line, Jjust above the entrance cap. By manually control-
ling the input from this heater, a constant temperature of

tp.5°F was maintained at the packed-section face except during
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approximately the first 20 seconds of a run, A drift of 1-20F

sometimes occurred in this short initial period. These tol-
erances were exceeded very slightly in a few of the runs, with
no noticeable effect on the measured temperature profile; At
interstitial velocities of 2-4 ft/hr or less, back diffusion
of heat out of the bed prevented complete control of the input
temperature;

During a run the flow rate was held constant to #* 1%
"by using the rotameter as an indicator and manually control-
ling the reservoir air pressure; Fiow was measured by catch-
ing timed samples of the effluent; Rates had to be adjusted
during a run because of changing pressure drop across the
packed bed as the heat front progressed down the bed;

The temperatures at six pre-selected points in t@e
system were recorded during the run; The two center positions,
at the bed face and within the packed section (positions 1 and
8, see Figure 14) were always recorded; These points were
all that were really necessary to the data calculations; The
other thermocouples provided auxilliary4information on radial
temperature gradients and length effects. An experimental run
concluded when all thermocouples in the bed reached the tem-
perature of the input fluid; A typical cooling-run data sheet
and temperature recorder chart are shown in Figures 16 and 17;

Heating runs involved the same procedure, the dif-

ference being that the test section was first cooled with
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room-temperature test liquid followed by step-function injec-
tion of hot test liquid.

In changing from cne fluid system to another, the ocld
liquid was simply flushed out of the bed with the new liquid;
This procedure was satisfactory’ since all liquids used were
miscible. The completion of a flushing operation was checked
using a refractometer to compare the input liquid to the ef-
fluent,

Air saturation of liquids which were reused was pre-
vented by periodically heating the liquids to temperatures
considerably above the experimental temperature range to drive
of f absorbed air.

Both vertically upward and downward flows wers used
in the experimental work and some complications are discussed

in the next section under natural-convection considerations;

Operating Characteristics of the Apparatus -
Exploratory Data

" -

Preliminary data were taken to analyze the operating
characteristics of the selected experimental system; Part of
this exploratory work was carried out in a cell of a design
similar to that previously discussed. The packed section Qas
held between two rétaining screens in a thin-walled stainless
steel tube of approximately 3;5 inches in diameter and 7 inches
in length. The cell was insulated by inserting it into a box

packed with spun glass,.
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Step Function Injection

One of the weaker points of the apparatus appeared to
be the méthod of injecting a temperature step function into
the bed; A preliminary calculation was made to estimate the
amount of heat conduction into or out of the bed during a two-
minute flush-out., This indicated that the very maximum heat
conduction would be about 2% of the total heat input: An ex~
perimental check was made by conducting entrance-cap, flush-
out tests with thermocouples at known positions just under the
packed-bed face. These tests showed the calculated maximum
conduction rate to be high, and that a negligible amount of
mixing between the bed liquid and entrance-cap liquid occurred;
A one-minute flush-out period would therefore not cause ad-
verse effects, and actually flush-out times up to two minutes
resulted in no appreciable effects on the temperature‘response
curves of the bed.

The temperature of the injected fluid was constant
across the inlet face of the packed section to + 0.5°F in
nearly all runs; In some o the lower velocity, 6&% glycerol
runs there was as much as a 3°F temperature difference between
the center and outside radius.

It is expected that the resulits will not be affected
due to the use of a static injection, i;e;, fluid flow through
the bed stopped during flush-out. This has been checked in a

study on the longitudinal dispersion of mass in porous media

(29).
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Wall Conduction and Bed Heat Losses

Calculations indicated that conduction down the wall
of the heat-transfer tube would be negligible: This was ex~-
perimentally verified by conducting preliminary runs in which
the wall temperature was measured along with the bed tempera-
ture, The wall temperature did not lead that of the bed.
Also, the appearance of radial temperature gradients within
the bed, in which the outside recording points read different
from the inner points would have indicated a possibility of
significant wall conduction; No such results were observed;

Calculated heat losses from the bead pack were on the
order of 1.5-3% of the heat input at a water flow velocity of
4.5 ft/hr, decreasing with increasing flow rate. The use of
a vacuum did not significantly reduce the air thermal conduc-
tivity (89), but convective transfer was essentially elimi-
nated. An estimation of radiation indicated that the radiation

shield reduced these losses to a negligible value;

Temperature Measurement
Thermocouples were made of 30 gauge wire allowing small
junction beads to be formed (on the order of .02 inches).
However, a slight time lag would occur in the heating of the
thermocouple bead. Recorded temperatures therefore represent
some intermediate value between the true liquid temperature
and the solid-sphere temperature; Estimations of this time

lJag, based on literature heat-transfer coefficient correlations
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(see Chapter II) indicated that it had negligible effect on
the data, with the dimensionless temperature difference

between fluid and thermocouple being less than .01,

Velocity Profiles

Tube-Wall Effects. It is known that velocity profiles
do occur across a packed tube (26, 128, 161). The flow de-
viates more from piston flow in a given tube as the particle
size is increased. Experimental studies (26, 128, 161) have
shown that as long as the ratio dp/dt (particle diameter/tube
diameter) is less than about 0.04, the assumption of piston
or plug flow is good. fhe ratio did not exceed 0.032 in this
work.

The presence of significant deviations from piston
flow due to tube-wall effects was checked for by placing ther-
mocouples at the same height but at different radial locations
in the bed. The occurance of symmetrical velocity profiles
would have resulted in symmetfical radial temperature gra-
dients. Radial heat flow would not be of sufficient magnitude
to erase any large temperature gradients. No such symmetrical
radial temperature gradients occurred in the test program;
Since temperature response curves were measured at "points"
in the bed and an average or mixing-cup value was not used,
any small deviations from piston flow should not significantly
affect the results (22, 25).

Channeling. A distortion of the fluid flow pattern
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termed "channeling" or fingering" often occurs in porous media;
Petroleum engineers are familiar with this phenomenon is sys-
tems where the viscosity ratio is unfavorable (17, 32, 15&);
That is, when the fluid being displaced from a porous medium
has a higher viscosity than the displacing fluid, channeling
nearly always results; In the present work, the possibility
of channeling due to an unfavorable viscosity ratio did exist
in heating-run experiments;

It is also known that natural convection can cause
fingering in packed beds (43, 185). When one fluid flows
downward, displacing a less-dense fluid, flow "fingers" may
develop., This is also possible if the direction of flow is
upward and a more-dense fluid is being displaced by a less-
dense fluid.

In the preliminary data, it was found very early that
under certain conditions large radial temperature gradients
appeared. These gradients were not symmetrical across the
bed. Under different conditions they ranged from about a 3°F
temperature difference between the center and outside radial
thermocouples to a difference several times this. The oc-
curence of such radial temperature gradients was taken as
direct evidence of flow channeling or fingering. Table 2
gives a summary of data in which channeling occurred. For
this study, data had to be obtained at conditions where chan-
neling was insignificant and thus, cooling runs were of pri-

mary interest.
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TABLE 2

SUMMARY OF CHANNELING APPEARANCES

Run Type Direction dp(i“) Channéling* Cause of Channeling Comments
Cooling Up 0:0&25 All systems-No
0.118 All systems-No
Heating Down 0;0038 All systems-Sev Unfavorable Viscosity
. Ratio
0.0181 All systems-Sev Unfavorable Viscosity
. Ratio
0.118 Water
A(l)czohol No
Glycerol-S1t-S
20% Glzczrgl-Sev ev Unfavorable Viscosity
. : Rati
Cooling Down 0.0038 All systems-No atto
0,0181 All systems-No
0.0425 Water-Slt-Sev Natural Convection Calculated k, values
(Other systems agree with those for
not tested) up-flow cooling runsj
- water, d, = 0.0425",
0.118 Water _g.. Data scatter-high
Alcohol .
30% Glycerol-Slt- Natural Convection Calculated ko values
" Sev agree with those for
60% Glycerol-No- up-fiow cooling run$;
S1t - 60% glycerol,
. dp = 0,118"
Heating Up 0.118 Water-Sev

Natural Convectio
Alcohol-Sev ura n

*Nomenclature in this column
No - No significant channeling, Radial Gradients O - 3° F
S1t - Slight channeling, Radial gradients 5° F
Sev - Severe channeling, Radial gradients > 5° F

88
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In the up~-flow cooling runs and down-flow heating runs,
natural convection should not have been a cause of fingering;
Yet in down-flow heating run experiments with 0;0038 and 0,0181
inch beads, severe channeling was present in all liquid sys-
tems. The magnitude of the effect was a function of particle
size as well as liquid viscosity, indicating its dependence
on viscous forces within the bed; Channeling decreased with
increasing particle size and with decreasing liquid viscosity,
and, in fact, was insignificant in water and alcohol down-flow
heating runs with 0;118 inch beads. Temperature level was al-
so importanty, in that, the larger the initial temperature
difference between displaced and displacing liquid, the larger
the radial temperature gradients; The radial temperature
profiles were very flat in all up-flow cooling experiments,
being generally on the order of 1-3°F between the center and
outside thermocouples;

The cause of fingering in the heating data was ap-~
parently an unfavorable viscosity ratio; Since the displacing
fluid had a lower viscosity than the original bed fluid, it
seems reasonable that flow fingers would develop just as in
the case of a two-liquid system in which the different liquids
have different viscosities. Experiments with two-liquid sys-~
tems have shown that with only slightly unfavorable viscosity
ratios, severe channeling can result (17). A typical heating-
run temperature data chart with channeling is shown in Figure

18.f; A cooling run with no significant channeling is seen
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in Figure 17. .

As shown in Table é,‘ piston flow occurred in both
heating and cooling runs in the 0:118 inch bead system with
water and alcohol as the liquid phases: These were the only
heating runs in which fingering was not present; A comparison
of the heating-and cooling-run data is made in Appendix L;

In down-flow cooling runs and up-flow heating runs
the possibility of fingering due to natural convection would
exist, and such fingering did occur with the larger size beads;
This was most apparent in the 0,118 inch sphere pack; Water
"and alcohol down-flow cooling runs gave extreme radial tem-
perature profiles; One such run is shown in Figure 19; When
the flow direction was reversed, the radial gradients were
flat for cooling runs, but heating data yielded severe gra-
dients, These heating-run gradients could not be explained
by an unfavorable viscosity ratio since, as shown in Table 2,
viscosity ratio channeling did not appear in the water and
alcohol down-flow heating runs; The gradients were also
larger and more irregular than those caused by an unfavorable
viscosity ratio;

Natural convection offects are correlated by the
Grashof number,
g’ ¢ °p l1y-To)l

M 2

characteristic length

(1v-1)

Gr =

[{]

where, L

g

coefficient of thermal cubical expansion
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The Grashof number as used here is based on the difference
between the initial bed temperature and the injected liquid
temperature; The characteristic length used was the particle
diamefer. Some typical values are shown in Table 3. The
severity of channeling increased with increasing Grashof
number as 1s especially noticed by examination of the down-
flow cooling data. In the water-0;118 inch sphere system
there was extreme channeling at a Grashof number of about
7100, while only slight channeling appeared in the 0;0&25 inch
bead pack at a value of 331, The fingering almost disappeared
with the 60% glycerol-0;118 inch bead system at Gr equal to
162.

Even though natural convection did not cause measur-
able channeling in systems with the lower Grashof numbers it
might be reasoned that in down-flow cooling runs there could
'still be an effect on temperature profiles resulting in an
increase of calculated effective thermal conductivities (See
Chapter V, Data Reduction Section, for discussion on effective
thermal conductivity calculation procedure): This was check-
ed in two systemsQ In the water-O;OUZS inch sphere system,
at a Grashof number of 331, slight channeling occurred in
most of the down-flow cooling runs; Calculated effective
thermal conductivities for this down-flow data were in general
agreement with the up-flow results, but the data scatter was
approximately 15% greater when the down-flow values were in-

cluded. With 60% glycerol-0,118 inch beads, at Gr equal to
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TABLE 3

TYPICAL SYSTEM GRASHOF NUMBERS

Liquid dp, (in) IT%;£?| Tayg(°F) Gr
Water 0.0181 4o 115 25.6
Ethyl Alcohol 0.0181 Lo 115 2h.6
Water 0.0425 ko 115 331
Water 0.118 Lo 115 7085
Ethyl Alcohol 0,118 Lo 115 6813
30% Glycerol 0.118 ko 115 1787
(Aqueous)
60% Glycerol 0.118 4o 115 162

(Aqueous)
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162, natural-convection channeling almost disappearéd and a
better check was obtained. Here, calculated effective thermal
conductivity values were in excellent agreement for both up-
and down-flow cooling data (see Figure 54). Based on this,
natural convection was assumed not to influence the data ex-
cept as it caused fingering in the flow pattern. Where this
fingering did occur to a measurable degree (0.,0425 inch and
0.118 inch épheres), the cooling runs were conducted with an
upward flow direction;

Summary, Velocity Profiles. The conclusions concern-
ing velocity profile effects are summarized as follows;

(1) The tube wall had insignificant influence on the
bed packing, and the effects of deviation from piston flow
near the wall were negligible,

(2) Channeling occurred in nearly allhhgating experi-
ments due to an unfavorable viscosity ratio between the liquid
being displaced and the injected 11quid; Cooling runs were
therefore of primary interest in the experimental program;

(3) Natural convection channeling appeared in down-
flow cooling data at high Gr values; This fingering was eli-
minated by using up-flow experiments; Where measurable na-
tural convection channeling was not present, up-flow and

down-flow cooling data were in agreement;

Bed Length Effect

Bed-length effects were determined by measuring
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temperature response curves at bed depths of 6;7? and 11(0&

1nches; The results are discussed in Chapter V:

Data Reproducibility
Experimental results were reproducible{ For two
sphere sizes, 0.0038 and 0.0181 inch, experimental runs were
made, the bed was repacked and repeat runs were made. In both
cases the data agreement between the first pack and the re-
pack was excellent and statistical analysis showed that at a
95 per cent confidence level there was no difference in the

data from the different packs.

Experimental Data Sets

The experimental systems investigated are summarized
in Table 4.

Primary 2233; Primary data consist of cooling-run
experiments in which the bulk fluid flow pattern was one of
piston flow; The average interstitial fluid velocity range
in all cases was between 2 ft/hr and 25 ft/hr. The tempera-
ture range did not exceed 70°F to 180°F, The data are tabu-
lated in Appendix I, and the results are discussed in Chapter
v. .

Additional Data. Additlonal data consist, for the
most part; of runs in which channeling was present due either

to viscosity-ratio effects or natural convection: These data

are discussed in Appendix L, however, a quantitative analysis

FIREFETPT T e e
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TABLE L

EXPERIMENTAL SYSTEMS

dE(in)
0.0038

0,0181

0.0425

0.118

*A11 solid-phase
particles were glass spheres

]
0.355

0.356

0.360

0.353

Liquids

Water
30% Glycerol (Aqueous)
60% Glycerol (Aqueous)

Water

30% Glycerol (Aqueous)
60% Glycerol (Aqueous)
Ethyl Alcohol

Water

30% Glycerol (Aqueous)
60% Glycerol (Aqueous)
Ethyl Alcohol

Water

30% Glycerocl (Aqueous)
60% Glycerol (Aqueous)
Ethyl Alcohol
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of channeling was not attempted.
Some heating-run data were taken in which no channel-

ing appeared (0.118 inch beads). These are tabulated and

discussed in Appendix L:



CHAPTER V

PRESENTATION AND INTERPRETATION OF

EXPERIMENTAL RESULTS

In Chapter III, differential equations describirig
longitudinal dispersion of thermal energy resulting from con-
duction, eddy dispersion, and a finite fluid-solid heat-
transfer rate were presented; An approximation was developed
which allows the general solution to be represented by the
simpler thermal-conduction equation, with the dispersion char-
acterized by a single parameter, ke; This effective thermal
conductivity was shown to be the sum of the contributions due
to each 1individual mechanism; Data obtained‘using the equip-
ment and procedure described in Chapter IV provide a means of
testing the applicability of this model; The data and inter-
pretation of results are presented in this chapter which is
concerned with work of primary interest, the cooling-run ex-
periments where no flow channeling occurred:

The results are presented in three major sections;

In the first of these three sections, the method of determin-
ing effective éonductivities from the data and the "fit" of

the data to the conductivity equation are discussed: Secondly,

99
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the results of the conductivity calculations are presented.
In the third section, the data are correlated assuming the
calculated effective thermal conductivities are the sum of
the molecular-conduction, eddy-dispersion, and heat-transfer
coefficient contributions; The results are compared to other
data avallable in the literature.

A discussion of additional data taken (heating runs,

flow channeling) is presented in Appendix L;

Reduction of Data

As proposed in Chapter III, the conduction equation
(ITI-7) is used to describe the experimental results. The

applicable form of the solution was given as Equation (III-

34),
L1 - err —l—-] (III-34)

where F = X - Vp\/9, o* =\/2K and where R, the second term

Vo

of the Jenkins-Aronofsky solution, has been neglected; The
maximum values of R encountered in the data were generally
less than 0;03; As shown in Appendix E, R could thus be neg-
lected introducing only a small error into the kg calculation;
Simplified expressions for R and for R ., are also given in

Appendix E.
The procedure used for the determination of k, values
from experimental data was discussed in Chapter III in con-

nection with kg calculations for the numerical solutions;
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Briefly the method is as follows:

1) Plot F vs. ty on probability graph paper, t, being
plotted on the probability scale;

2) Draw the best straight line through the data points;

3) Read the F values at two points, e.g., at ty=.1
and t,=.9 (t,=.16 and t,=.84 could just as well be used).

k) Since subtraction of F values at these two points

leads to,

1.8124 = & Fy_ 1 - Fo_ V-1
S (Feey - Tees) (v-1)

then ko may be calculated from,

- 1

2
® 3.35 (Ft=.1 7 Ft=.9)

(v-2)

Physical-property values were calculated at the average tem-
perature of the system, (T1+To)/2. This method of calculation
determines k, from the "spread in time" or dispersion of the
measured temperature response curves., A typical data plot on
probability paper 1s seen in Figure 20; In nearly all cases,
the fit of the data to a straight line on the probability
paper was excellent, except at small and large temperatures
(t, <<.05 or ty > .95) where d;viations sometimes occurred.
In a few runs, deviations from the straight line appeared at
about ty; = .1 and ty = 9. A comparison plot of an experi-
mental temperature profile and the calculated profile using
Equation (III-34) is shown in Figure 21. The dispersion and
shape of the experimental profile is well represented, but

there 1is slight displacement between the two curves along the



TR TRy B ST AN RN ST T ey L T TR e ey

04

0.2

|
|

!

RUN 131C

WATER

ke = 0.58 Btu./hr. - 1% *F/f1,
v * 6281/

x = 092 ft.

0 EXPERMENTAL POINTS

F = %/,/F —VF./F

-04

0001

0.50
te

0.90

Figure 20- Calculation of kgj ty vs. F on

Probability Paper;

Run 131C

201



103

0 T r r T
RUN 131 C
WATER
ke =058 Blwhr-t1"oF/ft
v =62 ft/hr.
x 2092t
038
©  EXPERIMENTAL POINTS
CALCULATED CURVE
0.6

0.4

1 | |

4. 43 4.5
g (MIN)

Figure 21- Experimental and Calculated Temperature
Profiles; Run 131C o .




104

time axis; This displacement was also noted and previously
discussed in Chapter IV with reference to the numerical so-
lutions. The omission of the second term.of the solution, R,
accounts for a small fraction of the displacement. Small
errors in system properties such as the solid-phase heat ca-
pacity or fluid-phase velocity also affect this "shift"” aloﬁg
the axis.

Calculated effective conductivities for all cooling
runs, in which no flow channeling appeared, are tabulated in
Appendix I. A sample calculation and additional probability-

paper plots are presented in Appendix F;

Alternate Methods of kg Calculation

Alternate methods of determining ke values from the
data were also used, primarily for comparison with the pro-
cedure discussed above.

Normal Distribution in 6. As shown in Chapter III,
as long as Equations (IIXI-14), (III-16), and (III-25) were
satisfied, the solution for a pulse input into a packed bed
was approximately normal in the holding-time variable, 9;
Correspondingly, for a step-function input as used in the ex-
perimental program, a plot of t vs; © on probability paper
should yield a straight line. Since the magnitude of (2 k,/
P wCwd v x) was generally on the order of .01 to .025, this
postulate was checked. The curves obtained on probability

paper were approximately linear as shown in Figure 22;
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Effective thermal conductivities were calculated by utilizing
the fact that the time difference between the 16th and 84th
percentiles is equal to 2 0, i;e.,
(8¢=,84 - 9¢=,16) = 20 (v-3)
where 0% was previously defined in Equation (IIF-31) as
_ 2 ke X

2
0% = B (I11I-31)
Palu® v Vg2

The kg values calculated by this procedure were within 5%
agreement with valges determined from the plots of F vs. tw:
The erfof between the two methods was random.

Slope Method; Preston (138) devgloped an expression

for the slope of the t vs; © profile, evaluated at the time,

a® e \MK 6

To use this equation, a plot of experimental values of ty vs,
® is made and the slope estimated graphically at the point
t=;5; The conductivity is then determined from Equation (V-
4). The resulting agreement between this procedure and the

| T
11

probability-paper method was within approximately 5% for t
runs checked.

Single-Point Method. In this method, a single value
of t, is selected from the data at a fixed x and 6. These
values are substituted into Equation (III-9) and a value of K
is calculated; Unless the data coincide exactly with Equation

(III-9), a different K will be determined for each t, selected,
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and a suitable averaging process would then be necessary;
This method of k, calculation was not used because of this

difficulty.

Length Effects

To check for length effects, i;e;, for a changing k,
with length of travel in the porous media, thermocouples were
located at positions of 6.77 inches and 11,04 inches from the
bed entrance, Calculated conductivities at these two posi-
tions were compared statistically for the water-;0181 inch
bead system, A statistical "t" test showed the data at the
two logcations to be in agreement at a 95% confidence level;
A similar evaluation in the water-.118 inch bead system also
indicated no change of the calculated k, with length of travel:
Literature data on longitudinal heat and mass transfer in
packed beds indicate that length effects should not be signi-

ficant (29, 46, 76, 161).

Effective Thermal Conductivities

Effective thermal conductivities were calculated for
all cooling runs 1in which no flow channeling occurred. A
Plot of kg versus‘vdp'for each liquid system was found to
give a smooth continuous curve over all particle sizes inves-
tigated. In Figures 23, 24, and 25, these results are shown
for the water and ethyl alcohol 1liquid systems: Data scatter
is on the order of + 5 to 8 per cent; Plotting k, as a fuﬁc-

tion of Reynolds number was rniot satisfactory, as the
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introduction of viscosity caused the data to scatter (Figure

26).

Static Thermal Conductivity

The static thermal conductivity, keo, was not measur-
ed directliy in the experimental program; These were obtained
by extrapolation of k, values back to zero velocity; Values
of keo thus determined were in good agreement with the pre-
dictive equation of Euchen (51) previously discussed, Equa-
tion (IX-26), except for the ethyl alcohol system where the
predicted value was low; Calculated and extrapolated values
are presented in Table 5;

Preston (138) measured K,° in porous-media systems
very similar to those of this investigation: Glass-water and
glass-20% glycerol systems were included in the Preston inves-
tigation, and the reported keo valuaes are %ithin 4% of the
water and 30% glycerol extrapolated values of this work: Ap-
plication of Preston's predictive equatién, Equation {11-27),
to ethyl alcohol yields a k_° of 0.41, substantiating the

extrapolated number found in this work.

Velocity Component, k,(v)
The velocity component of the ovprall effective con-
ductivity is defined as

ko(v) = k, - k,° (v-5)

e

where ko is the measured effective thermal conductivity;

Calculated velocity components of kg are tabulated in Appendix
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TABLE 5

STATIC THERMAL CONDUCTIVITIES

——tn——
——— ey e——t—— S ——

Extrapolated Euchen Equa, (II-26)

Liquid System kg © ke © ¢

Water .51 L9 .355

30% Glycerol 50 U5 «355
(Aqueous)

60% Glycerol A5 L1 .355
(Aqueous)

Ethyl Alcohol ) .27 .355
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I, and are plotted for all systems on log-log paper as a
function of vd in Figure 27. The individual liquid systems
are also presented in Figures (47) - (50) of Appendix M. Ca-
culated k,(v) data for the smallest glass beads used, .0038
inch, are not shown on the graphs; Data scatter increases

markedly as vd, decreases since keo becomes the major portion

P
of ke’ and ke(v) is obtained as the difference between two
numbers of the éame order of magn%ﬁudb:

A straight 1line fit to all the data points in the
experimental series with the two largest bead sizes resulted

in the equation,
ko (v) = 16(va)*+" (V-6)

At the larger values of vd,, the data fit Equation (v-6)
within + 14%, As seen from the discussion in the next section,
the excellent fit of the data to this equation is fortuitous.
A significaﬁt change in system properties such as fluid physi-
cal properties, bead size or bead physical properties, would

result in deviations from this curve;

Data Correlation, Summation of Conductivities
The theoretical analysis of Chapter IIJ indicated

that as long as the conditiong

2 k |
cw;vx < 1 (v-7)

is met, then, ko is approximately equal to the sum of'the

Pw

individual conduotivities: In the experimental data, the
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value of the group (2ke/p ,C ¢ v x) was between about .010
and ;025; Therefore, the concept of added variances, or
equivalently added conductivities, was used as a correlating
technique;
kg = ke + kypd + Kpa (III-32)

It is assumed in this section that the rate of fluid-
solid heat transfer is controlled primarily by the "film" re-
sistance around the solid spheres; The intra-particle
conduction resistance was calculated and is sufficlently small
to be negligible within the accuracy of these data: The
magnitude of the "film" resistance, characterized by kp,, is
determined from existing heat-transfer data; An eddy-disper-
sion contribution is then calculated as the remainder of kg(v)
after subtraction of kpas and a correlating curve is developed
for kwm¢; Eddy-dispersion values thus obtained are shown to
be consistent with longitudinal mass-~transfer data in the
literature. Data from the two smaller bead-size packs ‘were
not used in the development of a correlation because of the
large scatter of kg(v) at the lower vd, range: However, the
final correlating cirve is compared to all of the experimental

systems;

Fluid-Solid Heat Transfer
A finite rate of heat transfer between the fluid and
solid particles results in a dispersion of thermal energy

which, under the restrictions given, may be characterized by
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Equation (III-34) where

= Kha (v-8)
PuCy® + P sCs(1-0)
and 2 | 2
Ve |P G (1-9) '

The assumption (to be checked later) has been made that the
solid intra-particle resistance is negligible; Knowing the.
system properties,; kp, may be determined from heat-transfef
coefficlent data. The literature data available were pre-
viously discussed in éhapter II and a summary plot of repre-
sentative low-velocity data is shown in Figure 51; Appendix M.
Data at low Reynolds numbers Re <10, are relatively scarce.
The correlating curve (j, vs. Re) of Dryden, Strang,
and Withrow (43) was used to calculate ha, This curve was
selected primarily because Dryden et al., obtained data in
iiquid systems at low flow rates, and further, the data are
in good agreement with other available re§u1ts; Thus, values
of ha determined should be reasonably close to the true bed
value for this work. To check on the effects of using an al-
ternate "j" factor correlation, calculations were also made
using the correlation of Yoshida, Ramasuami, and Hougen (190).
The particle surface area per unit volume of bed; "a,n
was calculated from |

a = _,.L._QH 1- (V"9)

dp
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In Figure 28, a typical plot of kp, vs. vdp, as deter-~
mined from the data of Dryden et al;, 1s presented for all
the liquid systems; Calculated values for runs of the ;Ob25
'1nch and ,118 inch sphere systems are given in Appendix J.
Also, in Figure 52, Appendix M, kp, as determined from the
Yoshida et al. correlation is presented;

Solid Intra-Particle Resistance. The solid-phase,
intra-particle resistance to heat transfer results in an ef-
fective longitudinal conductivity shown in Appendix K to be

. _vp2[p g0 (1-0) JPa?
S(ha) 60 kg (1-0)

(v-10)

The total thermal-energy dispersion resulting from a finite
fluid-solid heat-transfer rate is then characterized by
kpa + ks(ha)}; This expression (V-10) was derived from the
work of Deisler (39). A basic assumption is that any given
solid particle is surrounded by fluid at a constant tempéra-
ture, While this assumption is not compatible with the idea
of longitudinal molecular conduction through the solid phase,
Equation_(v-lo) may be used as a first estimate of the intra-
particle resistance.

Calculated values of kg(y ) are tabulated’in Table 6
for the water and ethyl alcohol systems: The maximum values

of ks(ha) are as high as :30 for water at a vd, of :246, and

p
«13 for ethyl alcohol at the same vdp: This amounts to about
10% and 5% respectively of the total measured ko for these

systems at the given conditions, Intermediate percentages
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TABLE 6

SOLID-PHASE; INTRA-PARTICLE RESISTANCE

———
I. System: Water-Glass Spheres .

Tavg = 120°F @ = .353
v ¥s (ha)
246 .30
0197 .19
<147 .11
.098 .0k49
.049 012

II., System: Ethyl Alcohol - Glass Spheres
T

avg = 100°F ¢ = ,353
vip s (ha)
<246 .13
«197 .085
<147 .048
.098 .021

+OU9 .005
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were obtained for the glycerols; While the magnitude of these
numbers is noteworthy, the contribution of ks(ha) in the ex-
perimental range investigated 1s considerably smaller than the
other mechanisms considered. At its maximum contribution, it
is Jjust at the limits of experimental error. Further, the
unicertainty in the ha data used to obtain kp, does not seem

to warrant inclusion of ks(ha) in the present correlation
calculations. It 1is stressed that under other experimental
conditions (e.g., beads of lower molecular conductivity,

larger vdp) the effects of k should be accounted for.

(ha)
Babcock (6) has treated this problem.

Data taken by Babcock (6) on overall longitudinal ef-
fective thermal conductivities in a water-lead beEd (Q118 inch)
porous medium also substantiate the assumption that ks(ha) may
be neglected here. Values"of ke(v), at measurements taken
over a vdp range of ,07 to .25, were essentially in agreement
with glass-water data. However, a large absolute ;rror in
the water-lead ke(v) data, resulting because keo was rela-

tively large, prevented the dectection of small differences

between the two data sets.

Eddy Dispersion
The eddy-dispersion component of keg(v) was calculated
as the difference between kg(v) and kypg.
kym® = (kg - kg®) = kpa (v-11)
These data (for the ,0425 and .118 inch beads) are plotted in

Figure 29 as a function of vdp and are tabulated in Appendix



{
e

122

GLASS SPHERES

2r~
o oJ8"
o Ooans' } WATER éga
I & oig”
- [ v
:I o 00425']30% GLYCEROL A?
[ nua
e 8 g }60% GLYCEROL 5~
Yol v oe” Y
j v O04z5* JETHIL ALCOHOL
3 v
g » [N
L™ Py $
4 ®
®

! R

oas r—

o

a2

L - . L NENE
e 0002 0004 G008 000BQQ) 002 604 G068 G08 Q[0 (X 080 080 |
vdp (11" /he)

Figure 29~ Eddy-Dispersion Component of the

Effective Thermal Conductivity; kp, from Dryden, Strang,

Withrow Dataj; All Liquid Systems



123
J. A regression analysis of the water and ethyl alcohol data
showed the best lines through the two data sets to be parallel
but not coincident at a 95% confidence limit.
The eddy-dispersion conductivities are shown to be in
agreement with available literature data and a correlating
curve for k., & is then developed.

Comparison of Eﬁmﬂ to Literature Data; While no

thermal-energy longitudinal eddy-dispersion data are available
at the experimental conditions of this investigation, several
studies have been made for mass transfer; These were discus-
sed 4n Chapter II, where the difference in results obtained
in liquid systems and gas systems was described:

In Figure 30, data from this study for the water and
alcohol systems, as well as the literature mass-transfer
data, are shown as a plot of Pe versus Re, where

vd
Pe & ——bP V=12
e = —E- (v-12)

and for heat transfer

(k + ko)
Eh + Dh = p:?;: wc¢ (V-lj)

This plot 1is only for comparison purposes; The heat-~transfer
results are in good agreement with the gas-phase mass-transfer
work of McHenry and Wilhelm (120) and are somewhat below the
Pey values of Deisler (39, 40). The heat-transfer Pe numbers
are considerably above those for eddy dispersion of mass in
liquid systems; For the systems shown, the molecular contri-

butions are as follows; (1) D, is negligible in the
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liquid-phase mass-transfer data, (2) D, is approximately 30%
of (En + D) in the gas-phase mass-transfer data at a Rey-
nolds number of 27, and (3) Dy is about 8% of (Ep + Dp) in
the heat-transfer results at a Reynolds number of 11; The
relative importance of D decreases with increasing ReQ

In Figure 31, water and ethyl alcqhol data of this
investigation are compared to the mass-transfer results in a
plot of E versus vdp. It is shown in this graph also that
the eddy diffusivities for heat transfer and gas-phase mass
transfer fall below the liquid-phase mass-transfer results.

According to the model of Keulemans (95) for eddy
dispersiong

E= 7 vdp (11-32)
where n is a constant characteristic of the porous medium.
At the same ﬁeynolds number therefore, two geometrically
similar packed-bed systems should have the same M value, re-
sulting in the Pe numbers being equal for the two systems
(provided molecular diffusivities are equal): However, mass-
transfer results with liquids and gases are quite different,
necessitating an explanation,

A proposed reason has been discussed by several au-
thors (17, 56, 71), and 1s based on the results obtained by
Taylor for dispersion in flow through a capillary tube. Be-
cause of velocity profiles which develop in the pores and due
to fluid "trapping" etc., some of the fluid in the pores will

be by-passed by the displacing fluid, at least ‘t;amporarily.
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This by-passed fluid will approach the main stream concentra-
tion by a molecular conduction process; The result of this
by-passing is a greater longitudinal dispersion of mass, the
dispersion becoming greater as the molecular diffusivity 1is
decreased., Conversely, if the fluid has a very high molecu-
lar diffusivity, concentration gradients normal to the flow
direction which result because of by-passing will be quickly
diminished and the resulting longitudinal eddy dispersion will

be reduced. This effect is characterized by (56)

E o~ - (II-34)

Thus, on this basis, the difference between the gas-and 1li-
quid-phase ﬁass-transfer data is at least qualitatively ex-
plained.

For the case of heat transfer, the moleczular thermal
diffusivity lies intermediate to the values for liquid and
gas mass diffusion; In additiony, molecular conduction through
the solid particles, as well as conduction from the bulk
fiuid, will act to bring the "by-passed" fluid up to the main-
stream temperature; Therefore; the effect of molecular con-
duction through the solid should bs to decrease the
16hgitudina1 eddy dispersion. Qualitatively then, with liquids
flowing, the eddy-dispersion coefficient for heat transfer

would be expected to be smaller than for the corresponding

mass~-transfer case, This was the result obtainsd experimen-

tally,
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Correlation of Eddy Diffusivity. The two mechanisms,
Equation (II-32) and (II-34), are not additive but, a cor-

relating equation of the following form is suggested (15, 17),

vd
= n( 5 (v-14)

where 1 and m are constants obtained from experimental data

]

and where m is greater than one; The'kwm¢ data are plotted
in Figure 32 with E/D as a function of vdp/D. A least squares
fit to all the data with a vdp value greater than ;03 yielded
n = ,115, and m = 1,25,
E=- 115 ‘Y-EI-P- i (V-15)
D D
This curve is also shown in Figure 32.

Equation (V-15) was tested against the mass-transfer
data of several investigators. A plot of this equation and
the gas-phase dispersion results of McHenry and Wilhelm (119,
120) and Deisler (39, 40) is given in Figure 33, In Figure
34, the equation is compared to the Tesults of liquid-phase
mass-transfer investigations (12, 29, 114)., Sample calcula-
tioris are shown in Appendix F. Over this wide range of fluid
systems, Equation (V-15) does appear to satisfactorily cor-
relate the effect of the fluid-phase molecular diffusivity;
However, as previously discussed, for heat transfer conduction
through the solid particles should act to decrease the mea-
sured eddy-dispersion coefficient; This effect has not been

included in Equation (v-15), Further investigation with solid
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packing of different characteristics is required to establish
the importance of this solid-conduction mechanism.

Babcock (6) measured the longitudinal effective ther-
mal conductivities in a system of glass beads (.118 inch)
and Soltrol "130" (Phillips Petroleum Company trade name for
a hydrocarbon mixture; see Table 16 for physical properties);
Eddy diffusivities were determined‘from the Babcock data in
the same manner as for data of this investigation; These
are plotted in Figure 35 along with Equation (V-15), where
the agreement is poor; This discrépancy has not been explain-
ed, but two possible reasons may be:

(1) The calculated heat-transfer coefficients used in
the determination of kp, and subsequently kwmo, are too high;
A lower ha would increase kp,, decreasing kme, and bring the
data into better agreement;

(2) As discussed, the conduction of heat through the
solid beads serves to decrease the eddy-dispersion coefficient:
This effect has not been included in Equation (V-15) as its
importance is not known;

Correlation of Eddy Diffusivityy kha From Correlation

cf Yoshida, Ramasuami, Hougen; An analysis was made for all
experimental data of this investigation, in which, kp, values
were calculated from the "j" factor correlation of Yoshida

et al, (190) rather than the Dryden, et al. curve., The eddy-~
dispersion coefficient, kwm¢, was agailn taken as the remainder

of ko(v) after subtraction of kha; The resulting plot of
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(kwmQ/kwcb) vs. (vdp/Dh) is shown and the calculations dis-

cussed in Appendix M,

Summation of Conductivities
— The total effective conductivity, ke is assumed to be
the sum
ke = k@ + kynb + ki, (I11-32)
In summary, the individual conductivities on the right hand
side of the equation have been determined as follows:

(1) The static conductivity, ko°, was obtained by
extrapolation of the kg data to zero fluid velocity. Values
of keo are given in Table 5.

(2) The effective dispersion coefficient, kpy, was
calculated from Equation (III-30), with the 'j' factor cor-
relation of Dryden et al. (43) being used to obtain ha
(Figure 28).

(3) A correlating curve, Equation (V-15), was develop-
ed for the eddy-dispersion coefficient, kyp®. This curve re-
sulted from an empirical "fit" fo the kwm¢ values calculated
from experimental data.

The resulting predictive curves of kg are presented
along with the data for the water and ethyl alcohol systems
in Figures 36 and 37. Calculated conductivities are given in
Table 7. ?The glycerol data of this investigation are shown
as Figures 54 and 55 and Table 28 of Appendix M. The maxigum

deviation of the data from the predictive curves is + 15%.
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TABLE 7

SUMMATION OF CONDUCTIVITIES; kjy, FROM DRYDEN, STRANG, WITHROW

DATA; WATER AND ETHYL ALCOHOL SYSTEMS

Water: T = 110°F ¢ = ,356

vdp ke® Kha Kym® ke

.01 51 .003 029 542
.02 «009 .069 .588
.05 .050 «218 778
«10 <161 «520 1.191
15 «319 .860 1.689
«20 520 1.230 2,260
24 705 1.53 2,745

Ethyl Alcohol: T = 95°F ¢ = .356

vd, ke® ke (ha) Kym® ke

.01 L0 .004 .016 L20
.02 .027 .038 465
.05 .065 .121 .586
.10 .213 .288 +901
.15 L22 H475 1.297
.20 .698 .680 1,778

.2k .933 .850 2.183
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Literature Data. Babcock (6) measured overall effec-
tive thermal conductivities in a Soltrol "130" (Phillips Pe-
troleum Co.) - glass bead system; These data and the predict-
éd curve are shown in Figure 56, of Appendix M. The predicted
curve is approximately 35% low.

Hadidi (76) conducted a limited number of cooling run
experiments in a water-glass sphere (140-170 mesh) system of
the same general type as used in this investigation; He
found k, to be a constant, equal to 0.6 Btu/hr-ft2°F/ft, at
liquid velocities up to 7;6 ft/hr: This is in agreement with
the present work,

Preston (138) made a similar analysis to that of
Hadidi. However, his experimental runs were all heating runs,
i.e., the packed bed was first cooled and then hot liquid was
injected into the bed. These results are discussed in Appen -
dix L along with additional work of this 1nvestigation:

Steady-state longitudinal effective thermal conduc-
tivities were measured by Kunii and Smith (106) in both 1liquid
and gas systems and by Yagi et al: (189) in gas systems; How-
ever, the fesults of the pressnt investigation do not appear
to be directiy applicable to the steady-state case. This is
so for two reasons:

(1) At steady state, the longitudinal heat-transfer
rate 1s not characterized by an addition of the variances for
the different contributing heat-transfer mechanisms;

(2) The correlation for eddy dispersion, Equation
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(V-15), includes the effect of interaction between temporary
fluid by-passing and trapping within the bed, and molecular

conduction which serves to bring the fluid in these "trapped"

areas up to the main-stream temperature; As discussed by

Gottschlich (71), this effect should not be a significant

contribution at steady state.



CHAPTER VI
SUMMARY AND CONCLUSIONS

A fluid 1is considered as being in one-dimensional,
steady, piston flow through a homogeneous porous medium; At
the entrance face, a step function in temperature 1is imposed
on the injected fluid. The resulting heat front. (or cold
front), moves through the porous medium, with thermal energy
being dispersed in the direction of fluid flow and away from
the mean heat-front position by a combination of heat-transfer
mechanisms; The particular dispersion mechanisms of molecular
conduction, eddy dispersion; and a finite fluid-solid heat-
transfer rate were considered. -

General differéntial equations describing the rate of
heat transfer were solved numerically using a digital compu-
ter; Since the computing time necessary to carry out the
numerical calculations was prohibitive, an approximate solu-
tion was developed based on the previous work of Van Deemter
et al. (175), and Klinkenberg and Sjenitzer (100): To arrive
at the approximation, variances for the different heat-transfer
mechanisms were shown to be additive under prescribed condi-

tions of parameter sizes;

14o
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The mathematical model was checked experimentally
with a system which consisted essentially of a homogeneous
packed bed of spherical particles; Provision was made to
approximate the injection of a temperature step function at
the bed entrancey, and to measure the response temperature
profile at a position down the bed; Liquid systems flowing
at relatively low velocities were investigated;

Effective longitudinal thermal conductivities were
determined from experimental time-temperature data using the
conduction-equation solution. These ke values were correlated
assuming them to be the sum of the contributions from the
individual mechanisms, keo, kwm¢, and kpa, in accordance with
the mathematical modeli The static component, keo, was ob-
tained by extrapolation of kg data to zero velocity; The
"§% factor correlation of Dryden et al. (43) provided a means
of calculating ha and correspondingly kha; Finali&, the
eddy -dispersion contribution was obtained as the remainder of
ko after subtraction of keo and kha; These kwm¢ values were
compared to literature mass-transfer data, and an empirical

correlating curve was developed for eddy dispersion;

Conciusions
The following main conclusions may be drawn from the
results of this investigation;
1, The solution to the general differential equations,

which include several mechanisms for transient longitudinal
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dispersion of thermal energy, may be approximated by a simple
conduction-equation solution using an effective thermal con-
ductivity which is equal to the sum of the contributing con-
ductivities, where each is a measure of a separate mechanism;
This 1s true within prescribed conditions of parameter sizes.

2; Experimentaly, longitudinal, thermal-energy dis-
persion data fit the conduction-equation solution as long-as
piston flow occurred. Values of the effective thermal con-
ductivity, ko4 calculated from the data substantiate the
additivity of the individual contributing conductivities:
ko®s kym®s and kpg.

3. Under prescribed conditions, transient longitudi-
nal dispersion of thermal energy resulting from a finite heat-
transfer coefficient between fluid and solid may be
characterized by an effective conductivity, ky,. and the
equation for thermal conduction.

4. vValues of k, obtained from data for a given liquid
increase as a smooth function of the product of interstitial
velocity and particle size, i;e;, vdp; For the systems
s$tudied, at vdp values less than about ;01, ko, may be assumed
a constant equal to the static conductivity, keo, with only
small error.

5. The correlation developed for eddy dispersion ad-
equately deseribes the effect of the molecular diffusivity on
the eddy-~-dispersion coefficient; The effect of solid-phase

conduction on eddy dispersion should be investigated further.
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NOMENCLATURE

particle area per unit bed volume, f‘tz/ft3
constant

coefficient defined in Equation (K-2)

heat capacity, Btu/#°F

concentration, moles/ft3

PwCyw® 5 Btu/ft3 OF

PsCg(1-9) , Btu/ft3 OF

molecular diffusivity; kyc/ P Oy for fluid-phase heat
transfer, ftz/hr

particle diameter, 1n; or ft.
inside diameter of tube, ft

eddy-dispersion diffusivity, kym®/P wCyd for heat trans-
fer, ftz/hr

erf ~ denotes error function, Equation (II-15)

erfc ~denotes co-error function; 1 - erf

F
G

Gr

ha

1]

]

x/ V& - Vp VO

mass velocity, based on open tube area, #/hr-ft2
Grashof number, Equation (IV-1)

32,2 (# mass/# force)(ft/secz)

mass—-transfer coefficient, # moles/hr-atm-ft?
heat-transfer coefficient , Btu/hr-ft2 OF

heat-transfer coefficient, based on unit volume of
porous media, Btu/hr-ft3 OF

~ donotes Bessel function

~empirical *j" factor, Equation (II-19)

effective thermal diffusivity of porous media,
ke/[pwOwd + #sCs(1-0) ] - ¥ £t2/nr
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ke(V)

ke(num)
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effective static thermal diffusivity of porous media,
o

ko /[ PuCu® + psCs(1-9)], ft2/nr

effective thermal conductivity of porous media,

Btu/hr-ft2°F/ft

static thermal conductivity of porous media, i.e.,

thermal conductivity of porous media with fluid in-

place but not moving, Btu/hr-ft2°F/ft

velocity dependent component of the effective thermal
conductivity, Btu/hr-ft2°F/ft

= effective thermal conductivity of porous mediaj cal-

culated from numerical solution to Equations (III-1)
and (III-2), Btu/hr-ft?°F/ft

effective dispersion coefficient characterizing a
finlite heat-transfer rate between the fluid and
solid phases of porous media; heat-transfer rate
controlled by fluid "film" around particle, Equation
(III-30), Btu/hr-ft20F/ft

pseudo thermal conductiyity of the solid phase of
porous media, Btu/hr-ft2°F/ft

ks(1-0)

molecular thermal conductivity of solid,
Btu/hr -ft2°F/ft

effective dispersion coefficient characterizing a
finite heat-transfer rate between the fluid and
solid phases of porous mediaj heat-transfer rate
controlled by solid intra-garticle resistance,
Equation (V-10), Btu/hr-ft<°F/ft

Schumann and Voss static thermal conductivity,
Equations (II-28), (II-29) and (II-30),
Btu/hr-ft20F/ft

vpseudo thermal conductivity_of the fluid phase,
Equation (ITI-3), Btu/hr-ft2°F/ft

kwd

eddy dispersion coeificient, Btu/hr-ft20F/ft
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molecular thermal conductivity of fluid,
Btu/hr-ft2°F /ft

constant, Equation (II-36)

constant, Equation (II-36)

length, ft

molecular weight

empirical constant

amount of adsorbate on adsorbent, Equation (II-35)
pressure-film factor (analogous to the mean partial
pressure of the inert gas in a single diffusing
component in a stagnant gas), atm.

constant in Equation (IX-28) and (II-30)

d
Peclet number, M )
E+D

Cyk
we

Prandtl number, for heat transfer

second term of solution to equation of thermal conduc-

tion, Equation (III-9)

d. v
Reynolds number, e T8w

n

d, G

modified Reynolds number, =R
R

particle radius, ft or in

temperature, °F
T - To

accomplished temperature fraction, Sy
i~ to

dummy variable, Equations (II-10) and (II-11)
fluid interstitial velocity, ft/hr

square heat-front velocity, Equation (II-5), ft/hr
distance, ft

denotes y direction

dimensionless distance, (QQ-)% X
ky$
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ha X = dimensionless
P wlWwPv

z ~dummy variable, Equation (III-39)

Z ~denotes z direction

Z =

L)
1}

@D o 3
i 1

td
i

Q
i

e © = Q
[

ha (6 - x/v), dimensionless

Letters

thermal diffusivity of solid phase, ks/ p gCs where kg
1s a pseudo solid-phase thermal conductivity, ft2/hr

thermal diffusivity of fluid phase including both mole-
cular conduction and eddy dispersion, kw/ P wCws ftz/hr

?oeff§cient of thermal cubical expansion, Equation
IV-1

chw¢/[ PwCwd + PsCs(1“¢)]

constant characterizing distance between successive
mixing layers in porous media, Equation (II-33)

phase shift

empirical constant, Equation (II-32)
time, hr or min

small increment of time, hr or min

ha 3 & w

dimensionless constant,
ky ¢ v

viscosity, #/ft-hr
density, #/ft3

standard deviationg (T2= variancej particular variances
denoted by subscripts are defined in text

standard deviation = VZK

dimensionless time, (EEE_ $ v 6
w

porosity, i.e., packed-bed void fraction, dimensionless

frequency, cycles/sec



Subscripts

avg ~ denotes

h ~ denotes
i ~ denotes
m ~ denotes

max ~ denotes
o ~ denotes
s ~ denotes
sc ~denotes
w ~denotes
we ~denotes

wm ~denotes

163

an average
a heat-transfer coefficient or constant
inlet fluid conditions, at x=0

a mass-transfer coefficient or constant
maximum value

initial conditions; at ©6=0

solid phase

molecular conductivity of solid

fluid phase

molecular conductivity of fluid

eddy dispersion
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NUMERICAL SOLUTION DIFFERENCE EQUATIONS

The differential equations to be solved numerically are,

at, 9t 92t
a'rw = - = W o4n — Z - N (t,-tg) (I11I-5)
y 3 y“.
at 2 Kk
s _ 0s 97t + N ¢ s w? (t,-ts) {(II1-6)
3T oy 8 y2 @y ks(1-9)

with boundary conditions,

t, = tg = 0, T =0, y >0 (B-1)
tw = 1, T>o, y =0 (B-2)
tg = 1, T> o, y =0 (B-3)
ty = tg = 0, all e, y = (B-4)

Finite-difference equations of the forward difference
type are now formulated. Let "i" denote an increment in T
and "j" an increment in y. The following substitutions are

made for the partial derivitives:

_a_t - t.1|i+1 - ti!% (B_S)
0T, 141 AT
9t = tj,i - tj-l,i (B-6)
?¥y,1 Dy |
2% TS U Bialias PR B DY Y (B-7)
8y? 3,1 A2

Making these substitutions in Equations (III-5) and (III-6),

letting t = t, and T = t5, and rearranging,

AT,

Qe = T LT -
ti,i+1 = (M ?-;E’) b1, * (1 55 - 20 I~z NoAT) by

(AT 4+ \ _AT) £, .4 + TT B-8
+ (Asy ZS?Z) §-1,1 A A J, 1 ( )
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a \ a a k b
Ty,141 = (A g2 -élz'-) Tyer,q + (1-22 g8 T 2%s __w ATIT; 4

w A—YE quil'os
s (238 AT as k0 .
(xaw mz) Tip,1 ¥ (xqw ETT AT) tj, 4
(B-9)

Starting with conditions (B-1) - (B-4), t, and tg are calcu-
lated at all "j" points at time (i+1). The time increment is
increased to (i+2) and the calculat%Pns repeated.,

Dusinberre (45) suggests as;convergence criteria that
the coefficients of all terms in Equations (B-8) and (B-9) be

positive. This condition leads to, -

T WL B-10
N P Y ( )
AY 2§y2
AT S 1 (B-11)
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SIMPLIFICATION OF THE ANALYTICAL SOLUTION FOR

A FINITE HEAT-TRANSFER COEFFICIENT

The solution to Equations (III-17) and (III-18), for
the boundary condition of a pulse input, is here simplified
to an expresslion which is Gaussian in the holding-time vari-
able, 6., Starting with the general solution for a step-

function temperature input, previously given in Chapter II,

Z
t, = exp [-Y-z] I_ (2VVZ) az
(o
+ exp (-Y-z) 1, (2YZ) (II-10)

Substituting for Y and Z and letting C; = f’wcw¢ and

02 = P gcs(l'O)’

. ha (g- (ha) x‘O-x/v) ;
Co "/") \/ Cyp Cp v e

2
~hax ha ha)®x(6-x/v
+ —aaX 0-x/v I 2
exp [Cl C2 ( x/ )l o

For a pulse input

Zg _ha x exp Chax %g (e-x/v)
€ \JCICZVX (e-x/v) v 2
I,| 2 [{ne)*x(6-x/v) (c-1)
V CiC2 v

Using the asymptotic expansion for the Bessel function,
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t [~ -
£ = exp [ﬂﬂ - ha (O-x/v)] exp| 2ha-\/—-(-———/-—)-x O-x/v ]hax
% _LC1v Ca L C;1 C2 v

pr——

3 T 3
C22h 1 ha - [2L8=x/v) x(8-x/v) Cyv
C1Cpv Co

L (II1I-20)
Combining exponents and rearranging,
Yw [ __ha ¥ cx 3
% L l'1022 x(8-x/v] (6-x/v)Cyv
CiCav
(
- hax _ ha(ve-x) 2
Clv Cov
expﬁ (c-2)
: [ ) nage x[v)) ]
|

Now, expand and rearrange the numerator of the exponential

argument.
by e B _opx )3
90 L il ’\32 x{0-x/v —(e-x7v)aclv-l
CiCav
2
-(%5 (x/Vp - @)2
2
ex . (c-3)
Ur_@s)% + (rmg;mz,?]z
Clv Cz

Let all holding times be near the mean holding time, x/Vp.
With this assumption, x/VF may be substituted for © in all

terms except the numerator of the exponent. The result is

ty = [m:‘% exp[ “ha Cpv (x/vg - 9)2} (C-4)

90 Lin ngx 1&022*
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Let 2
2 C,%x
2 2
= III-2
U2 Civ ha ( 3)
gliving as the simplified expression,
2
- Ve - O
%‘-’- =_\T-==u;'==§ exp [ (X/ E > ) (II1-22)
2 o
o Il 2 L 2 0’2
The necessary assumptions were
2 %
2 [m.).__x_(ﬁ-_x.bd.] <1 (c-5)
Cl C2 \'4
and
2
2C X
Z < [X- (c-6)
ha C; v Vg
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ADDITION OF VARIANCES§3 VAN DEEMTER DERIVATION

The derivation of Van Deemter et al. (175), simplify-
ing the solution of Equations (III-37) and (III-38) to a
‘form which is Gaussian and in which the variances of the in-
dividual dispersion mechanisms are additive, follows. The

differential equations for heat transfer are,

2
oT 0T 9°T,
pwcw¢ aew = -V chw¢.3-;ﬂ.+ kyd ax2w - ha (T,-Tg)
(III-37)
oT
pSCS(1-¢) —a-e"'"s" = ha (Tw'Ts) (III-SS)

Now, let C; = PwCyd and Cp = pPsCs(1-9).
The solution according to Lapidus and Amundson (110) for a

step-function temperature input is

(%)
£ = e‘”‘/z“w F(o) + ba F(©) de (D-1)
W Cp
°
whare
(3]
-ha 9/02 2
F(e) = @ - Io ZJLE%%_%ég;EL
b4
%LT a W
2
- x- -
exp [m zf dz (D-2)
2

_ v ,ha _ha -
with f = E;—; + c; Co .

The corresponding solution for a pulse input over a small

increment of time, ©,, is derived from Equation (D-1) by

differentiation,
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& vx/2k
i AP Y 17'(e) + B2 p(e) (p-3)
o, C2
where
(%)
-ha 8/Cy . (ha) 2z (0-x)
d N a 2 1 >2
o g w
2
=X~ _ -z f| dz - ha r(e) (D-4)
exp I:E—sz ] C,
Application of Leibnitz's rule yields
2
t_W_ = . exp [' x-vee - .13..?‘.2]
% ze M & _o *w 1
. x [ x=v2)?l e, (2) a (ITI-39)
exp ﬁi_;__L_ 2(z z -39
7 a wz
4 22\’[1 a Wz
where

1
Fz(z) = [C ha)? z ]E exp [-ha (6-z) . ha z]
1

C, (6-2 Co Ci
(ha)z Z (S-z!
I 2 (ITI-40)
C; C2

Assume the Bessel function argument is sufficiently large so
that the asymptotic expansion may be used. Then

f(s) - — [ (ha)? & ]*

20 ¢, C2 (8-z)3

Ci(e-z) 2

3
oy (|35 - ool ) oo
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Rearranging and multiplying the numerator and denominator
of the exponent by

C1(0-2)]% 3
B pun]t

there follows

1 2
Fo(z) = —L (ha)? z_ 13 exp { “P2C1 o - z/8 .
2y |C1 C2 (0-2)3 C2 (cl(e-z;)@(c?_z)E
(D-6)
¢
with B =-Cl ¥ G, *

The following simplifications are due mainly to van der
Waerden, B.L. [referenced by Van Deemter et al; (1?53; In
the integral of (III-39), the maximum values of the exponen-
tials are at z = x/v and z =8 6 respectively; If the effects
of longitudinal diffusion are small and the solid-fluid
temperatures are nearly equal, all retention times in the bed
will be close to the mean 6 = x/B v. Therefore, the two
maxima in the integrals are close together. The main contri-
butions of the integrals will be in a small region near the
maxima where z & p 8 = x/v. Then, z may be replaced by

x/v or by B © except in the numerators of the exponentials.

F2(z) now simplifies to,

Fa(z) = =

V2 i |2 g2 C22x

—7, (6-2/8 )

ha C, v % [-hac v 2
1 1
Xp
2

(D-7)
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Define
2 k ¢ X
5 Ci v3 )
2 2
C
o222 2 * (0~9)

ha C; v
As long as x is markedly different from vO, the first term
of Equation (III-39) will be negligible. Therefore, Equa-
tion (III-39) reduces, upon combining Equations (III-39),
(D-7), (D-8) and (D-9) and substituting z = x/v in all terms

except the numerator of the exponentials, to

t e 2
¥ =3 1 exp | = X/v-2z

1 oxp |=(8 ©0-2)% Jaz (D-10)
0'6 21 2 0'62

The integral may be approximated. The exponential arguments

are expanded, combined and factored for z. The result gives,
2

letting n = 2z~

2 2 ’
T2+ O J
- = B exp -~ ( 5 + 6 ) 112 + X/ V-~ ")
‘ 2 2
o, / nos 0g 20,2042 2 ( o, +0'6?-)
-/“1
(p-11)
| 0'52 §+ 0-623 e)
where a; = e and bl = 0 4 aje
0.2 + 0,2
5 6
Let

g = ......._.5 n (D-12)
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Then
2
Yw 8 2 . (x/v-B6)? .
5 = exp - |§ + s > ) d§
° A, Hq2(°3§ + 655) 2(0 2+ 02 |
(D-13)
1

(02 + 02t (052 + 0623

where a, = aj and by = bj.
2= Ve, v Ve T, g

| 2 by
EE = _____—_E__—-_. exp .'..(.’.‘li"-?-gj_ / exp (-§2) d¢
5 Nz o 2+ ) 2( 052+ 042) as

(D-14)
Examination of the integral in Equation (D-14) shows that it

may be adequately approximated by

b2
////r exp (- §2) dg = exp (-§ 2) dé =Vﬁf (D-15)
e /

The simplified expression is then

E‘!. = __..__9.____._ exp [M] (D-16)
)

e
o 2 n( 03 + 0 )

or

- 1
,——r—==_—#§=exl’|: - 7 5
V2 (o,% +0,7) 2( 07 +0,%)

where 0'12 and @ 22 are defined as

Spkﬁ

2 k
012 _ 2 kyd "2 (D-17)
, 2 szx 2k, x (0-18)
%2 TRacy T v 2 -
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The basic assumptions in this simplification are now sum-

marized,
2 (ha)?® 2z (8-2) t ~ Zx ha 5 (D-19)
Cy Co T ow C1
T 2<<, X 2 2
1 V;) (D-20)
o, 2 x|
» < ( V;) (D-21)

Equations (D-20) and (D-21) specify that the dispersion in
holding time due to either of the heat-transfer mechanisms
considered is small compared to the total time of travel in

the bed.,
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SOME PROPERTIES OF THE JENKINS - ARONOFSKY SOLUTION

TO THE THERMAL CONDUCTION EQUATION

The Jenkins and Aronofsky {(92) solution to the thermal-

conduction equation, (III-7), is

X VFV_GH

- 1 _
t = 2 [ 1 erf

2 |

+ 1

Lo 1 - erf L [X_4 vFv—e) (I11-9)

2K (Ve

P Cydvx/kg l:

Simplification of Second Term
The second term has been designated R; Preston (138)

simplified R as follows, The co-error function is expanded

in series,
2 .
_S * L "
[=] (1 - 1 + 1.3 —1',3 5 + .l..’.(_E-l)
s\ 2s?  (2s%)2 (2s2)3

erfc|s) =

For s = 3, all terms beyond the first may be neglected,

-s2
erfec(s) e (E-2)
s\
Therefore R reduces to
(z-w?)
R =& (IIT-44)
2 w'Vﬁr
XV Pyl d 1 X_ + Vp\[©
where z = and w = =S | m———— F .
k, 2\K |Vo

The error in using this approximation is about 5% of R at

S=30
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Maximum Valugwég R

The maximum R was determined by differentiation of R
with respect to © and setting the derivitive equal to zero.
The simplified R expression, Equation (III-44), was used.

The results obtained by Preston (138) were as follows.

X = 3
(1) Ry Occurs at - 8 i.e., the arrival time of
the "square" front.
' k
(2) R - 1 e
mAX TN\ PuCe® VX

Calculation 2£.E§’ Importance of R

Values of Rmax encountered in the experimental data
were generally .03 or less. The significance of R values of
this magnitude in the determination of k, is now examined

through sample calculation. Equation (III-9) reads

ty = + [1 - erf E + R (E-3)
" 2[ 2ﬁ]

or

ty - R =

N

~ erf & E-U4
[} er . Vﬁf] ( )

The method of kg, calculation was discussed Chapters III and V.
It consists essentially of taking the différence in F values
at two temperature points, such as t, = .1 and ty = .9. For
an Rp., value of .03, calculations show R at t, = .1 and

ty = .9 to be on the order of .005., This value will be as~-

sumed here. At tw = .1

2 (,1 - .005) - 1= - erf —i (E-5)



-.81 = - erf <L (E-6)
2VK
From error-function tables
F
t =ol
Y = ,9267 (E-7)
2 VK
At tw = 09
2 (.9 - .005) - 1 = - orf —f=— (E-8)
2VK
F
79 = - erf (E-9)
2K
and from error-function tables
Ft =.9
-—L— - '8865 (E-IO)
2 'VK
Subtracting Equation (E-10) from Equation (E-7),
(Fe,=.1 - Fe,=.9) = 1.8132 2K ) (E-11)

Neglecting R, an F difference factor of 1.8124 rather than
1.8132 is obtained. On this basis, Rp,x values up to about
.07 may be assumed negligible in the experimental kg calcu-
lations,

Data for a typical experimental run are shown on a
probability-paper plot in Figure 38; The experimental points
are plotted as t, vs. F. The solution, Equation (III-9), is
also shown both including and neglecting R; On the probabi-
lity.plot, at relatively low R values, the linear curve is
merely "shifted" with negiigible change in slope:

Determination of kg by Slope Method. Preston (138)

has shown that his derived expression for the slope of the
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ty vs. O curve, evaluated at

is the same whether or not R

183

x/Vg = 6,

X vl
201/l K 6 (V-4

is included.
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SAMPLE CALCULATIONS

A, Sample Calculation of ke(num) from the Numerical Solu-
tion*
Numerical Run P-5
N= 114, o,/ ag= .316, ky®/kg(1-9) = .337
Specific Conditions
a = .006, a = ,019, ky¢ = .132, kg (1-9) = .392,

¢ = 355, x = .35 ft v = 5.263 ft/hr, Vg = 2,717 ft/hr

Numerical Calculation Results:

t, e F
—_— (ming z ( ) , n
.982 15.7 -.709 Fo_ - Fi- = .750
968  1h.37  -.81bp t=.16 = Tt=.84

«890 11.32 -.3691 From Equation (III-55)

080”’ 9.816 -.2337

«573 - 7.524 .0263 K= s = ,07122 ft“/hr
467 6.774  .1288 7.897

<350 6.018 .2LL6 ke =.07122 (42.63)

.230 5.268 3762 (num) 20
.119 Lh,512 5314 = 3,036 Btu/hr-ft<°F/ft

Addition of Conductivities:

kwm = L132
kS(l'Q) = 4392

_Vp2 [PsCs(1-0)] 2 _ (2.676)2 (20.63)2

k -
ha ha 1319.
319.9 Equation (III-30)
kha= 2 a380

ko= o132 + ,392 + 2,380 2,904

1}

*Refer to Chapter III, Theoretical Investigation

%g5e Pigure 39
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B. Sample Calculation of Experimental ko, Run 359C, 30%

Glyceroli

v = 19.82 ft/hr

vd, = .195 ft?/hr Tayg = 104,85 T.C. Position No. 1 & 8
X = .,921 ft o T
T(initial)= 123.8°F T(ynjet)= 85.9°F  T(initiai) (inlet)

= 37.9°F
9'
Time

T (min) ty x/\ 6 VeV e F

122.2 b.4o .042 3.400 2.714 686
120.5 L.60 .087 3.326 2.775 551
117.7 L4.80 .161 3.256 2.834 L22
113.7 5,01 .266 3.188 2,895 .293
108.8 5.21 «396 3.125 2.953 .172
103.3 5.41 541 3,067 3.009 .058

98 .4 5.61 .670 3.011 3.065 -.054
94,2 5.82 .781 2.958 3.120 ~.162
91,0 6.02 865 2,907 3.175 -.268
87.3 6.42 .963 2.815 3.279 =464

PuCyO v -

V. = = .5056 10.02 ft/h
F PWC;%fr P sCs(1-9) 2056 v for

Ft='1 - Ft='9 = .BLPO*
From Equation (V-2)

- (.880)2 . £t2/n
K= - %77 [br

o = (.0537) [p,C,0 + P Cql1-9)]

.0537 (40.8)

w
1

2,19 Btu/hr - £ft2°F/ft

¥Refer to Chapter V, Data Reduction Section

*See Figure 40, for plot of F vs. ty on probabiiity graph paper;
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Calculation of Temperature Profile, Equation (III-34),

Run 359C, 30% Glycerol

e : tw
(min) F/2yK (calculated)”®
b.ko 1.483 .0180 kg (From Data) = 2.19
yego L -gggg Btu/ar-£t2OF/ £t
5.01  .633 .1353 K = .0537 ft?/hr
5.21 372 299 _ =
5.1 1125 h299  2VE = .Lé30
g:g; ::;;3 :Zgg; Plot of t, vs. & ~ Figure 41
6.02 -.579 <7936
6.2 -1,001 .9216

* Equation (III-34)

Kpa and ky,d Calculation, Run 359C, 30% Glycerol*
ko= 2.19 Btu/hr-ft2°F/ft (From data)

'kg%= .50 (Table 5)

kg(v) = 2.19-.50 = 1.69 Btu/h{-ftzoF/ft Equation (V-5)
Tavg = 104,9°F !

dp = ,118 inch

vd_ = .195 ft?/hr, v = 19.8 ft/hr

P
_ 2195 * 66.39 - 4.6

Re 3.51 3.69
v 2 c_(1-0)] 2

Kpa = ) [22,5(1 Qﬂ Equation (III-30)

2

nt = h E!Ji) &

CuwG | kye

From Figure 50 at Re = 3,69 Dryden et al. correlation

Inb = -783 c py2/3
(Jnd) POV ( LA ) £ (1=0) Byy/hr-rt3°F

ha = T dp
: ) ) . . _2/3 .

= . .8 [«828 x 3.51 6 X .647
ha = .785 X 58.29 x 19.8 ( 8 % ] s
ha = 74,200 Btu/hr-ft3°F ;

*Refer to Chapter V, Data Correlation Section
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10 1 T T
30% GLYCEROL X
RUN 359 C -
— ke = 2.19
X EXPERIMENTAL DATA POINTS
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4
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Figure W41- Experimentai and Calculated TPmpPrature

Profiles; Run 359C; 30 Per Cent Glycerol System




191

Vo = — PuCub v __ 58,29 x ,353 x 19.8
F = TouCul+ paCall-0) (58.29 x .353)+(2.47 x 62.0 x +202x . 617)
Vp = 10.0 ft/hr
_ (10.0)2x (20,14)% _ 420
kpa = =506 545 Btu/hr-ft<°F/ft

Calculation of ka¢:

kym® = ke(v) - kp, ' Equation (V-11)

kymd = 1.69 - 545 = 1,145

Peclet Number:

Pe = E;Zgﬂsg Equation (V-12)
- we - 4290 - 00498 £t2/nr

Ph = 5 co T 38.29

k. 0
wn® - 1,185 . gssn pi2
Bn = P - 5825 x 355 - 0357 fri/hr

Eddy-Dispersion Correlation:’

i

Pe

i

E
= 11,18
Dy

vd

= 39,16
Dh
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Eddy-Dispersion Correlation, Liquid-Phase, Mass-Transfer

Literature Data*

Example Calculations:

1.

Carberry and Bretton (29)

dp = 3 mm, Rg = 100, Pe = 435, vdp = 5.87 £t%/nr,
m = OeJ1l. r

Dy = 1.935 x 1075 £t2/nr

Em . h,61 x 105

Dm

Ydp - 1.995 x 105

Dm

Cairns (22, 25)

dp = 3,196 mm, Re = 147, Pe = .678, vd, = 6.20 ftz/hr,
Ep = 9.14 ft2/nr

Dp = 5.23 x 1075 ft2/hr

Em - 1,746 x 105

Dm

vd

—B = 1,185 x 105

Dm

Liles and Geankoplis (114)
d, = .47 mm, Re = 6.54, Pe = .370 E_ = .636 £t2/nr

T

vdp = .235 ft2/nr, Dy = 3.47 X 1077 £t2/hr ~ Ref (118)

E
B o= 1835 x 109
Dm

Ydp _ .0678 x 105
D

*
Refer to Chapter V, Data Correlation Section
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F. Eddy Dispersion Correlation, Gas-Phase, Mass-Transfer
Literature Data*
1. McHenry and Wilhelm (120)
Hy . N2 Equi-molar
dp = .127 in, Re = 26.8, Pe = 2.26 + .07

Tavg = room temp

Dm = 3.79 ft2/hr Gilliland Equation, Ref (19)
E, = 8.89 + .39 £t2/hr
vdp = 28.6 ft?/nr

K avg = <041 #/ft-hr Calculated From Correlation in
McHenry (119)

P avg = -0384 #/ft3

E
_ﬂl: 2. °
5 35 + .10
Vdp - 7,55

Dm

2. Deisler (39, 40)
Hyp - N2 Equi-molar, Room Temp.

Re range 3.8 - 48,4

Pe = 4,33 (Avg. value over Re range)

D, = 3.79 ftz/hr Gilliland Equation Ref (19)
L . 2

E, = 2:.57 + 1.47 ft*/nr

Em = 679 + .388

Dy

1‘12 - 7-35

Dm

*
Refer to Chapter V, Data Correlation Section
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IMPROVED APPROXIMATE SOLUTION TO THE GENERAL

DIFFERENTIAL EQUATIONS

A proposed approximate solution to Equations (III-1)

and (III-2) with boundary condition (III-4) is given by the

following:
1 X NN 1
t 1 - erf —ttem = V - -—— - + R (G-l)
w2 [2,[ Ve ¥ ) 8\Y

ts = L4y - err| A | X 34— R(G-2)
2 ZVK— Vﬁf J
where
X PuCyd v 1 x
R = exp[ kwozk:(l_oyjl erfc 2 VS \/—?— + Vg \/"5')] (G-3)

kb kg (1-9) + Ky, 2
S e e Y (6=

o _ ky® * kg(1-0) .
K= :wcwoﬂwcu -?) (G-5)

ha x
Y = —2&. X ____ (G-6
Pwa v )

= a - X -
'—p;EZ'TIToT(Q v) (G-7)

This approximation resulted from a combination of the Jenkins
and Aronofsky solution to the thermal-conduction equation,
Equation (III-9), and the Klinkenberg approximation to the
solution for a finite heat-transfer coefficient, Equations
(II-16) and (II-17).

- The approximation was checked by a comparison with
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the numerical solutions as shown in Figures 42 and 43. Ta-
bulated calculations are given in Table 8. The fluid-phase
temperature agreement between the numerical solution and
Equation (G-1) is good, but the solid-phase temperature
agreement is only fair. The approximation appears to be
applicable to systems and conditions of the type considered
in this research. However, the generality of Equations (G-1)
and (G-2) has not been shown. It should not be used for Z

less than 1 or Y less than 2,
TABLE 8

CALCULATED TEMPERATURE PROFILES; NUMERICAL SOLUTION

AND ANALYTICAL APPROXIMATION

I. P - 6 (Computer Run)

M o= 342, a, = .006, Qg = .019, kb = .132, kg(1-0)= .392
¢ = .355, kp, = +264, v = 6 ft/hr, © = .163 hr
| Numericai Solution Approximation

x (ft) tw ; 'Ey
307 <994 995
.395 .924 933
439 .815 .827
U461 736 . 746
.u83 -6“2 o6u7
<504 «539 «537
<526 A3k JL2b
.548 .332 .315
.570 .2h2 .221
.592 .166 .145
.614 .108 . 080
.636 _ . 066 051
.658 .038 . 027

«702 .010 .006
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TABLE 8 - Continued

ITI. P - 5 (Computer Run)

I

No= L11b4, e = ,006, a g = ,019, kyd = .132, ks(1-9)= .

8 = .355, kpa = 2.46, v = r.26 ft/hr, x = .35 ft

Numerical Solution Approximation
-e- (hr) Ew ES Lw —ts
263 ' .982 «969 975 963
240 «968 < 9L7 2965 .936
.189 .890 .830 .877 .803
<164 .804 <714 .796 .692
151 743 .638 .739 .619
.125 573 oLl 572 430
.113 Ju67 .332 458 «316
.100 «350 «223 .334 «201
.0878 .230 .125 .220 .106
.0752 .119 .050 .133 .039

IIT, P - 25 (Computer Run)
N = 167, @, = ,00945, a ¢ = .077, k,0 = ,239,
kg (1-9) = 1,428, ky, = 1.53, v = 5.0 ft/hr, 6 = .1053 hr

Numerical Solution Approximation
x (ft) tw s tw ts
.1132 «973 . 949 .968 .918
.1698 .924 .877 .921 .841
2263 .831 «759 .833 .722
.2829 . 689 ¢ 597 .690 «560
.3395 .508 413 .503 374
.3961 321 242 317 . .206
527 .166 .116 Y << 2.0
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TABLE 8 - Continued

IV, P - 23 (Computer Run)

A= 342, a = 006, o = .077, kyl = .152,

k (1-0) = 1,428, kp, = .232, v = U461 ft

Numerical Solution Approximation
8 (hr) X, 8 (hr) tw
210 .073 «250 .184
«237 132 .280 «263
252 <174 <336 416
«295 .302 .380 554
<311 352 .385 574
.342 J448 .398 .607
«359 495 420 .658
369 524 480 773
) .Ll'Ol 0605 0680 - .9“’9
roJll3 .696
459 725
'u75 0758

Computer Run Terminated
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TABLE 9

SOURCE AND SPECIFICATIONS OF LIQUIDS

Distilled Water
Source: University of Oklahoma, Power Plant

Ethyl Alcohol _

Source: Anderson Laboratories, Fort Worth, Texas
Catalog Number 385

Specifications:
Ethyl Alcohol - Not less than 90%
Methyl Alcohol - Not more than 5%
Isopropyl Alcohol - Not more than 5%
Total Alcohols - Not less than 99.9%

Refractive Index 1.35935 & 25° C

Glycerol
Source:t J. T. Baker Co., Phillipsburg, N. J.
Specifications: .
Assay (CgHg(OH)3)  96.0%
Color Pass ACS test
Density @ 25°C 1.251
Residue after ignition .001%
Neutrality Pass ACS test
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TABLE 10

SOURCE AND DESCRIPTION OF GLASS SPHERES

1406-170 US Sieve (0,0038")
Source: Minnescta Mining and Manufacturing Co., 900 Bush
Avenue, Saint Paul 6, Minnesota

Description:
Catalog Number 130
3 M "Superbrite" Glass Beads
Soda-~lime-silica glass

35-40 US Sieve (0.,0181")
Source: Minnesota Mining and Manufacturing Co., 900 Bush
Avenue, Saint Paul 6, Minnesota

Description:
Catalog Number 070
3 M "Superbrite"™ Glass Beads
Soda-lime-silica

16-18 US Sieve (0.0425")
Source: W, H, Curtin and Co., Houston, Texas
Special Order - Melvin Ader (Subcontractor)

Description:
Lead-~-silica glass

6-7 US Sieve (0.,118")
Source: W, H. Curtin and Co.; Houston, Texas
Catalog Number 9371

Description:
Soda-lime-silica glass
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TABLE 11

CHEMICAL COMPOSITION OF GLASS SPHERES
Approximate Percentages of Major Constituents
1. 0,0038" and 0.0181" spheres

Designated by manufacturer to resemble plate and window
glass in composition., Composition data from Ref (134).

Compound Approximate %
S10, 72
NaZO 13
Cal 12
MgO 2
(Misc) 1

2, 0,0425" spheres
Calculated from semi-quantitative spectrographic analysis;
Shilstone Testing Laboratory, 1714 West Capital, Houston,

Texas
Compound | Approximate %
S102 60
PbO 30
K20 3
Naz0 3
(Misc) 4

3. 0.,118" spheres
Calculated from semi-quantitative spectrographic analysis;
Shilstone Testing Laboratory, 1714 West Capitol, Houston,

Texas
Compound Approximate %
S102 69
Cal 8
Nas0 16
K20 1
Pbo 3

(Misc) 3



TABLE 12

THERMAL CONDUCTIVITY OF LIQUIDS AND SOLIDS
Units, Btu/hr - ft? OF/ft

Temperature, °F

Material Ref 80° 100° 120° 140° 160° 180°
Glass 0.,0038" 134 .54 55 56 57 .58 .59
Beads . . . .
0.0181" 134 054 .55 .56 «57 »58 .59
0.0425" Y .55 .56
0.118" 134 .54 .55 .56 .57 .58 .59
" Water 133 <357 .363 .369 .375 .381 .387
30% Glycerol 126 .280 .288 .294 .300 .306
(Aqueous)
60% Glycerol 126 .220 .222 .22 .227 .230
(Aqueous)
Ethyl Alcohol * .102 .095 .089 .082
' 133

* ‘ _
Measured at 75° F by Prabhudesai, University of Okiahoma, Sept., 1961,
Kyp = 1043 Data extrapolated using this value and literature reference

fEstimated from data, Ref (129) p. 221.
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TABLE 13

SPECIFIC HEAT OF LIQUIDS AND SOLIDS
Units, Btu/#° F

Temperature, © F

Material Ref
Glass 0,0038" 134 .202
Beads ) .
0.0181" 134 «202 (Mean values between T3 = 80°F, T, = 150°F,
) . These values were used in all calculations)
0.0425n 3 .16
0.118" 134 .202
80° 100° 120° 140° 160° 180°
Water 133 .999 .999 .999 1.000 1.002 1.003
30% Glycerol 133 .886 .880 .874 .868 .862
(Aqueous)
60% Glycerol 133 .759 754 749 J7lh .739
(Aqueous)
Ethyl Alcohol * .586 .613 .648 .687 725 .765

*Linear interpolation between Ref (109) and Ref (123)

f¥Estimated from data, Ref (129) p. 212, Ref (162) p. 25
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Material

Glass 0,0038"
0.0181"
0.0425

0.118"

Material

Water

30% Glycerol
(Aqueous)

60% Glycerol
(Aqueous)

Ethyl Alcohol

TABLE 14

DENSITY OF LIQUIDS AND SOLIDS

Density #/ft3

155

156 Densities were experimentally determined

187

154

Density #/ft3

Ref 80°F 100°F 120°F 140°F 160°F
133 62.2 62.0 61.6 61.3 61.0
126 66.8 66.5 66.2 65.9 65.6
126 71.7 71.4 7.10 70.6 70.2
1 48.9 48.3 47.6 47.0
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Material
Water

30% Glycerol
(Aqueous)

60% Glycerol
(Aqueous)

Ethyl Alcohol

Ref

133
126

126

133

TABLE 15

VISCOSITY OF LIQUIDS

Units, centipoise

100°F  120°F
.686 .560
1.55 1.20
5.47 3.88
.38 .735
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TABLE 16

' PHYSICAL PROPERTIES; SOLTROL "130"*

P - - —
Py = 40.8 #/ft3 & 60°F

Cy = «50 Btu/4°F 8 75°F

kwc = ,0812 Btu/hr-ft2°F/ft 8 75°F

Physical Property Values Used in Calculations:
T = 110°F

Py = 45.2 #/£t3 -

Cw = «52 Btu/#°F

kyo = +080 Btu/hr-ft20F/ft

B = .92 cp.

*Phillips Petroleum Company Trade Name, Bartlesville, Oklahoma
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EXPERIMENTAL DATA

Index to Data

Tables 17 to 20"

US Sieve ¢ Liquid Run Numbers
(Inc1)

140 - 170 .35%5 Water 33C - 101C

30% Glycerol 106C - 118C

60% Glycerol 119C - 122C

35 - 4o .356 Water 123C - 163C

30% Glycerol 165C - 179C

60% Glycerol 185C - 190C

Ethyl Alcohol 191C - 208C

375C - 379C

16 - 18 «260 Water 393C - 4o0C

- 431c - L429cC

30% Glycerol bi12c - 420cC

60% Glycerol hoic - L11cC

Ethyl Alcohol L22¢c - 430C

6 -7 .353 Water 318C - 340C

30% Glycerol 347¢ - 361C

60% Glycerol 273C - 293C

3h1C - 346¢C

Ethyl Alcohol 362C - 373C

*Where run numbers are omitted in the tables, the reason is
one of the following: 1) Run was a heating run, 2) Channeling
occurred, 3) Experimental error such as long preheat, poor
inlet temperature control, etc.
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TABLE 17

Run # vd, ke ke{v) ke Tavg Re

33C 00203 534 <024 e51 118,5 .090
34¢C .00168 577 .067 «51 119.4  .075
35¢C «001L40 577 . 067 W51 120.9 ~ 064
36C .00091 «561 .051 «51 122,7 . 043
38C +00300 «560 «050 51 117.9 134
39C .00395 534 .024 e51 116.1 174
Loc .,00498 540 .030 .51 117.8 «222
Lhic 00606 «509 -,001 51 114.8 .261
Lac L00647 «509 -.,001 651 118.5 .289
Li3c 00715 519 .009 W51 118.2 +319
Lhuc .,00843 498 -,012 .51 117.6 .376
Lsc .00917 «519 .009 .51 119.4 1409
Léc 00295 «519 .009 e51 i16.9 .130
byc .00262 «529 .019 «51 116.5 .115
L8c .00350 545 .035 +51 116.5 . 154
Loc .00233 «5U5 .035 W51 119.5 .106
51C 00172 «550 040 «51 120.1 .078
52C .00418 514 .00k «51 119.4 .187
53C .00475 <509 -,001 o51 1z22.1 .219
56C 00164 545 «035 51 117.2 .072
57C .,00138 +550 .040 «51 116.7 . 061
58C ,00219 .503 -.007 «51 116.2 .096
59C .00320 524 <01l 51 113.3 135
61c .00458 <3514 00k «51 113.9 .196
63C .00562 499 -,011 «51 117.8 «251
64c «00618 «510 0 .51 117.2 «272
65C .00665 514 .004 51 118.2 297
66C .00728 498 -.012 51 117.2 .320
67C 00745 514 .00L 51 117.0 .328
68C .00788 51l .004 W51 116.9 347
69C .00812 524 <014 «51 119.8 «370
70C «00370 «530 «020 51 115.8 159
72C .00528 «503 -.007 .51 118.5 , .236
73C 00614 «534 <024 «51 118.8 - 274
74C .00655 540 «030 «51 118,5  .292
76C .00763 «539 .029 51 118.9 .341
86C 00149 «540 «030 .51 98.5 .055
87C .00215 +529 .019 .51 98.5 .080
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TABLE 17 - Continued

Run # vdp ke - kelv) ke " Tave Re
88C .00299 535 «025 51 99 .4 111
89C «00370 539 «029 51 101,0 «139
90C «00435 514 «00L 51 98.5 161
91¢ 00511 523 013 51 98.7 .189
92C «00591 551 .041 51 100,.8 222
93C «00638 .525 015 51 100.7  .24o
ol Poor fit to erf curve , . :

95C «00277 549 «039 51 131.6 .138
96C « 00396 498 -.012 W51 132.6 0202
97C «00524 «550 .04o 51 134.32  .268
98C «00552 524 <014 51 136.0  .287
99C 00674 513 <003 51 135.8 «350
100C «00787 507 -.,003 W51 135.1 108
101C .00236 o554 LOLl W51 133.9 .121
123C .0289 594 .084 51 111.0 1,210
124¢ .0254 594 .084 51 111.0 1.070
125¢C «0120 567 «057 51 114,.6 523
126C «0220 .583 «073 W51 114.1 <946
127C «0191 577 «067 51 114,.2 «820
128C «0337 645 135 51 115.1 1.461
129C «0371 622 111 51 115.6 1.635
130C .0078 .588 .078 51 115.1 340
131C «0093 <584 <074 W51 117.2 412
132C «0161 546 .036 51 116.3 708
133C «0178 557 « 047 W51 113.1  .761
134C «0207 568 .058 W51 113.6 .889
135C 20234 «600 «.090 W51 113.0 1,000
137¢C .0278 595 .085 51 112.2 1.177
138¢C «0312 617 «107 W51 113.6 1.340
139¢C «0317 646 .136 w51 1153 1.374
140C «0359 584 074 51 116.4 1.585
141cC «0120 551 ~0l1 51 118.9 «539
142¢ «0152 «529 «019 51 119.6  .694
143¢ «0307 «633 «123 W51 120.5 1,408
144C «0352 «638 .128 w51 121.,3 1.613
145C «0305 615 «105 51 113.7 1.313
152C <0111 «550 .0L40 51 112.1  Ju72
153C ,0138 558 «048 W51 114.0 «593
154C 0134 566 «056 51 114.8  .581
155C <0324 594 084 W51 114.2 1.394
156C «0301 540 «030 51 11k.5 1,308
157C <0294 «566 2056 51 116.2 1.300
158C «0312 o571 061 51 117.5 1.388



TABLE 17 - Continued

21k

Run # vd,, ke ke(v) ke® Tave Re
159C «0145 «5U4L «034 51 129.2 706
160C «0217 615 «105 51 132,7 1,103
161C «0293 .620 .110 e51 132.,5 1,489
163C <030bo <632 .122 <51 129.7 1.697
318C «181 1.99 1.48 51 122,9 8.58
319C ~146 1.56 1.05 .51 120,0 6.62
320C «123 1,32 .81 51 121.2 5.58
321C 0202 2,11 1.60 51 119.4 9,16
322C <246 2,76 2,25 51 118.6 11.16
324C .184 1,92 1.h1 w51 124,44 8,72
325C 165 1.85 1.14 51 115.1 7.18
326C «0695 +868 .358 051 116,9 3.02
327C <0558 . 796 .286 .51 117.8 2.53
328¢C J114 1.18 .67 .51 117.5 5.06
329C «0580 . e855 345 .51 120.8 2,63
330C -OoLL 1.11 «0D w31 121,2 4,28
331C 232 2.43 1.92 051 120.3 10,52
332C 0223 2,32 1.81 051 126.,6 10,11
333C 255 2,65 2.14 51 120,.5 11.56
334¢C «230 2.70 2,19 051 120.4 10,43
235C .0921 1.00 49 51 101.7 3.26
336C .148 1.57 1.06 e51 101.9 5.24
337¢C .189 1.94 1,43 .51 102.3 6.69
338C 232 2,70 2,19 51 105.2 9.15
339C «121 1.31 «80 .51 100.0 4,28
340C 181 1.92 1.41 .51 100.0 6,41
393C 0433 692 .182 e 51 102,2 1.53
394C «0270 . «836 126 51 102.4 .845
395C <069 .862 352 51 101.6 2,46
398C «0216 592 .082 o51 102.2 765
399¢C .0378 «665 «155 51 101,3  1.34
Looc .0656 <805 0295 «51 100.8 2,32
Lk31c 0761 . «910 400 51 106.6 3,00
hi2c «0U61 0712 202 51 107.8 1.82
433Cc . 0219 «625 .115 .51 109.2 <903
hsbc 0646 «838 328 51 106.9 2,55
L3sc .0328 «660 .150 .51 109.1 1.35
L36¢C .0818 « 96k L54 .51 106.5 3.23
437c ~0L71 «700 «.190 .51 108.% 1.94
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TABLE 18

EXPERIMENTAL DATA; ETHYL ALCOHOL SYSTEM

e 4]

Run # vdy, ke kelV) ke Tavg Re
191C «0136 482 .082 Lo 111.4 .340
192C .0194 521 121 40 112.1 489
193C .0269 .521 .121 4o 115.9 .700
194C ,0364 544 <144 40 116.2 . 948
195¢C .0159 JAlh9 .0l49 L0 112.0 L4060
196C .0193 495 .095 L0 112.9 490
197C .0236 .517 117 L0 112.1 <595
198C .0253 «55 .057 40 113.9 .646
200C .0291 .523 .123 40 115.9 .758
201C »0101 a2 .042 40 113.0 .255
202C .0107 A1l .014 40 110.8 «267
.203C .0353 .628 .228 L0 111.3 .882
205C .0410 «597 .197 40 113.2 1.041
206C .0130 L1463 .063 40 112,7 .329
207C . 0430 .560 .160 40 114.8 1.107
208C .0165 A76 .076 L0 114.4 L22
362C .120 1.17 77 L0 101.7 2.73
363C 121 1.16 .76 L0 3.0 2,61
364C ,162 1.49 1.09 40 93.3 3.49
365C .209 1.91 1.51 40 9L . b4 Lh.50
366C .093 940 .540 40 96.3 2,00
367C .076 «765 .365 4o 95.8 1.64
368C Poor fit to erf curve . . . .
369C .137 1.22 .82 Lo 95.0 2.95
370C .068 .776 .376 L0 95.9 1.47
371C .248 2,36 1.96 40 91.9 5.02
372C .128 1,14 .74 L0 ol .4 2,76
373C .158 1.44 1.04 40 95.8 3.40
1375C «0236 489 .090 L0 - 96.5 .508
376C .0339 .510 .110 Lo 96.3 <730
377C ,0113 L85 .065 .40 99.3 400
378C .0194 457 <057 40 98.8 .687
379C .0354 .51k 114 L0 99.4 . 1.25
h22C 0676 .685 285 40 101,7 1.54
423¢C .0855 " .872 JL72 o140 100,6 1.95
La4c 0915 " +803 03 40 103.3 2,18
L2scC .0995 - 875 475 L0 103.1 2.37
Lz6C .0516 649 .249 Lo 103.5 1.23
h27c 0415 «569 .169 L0

s f989
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TABLE 18 - Continued

Run # vdp ke kelv) ke®  Tay, Re
L28cC .0350 .569 .169 40 105.0 .834
L29c¢C .0729 .693 .293 <40 105.0 1.74
L3o-A C .0334 571 171 L0 112,2 .826
430-B C .106 1.05 «65 40 -~ 112,0 2.62
L3o-c C .0989 1.04 .64 .40 107.5 2.39

430-D C .0337 571 171 4o 109.2 .834
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TABLE 19

EXPERTMENTAL DATA; 30 PER CENT GLYCERCL SYSTEM

Run # vdp Ko kg (V) ke® Tavg Re
106C 00371 .537 .037 .50 121.5 .0876
107C .00342 527 .027 .50 121.5 .0809
108C .00276 .521 .021 .50 121.3 .064
109¢C .00560 0527 . 027 .50 117.0 .123
110C .00548 531 .031 .50 117.6 .123
111¢ .00L427 511 .011 .50 120,9 .099
112¢ .00210 486 -.014 .50 119.7 .048
113C .00139 .558 .058 .50 119.8 .032
114cC Poor fit to erf curve . .
115C 00655 537 .037 .50 120,1 .151
116C .00214 «506 .006 .50 118.4 .048
117¢C .00389 «511 .011 .50 118.2 .087
118¢C .00565 «506 .006 .50 119.2 .129
156C .0138 554 . 054 .50 116.3 .296
167C 0216 «591 .091 .50 121,1 .501
168C .0262 .586 . 086 .50 120,0 .602
169¢C 0267 «559 .059 .50 121.1 .619
170C .0314 575 .075 .50 120.8 .728
171¢C .0287 «597 .097 .50 123.1 .682
172C .0107 .580 .080 .50 119.7 2Ly
173C .0148 «533 «033 v50 118,0 <333
174cC .0272 554 05l .50 121.5 .630
175C .0120 564 . 064 .50 123.3 .285
176-I C .0206 .586 .086 .50 122.9 489
176-I1I C .0186 559 .059 .50 122.9 43
177C .0209 «586 .086 .50 116.8 A56
178C .0186 .580 . 080 .50 118.2 419
179C .0275 «591 .091 .50 122,2 649
347C J1b7 1.61 1.11 .50 107.6 2.98
348C 169 1.88 1.38 .50 111.5 3.43
349C «200 2,19 1.69 .50 114.6 4,32
350C 134 1.37 «87 .50 113.6 2.89
351C 119 1.30 .80 +50 116,.0 2.57
352C «.096 1.13 .63 «50 117.1 2.07
353C .0675 .812 .31 50 115.5 1.46
3s54¢ «200 2,32 1.82 .50 110.8 4.06
355¢C 053 «790 «290 50 120.1 1.21

356C .071 .916 A16 .50 109.4 1,44
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B e e ]

Run # vdy, ke ko (v) ke © Tavg Re
357C 064 870 «370 50 107.2 1.30
358C .089 1.03 «53 .50 106,3 1.68
359C «195 2,19 1.69 .50 104.9 3.69
360C «212 2,44 1.94 +50 116.8 Lb.58
361C «220 2,64 2,14 .50 114.3 4,75
hizc «0753 .837 «337 «50 112.3 1.53
Lisc .0583 756 ¢256 <50 113.5 1.26
Likc J0LLs5 J7h2 242 .50 117.0 .961
Lhisc .0308 .638 .138 .50 118.8 .703
h416C 0804 «907 07 .50 117.2 1.74
h17c .0589 .881 .381 50 121,54 1.34
Lhisc 0279 .607 .107 .50 111.3 .566
hiogc .0562 775 275 .50 107.2 1.06
b20cC .0585 795 «295 .50 113.8 1.26
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TABLE 20

EXPERIMENTAL DATA; 60 PER iCENT GLYCEROL SYSTEM

Run # vdy ke ke(v) keo Taveg Re
119C .00220 JA491 .0l Wl 117.3 .0148
120C .00244 491 041 s 118.0 .0169
121C .00252 462 .012 45 120.2 .0179
122C .00242 Ll -.,006 A5 116.4 .0161
185C 0127 .568 .118 L5 116.5 .08561
186C .0185 .573 .123 L5 123.7 .139
187C .0194 552 «102 A5 123.5 <145
188¢C .0133 .568 .118 A5 121.0 .095
189C 0177 563 113 45 123.5 .132
190C .0192 512 .062 A5 125.5 146
273C 121 1.23 .78 - 45 126.3 .987
275C .118 1,22 77 45 104.5 .687
277€ - .109 1.12 «67 L5 104.5 .635
278C .109 1.09 .6l A8 104.3 635
279C .109 1.12 .67 A5 104.4 .635
280C 135 1.43 .98 45 98.8 .728
281cC S141 1.58 1.13 M5 99.5 .760
282C .155 1.77 1.32 L5 102.56 .904
283C 173 2.00 1.55 45 104 .4 1.01
284C o173 1.89 1.44 A5 102.8 1.02
285C '173 1.90 1.45 45 103.6 1.01
286C .189 2,05 1.60 A5 103.6 1.10
287C .191 2,05 1.60 A5 103.1 1.11
288C .193 2,19 1.74 45 105.2 1.12
289C .192 1.97 1.52 L5 104.9 1.12
290C .0855 .980 +530 s 102.7 1498
291C L0745 .850 400 A5 103.1 L34
292C .0732 .84l -394 45 103.9 k27
293C 0717 850 400 45 106.3 418
341iC .070 .893 b3 A5 111.4 448
342C «163 1,76 1.31 A5 109.7 1.04
343C 146 1.47 1.02 45 112.3 «934
344C 0122 1.35 .90 45 112.7 .781
345C «195 2,25 1.80 245 113.9 1.37
346C 172 1.77 1.32 A5 114.7 1.20
Loic .0529 761 311 L5 102,2 .285
Lozc .0532 658 .»208 L5 101.9 «287
Losc 0423 «738 .288 A5 104.0 247
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TABLE 20 - Continued

Run # vdp ke ke (V) ke® Tavg Re

Lolhc .0278 «635 .185 - A5 105.2 .162
bosc .0237 636 .186 JA5 106.0 .138
hoéc .036 «599 <149 A5 106.6 .210
ho7rc ,0526 .670 «220 U5 106.3 307
Losc .0392 691 241 A5 101,.9 211
boo9c ,0422 .691 241 L5 103.8 246
bioc 0246 «710 «260 A5 104,.5 ~143

b11c .0618 .780 .330 U5 103.5 .360
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TABLE 21

CORRELATION CALCULATIONS; WATER SYSTEM, HEAT-TRANSFER

COEFFICIENT FROM DRYDEN, STRANG, WITHROW

318C .181 439 1.04 7 .94 3.37 30.02
319C 146 «303 747 5.75 3.61 2L .37
320¢c 4 .123 .226 584 L., L9 3.74 20.53
321C .202 485 1.12 8.62 3.52 33.72
322C 246 .733 1.52 11.69 3.24 Li,o07
324C .184 JA51 +959 7.32 3.67 30.92
325C .165 .375 .765 5.88 h.o1 27.73
326C .0695 . 085 . 273 2.10 3.75 11.68
327C .0558 .059 227 1.75 3.39 9.32
328C <114 .200 ,470 3.62 bh.13 19.03
329C .0580 .063 .282 2.17 3.07 9.68
330C . 09Uk .145 JL55 3.50 3.86 15.76
331C 232 .668 1.25 9.62 3.65 38.73
332C 2293 625 1.19 9.15 3.68 37.23
333C +255 770 1.37 10,54 3.70 b2,57
334C «230 .658 1.53 11.77 3.02 38.40
335C «0921 138 «352 2,75 L,19 15.72
336C .148 .315 .75 5,82 3.71 25.26
337C «189 476 <954 7 .45 3.82 32,35
338C 232 673 1.52 11.78 3.08 39.32
339C .121 «224 «576 4,50 3.76 20.65
340C .181 Jbs .965 7 .54 3.63 30.89
393C . 0433 . 043 «139 1.061 3.57 739
394C .0270 .016 .110 .84 2,50 Lh.61
395C «069 .084 .268 2,05 3.86 11.77
f 398C «0216 «011 071 542 2,38 3.69
. 399C .0378 .029 .126 2962 2,28 €.ks
Lhooc . «0656 077 .218 1.66 bh,19 11.19
b31ic 0761 2077 323 2,47 .74 12.90
L32c <0461 . 0l42 .160 1.21 3.51 7.81
L33c «0219 «012 - ,.,103 .780 2,07 3.70
43hc <0646 «075 .253 1.93 3.74 10.95
L35c .0328 .023 .127 .962 2.82 5.54
Lb36cC .0818 ,112 342 2.61 3.85 13.86

437c L0471 . Ohl <146 1.11 3.76 7.96
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TABLE 22

CORRELATION CALCULATIONS; ETHYL ALCOHOL SYSTEM3; HEAT-TRANSFER

COEFFICIENT FROM DRYDEN, STRANG, WITHROW

362C .120 .286 L84 14.28 2.42 37.04
363C .121 <290 470 13.74 2,48 36.56
364C .162 481 .609 17.81 2,61 L8.9L
365C .209 .750 .760 22,22 2,72 63.14
366C .093 .187 «353 10.32 2,48 28,10
367C .076 134 231 6.75 2,97 22,96
369C «137 «359 L61 13.47 .2.,87 b1.39
370C .068 110 .256 7.78 2.35 20.54
371C .248 .978 .982 28,14 2.38 74,92
372C .128 .320 420 12.28 2,92 38,67
373C .158 461 .579 16.93 2,67 -b7.73
Lh22c 0676 111 174 5.03 3.44 20,856
L213cC «0855 .168 304 8.79 2.69 26.39
Lalc .0915 .189 214 6.31 3.97 29.14
b25cC «0995 .218 257 7 .58 3.68 31.69
L26C «0516 .070 179 5.28 2,60 16.43
L27c <0415 046 .123 3.63 2,84 " 13.22
L28c «0350 034 .135 3,98 2,23 11.15
Lh29C .0729 126 0167 b.93 3.91 23,22
L430-A C .0334 .031 «150 b,23 2.10 10.95
4L30-B ¢ ,.106 245 405 12.24 2,63 .75
Lk3o-c ¢ ,0989 .217 L23 12.78 2.34 32.43

4L30-D C .0337 .032 «139 L.20 2.13 11.05
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TABLE 23

CORRELATION CALCULATIONS; 30 PER CENT GLYCEROL SYSTEM; HEAT-

TRANSFER COEFFICIENT FROM DRYDEN, STRANG, WITHROW

vd
P Kwcd Dh
347¢C o147 «339 771 749 3.45 29.34
348C «169 L26 954 9.26 3.26 33.73
349C «200 «568 1,12 10,87 3.45 39.92
350C o134 «289 «581 5.6 «01 26.53
351C .119 «235 +565 5449 3 .64 23.56
352C .096 162 L1468 L5k 3 .44 10,01
353C .0675 .090 «220 2,14 h,28 13.37
354C +200 .568 1,25 12,14 3,04 39.92
355C «053 «059 231 2,22 3.22 10,41
356C «071 «099 317 3,08 347 14,17
357C 064 .082 .288 2,82 3.37 12.77
358C .089 «.09k4 L36 .27 3.39 AR87?
359C «195 o545 1.15 11.18 3.21 39.16
360C .212 .625 1.32 12.82 3.05 b1.98
361C 0220 666 1,47 14,27 2.87 43,56
Lhi2c «0753 «103 234 2,23 4.65 15.03
Lhi13c .0583 . 065 .191 1,82 b,11 11.54
bikc .0lbLs .039 .203 1.93 3.01 8.81
bisc .0308 .021 117 1.10 2,87 6.05
416c 0804 117 «290 2,76 Lh.,26 15,92
Lbirc <0589 «.067 314 2,96 2,91 11.57
418¢C .0279 «017 .090 . 857 Z.99 5.57
Lhigc .0562 .062 .213 2.05 3.71 11,29
Lb20cC .0585 .065 .230 2.19 3.65 11.58
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TABLE 24

CORRELATION CALCULATIONS; 60 PER CENT GLYCEROL SYSTEM; HEAT-

TRANSFER COEFFICIENT FROM DRYDEN, STRANG, WITHROW

K

Run # vdp Kha Kwm® k;z¢ Pe D—h'p-
275C .118 «237 533 6.8v 3.66 28.50
277C «109 <205 J65 5.93 3.81 26.33
278C «109 0205 L35 5.55 L.,o2 26.33
279C 2109 «205 «533 6.80 3.37 26.33
280C 135 «302 .678 8.65 3,41 32.77
281C #2141 «326 .804 10.26 3.04 34,22
282¢C 155 387 .933 11.90 2.90 37 .44
283C 173 2l 1.13 14.41 2,71 bi.79
284C 175 1435 1.01 12.88 3.05 b2,27
285C 173 L2l 1.03 13.14 2,95 L1.79
286C .189 «557 1.04 13.27 3.20 Lbs,.65
287¢C 191 «567 1.03 13.14 3.26 46.14
288C <193 «578 1.16 14,80 2.95 46.62
289C .192 572 .ous8 12.09 3.54 46.38
290C »0855 «133 «397 b,54 3,41 20.65
291C <0745 »105 «295 3.76 3:79 18,00
292C «0732 »100 294 3.75 3.73 17.68
293C 0717 «097 303 3,86 3.56 17.32
341¢C .070 «093 .350 Lh.bs 3.08 16.79
342C «163 377 «933 11.86 3.04 39,09
343C .146 . 346 674 8.56 3.67 35.01
344cC .122 0252 .648 8.23 3.16 29,05
345¢C <195 .588 1.21 15.30 2,84 L6,43
346C <172 469 .851 10.76 3,48 bo,95
boic .0529 <033 .258 3423 3.05 12.84
hozc .0532 . 054 .154 1.93 L.4o 12.91
Lho3sc .0423 <037 251 J.14 3.14 10,22
hokc .0278 « 017 .168 2,10 2.16 6.71
bosc «0237 .013 .173 2.16 1.82 572
bo6cC .036 .027 .122 1.53 .Uk 8.70
hopc .0526 «052 .168 2,10 h,10 12,71
Losc «0392 «032 «209 2,61 2,64 9.51
Lbogc .0l22 2037 204 2,55 2,88 10.19
h1o0C .0246 .01l 246 3,08 1.45 5.94

hiic .0618 045 .285 3.56 3.26 14.93
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SOLID-PHASE INTRA-PARTICLE RESISTANCE

Deisler (39) conducted a frequency-response analysis
of longitudinal mass transfer in a gas-porous solid; packed-

bed system. For an input into the bed of the form,

X(0) = X, + A(0) cos (w @) (K-1)

where X is mole fraction of a selected gas and X is the mean

X value, the output may be written as

X(L) = X, + A(0) e B cos (0 -¢0) (K-2)
A(0) is the amplitude of the input sine concentration wave.
The term e™B is an amplitude attenuation factor and ¢ is the
phase shift, Delsler derived an expression for B which holds
under certain conditions concerning system parameters. The
mass-transfer mechanisms considered significant in the de-
velopment were longitudinal diffusion and eddy dispersion in
the gas phase, and intra-particle diffusion in each porous
solid particle. In this model then, a finite rate of fluid-
s0lid mass transfer was treated, but the resistance for this
transfer was assumed to be in the solid particle ;nd not iﬁ
a fluid "fAlm" surrounding the particle. Deisler's ekpression
for B is, for the analogous case of heat transfer,

s 1
o _[psCsi-0)]? R, kO L [[p sCs (1—¢)l \ 1J
S5 T ISP 00 v kgoll-®) o a3 L PuCul

(K-3)

Equation (K-3) may be rearranged to give

2 2
_B__=& scs(l‘m-l Rp L, k"L? L K-U4
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The second term on the right is equal to one-half the fluid-
phase variance for the mechanisms of conduction and eddy
dispersion [See Equation (III-12)]. The first term may an-
alogously be taken as the variance for the solid-phase intra-

particle resistance.

s.2 _2[p sCs(1-0) [ RZ L (K-5)
b T T35 7,00 v keo(1-0)

An effective longitudinal conductivity for the solid-phase

rosistance is then written as

VFZI.p scs(1'¢)]2 dP2

ks(ha) = - 50 ksc(l‘q” (V—lO)

The condition for application of this expression follows from

Equation (III-14),

2 k
—S(ha) = 1 (K-6)
prWQ v X

It may be assumed as a first approximation that ks(ha)

is additive with the other conductivities previously discus-
sed, However it is difficult to reconcile the addition of
and kg(1-9), since the assumptions used in the two

%S (ha)
models are conflicting, That is, in deriving the kS(ha) ex-

pression, each spherical particle is assumed to be surrounded

by fluid at one temperature, 1;9., the temperature gradients
within a particle are symmetrical. The term kg{1-§) accounts
for conduction in a longitudinal direction because of 1bngi-

tudinal temperature gradients within the particles.
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ADDITIONAL WORK

The additional work presented in this appendix con-
sists of data in which flow channeling occurred in the
porous media, and the limited amount of heating-run data in
which no measurable channeling was present. These data were

discussed in Chapter IV,

Heating-Run Data, No Channeling

In the .118 inch bead packed bed, no measurable
channeling was observed in heating runs with water or ethyl
alcbhol where the flow direction was downward, This was in
contrast to runs with smaller size beads and rumns with
liquids of higher viscosity, (See Table 2); The channeling
which did occur in heating runs was discussed iqTCQapter Iv,
and was proposed to be fhe result of an unfavor;BIé viscosity
ratio between the displacing and displacéd 1iquids; The
absence df fingering in the water and ethyl alcohol - :118
inch bead systems igdicates that the viscous resistance of
the bed at these co;ditions was reduced to a point such that
measurable flow finéefé'were not formed: However, a more
sensitive measuring system than used here would quite likely
indicate the presence of small flow fingers;

Effective thermal conductivities were calculated for
systems where there was a negligible amount of channeling;
These data are shown in Figure 44 and are tabulated in

Tables 25 and 26. The kg values for ethyl alcohol are in
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TABLE 25

EXPERIMENTAL HEATING-RUN DATA; WATER SYSTEM

Run # vd, ke kg(v) ke® Tavg Re .

209H .168 2.28 1.77 .51 101.4 6.33
211H .0961 1.37 .86 .51 105.1 3.78
214H 1173 1.42 .91 .51 105.1 h.Lh2
215H .127 1.59 1.08 e51 105.4 h.99
216H <143 1.74 1.23 .51 110.2 5.93
217H «159 1.82 1.31 .51 110.1 6.56
218H .171 2,09 1.58 051 110.5 7.05
219H .182 2.29 1.78 51 110.6 7.50
220H .196 2.,L0 1.89 51 110.9 8.20
221H 211 2,62 2,11 51 111.2 8.80
222H «220 2,88 2,37 «51 111.0 9.07
223H 245 3.16 2,65 51 111.1 10.23
224H 0614 «95 Ll o51 106.7 2,46
225H .0789 1.16 65 e51 107.7 3.25
226H +0696 1.10 .59 51 107.8 2,87
230H .108 1.38 «87 51 94.9 3.80
232H «201 2.29 1.78 51 95.3 7 .09
27H 0934 . 1,23 .72 .51 124 ,7 L.u6
239H .185 2.36 1.85 e51 128.6 9.908
240H .109 1.hb7 .96 51 122.1 5.06
2L1H <141 1.85 1.34 51 122.3 6.54
242H <203 2.78 2,27 «51 124.5 9.57
243H .226 3,18 2,67 51 124.,1 10.69
246H .111 1.51 1.00 51 123.8 . 5,26
2471 151 1.94 1.43 .51 130.9 7.15

21,8H .170 2,14 1.63 51 - 131.2 8.05
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TABLE 26

ETHYL ALCOHOL SYSTEM

" ——— ———————— ———— — —— —— ——— —————— —— . — -

Run # vd, ke ke (v) ke© Taveg Re

296H +159 1.26 .86 ) 96.3 3.42
298H .130 <99 .59 L0 92,1 2.63
299H .100 «75 35 ) 92.1 2,03
300H .0791 <66 .26 L0 92.5 1.60
301H .0638 .64 .24 40 92,9 1.37
308H .0755 .67 27 ) 98,3 1.72
309H (111 .83 A3 40 98.1 2.53
310H .0683 67 W27 %) 96.5 1.47
311H 273 2,40 2,00 Lo 100.1 6.22
312H «265 2.30 1.90 40 101.1 6.04
J14H .268 2,29 1.89 ) 96.9 5.77
3158 .268 2,29 1.89 L0 97.7 6.11
316H «230 2,12 1,72 40 9L, 7 b.95
317H .221 2,31 1.91 ) 94,2 Lb.76
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agreement with the corresponding cooling-run data, Figure
25, but the water kg values are higher than the cooling-
run results, Figure 23, The fit of the experimental tem-
perature profiles to the conduction-equation solution,
Equation (III-34), was good for the water data but only fair
for ethyl alcohol; This is illustrated in Figure 45,

The difference in measured effective thermal conduc-
tivities between the water heating and cooling runs has not
been explained. An initial postulate would be that the
unfavorable viscosity ratio, while not causing measurable
channeling, does result in an increased eddy'dispersion;
This result has been noted in a mass-transfer investigation
of longitudinal dispersion (17); However, this 1is not sup-
ported by the ethyl alcohol data where'the heating and
cooling results are in agreementQ Additional work on the

effect of an unfavorable viscosity ratio is needed.

Heating-Run Data with Channeling

In most of the heating run experiments, flow channel-
ing was indicated. An attempt to calculate values of kg
from such data yielded poor fits to Equation (III-34). Ta-
bulated effective thermal conductivities are thérefore not
presented.

Preston (138) carried out heating-run experiments in
his investigation and values of k, determined are consider-

ably higher than the results of this work. This is
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Figure 45- Heating-Run Data: Probability-Paper
Plots; Water and Ethyl Alcohol Systems
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illustrated in Figure 46. The difference is believed to
be the result of flow channeling which most probably occur-
red in Preston's system. Further, in his experimental ap-
paratus, Preston measured the packed-bed effluent temperature
at the opening of the exit tubing. A "mixing-cqp" tempera-~
ture was thus obtained. Since an average effluent tempera-
ture was measured, flow channeliqgﬁzggld cause a spread of
the temperature profile resulting in a larger apparent kg.
The effect of channeling on measured dispersion coefficients
has been discussed by Cairns and Prausnitz (25).

As a check on this hypothesis, several heating runs
were made in the water - .,0181 inch bead system in which an
average packed-bed effluent temperature was measured. This
" was done in a manner similar to that of Preston, by insert-
ing a thermocouple in the mouth of the packed-bed exit tub-
ing. The scatter in the resulting calculated effective
thermal conductivities was large due to a poor fit of the
data to Equation (III-34), however, the calculated ko values
were in good agreemeilt with the results of Preston. Experi-

mental conductivities are shown in Table 27.

Natural Convection Channeling
Channeling caused by natural-convection effects
was discussed in Chapter IV, Effective thermal conductivi-
ties were not calculated for these runs as the data fit to

Equation (III-34) was very poor,
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TABLE 27

EFFECTIVE THERMAL CONDUCTIVITY DETERMINED

FROM THE AVERAGE PACKED-BED EFFLUENT TEMPERATURE

A, Green Data B. Preston Data
Glass Beads - Water Glass Particles -
dp = L,0181 inch Water
80 - 100 mesh o
dp = .0063 inch (Avg.
of screen open-
ing
Run # vdp ke kg (V) vdp ke ke (V)
146H ,0176 2,27 1.76 .000469 1.07 .58
147H .0236 2,17 1.66 .00163 1.29 .80
148H 0274 2,49 1.98 00250 1.29 .80
149H .0328 2,66 2.15 , 0040 1.46 .97
162H .0296 2.80 2.29 .00625 1.91. 1.42
164H .0327 2.0-3,0 1.49-1.59 .00919 2.04 1.55
.0117 - 2,66 2.17
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Eddy-Pispersion Correlationj kp, from Yoshida, Ramasuami,
Hougen "j" Factor Correlation

The "j" factor correlation of Yoshida, Ramasuami,

and Hougen (190) is

51

Jo = +91 Reg” (L-1)
where
PV $ _ o d
Rep = =27 " 7% (1-4’? (L=2)

and where Y is the sphericity (1.0 for spheres) and j, was
defined in Equation (II-19). Equations (L-1), (L-2) and
(V-9) were used tu dstsrmine ha and correspondingly kpa for
the liquid systems sTtudied. Plots of kpha versus vdp for
these liquid systems are shown in Figure 52,

Calculations of the eddy-dispersion coefficient,
kym, were then made for the experimental cooling-run data
just as discussed in Chapter V [See Equation (v-11)].' A plot

vd
of kwm¢/kwc¢ versus ﬁ;B is shown in Figure 53, and a straight

line fit to the data yielded

kwm¢ = . OBLb

1.25
d
vdp ) (L-3)
kwe Dy

Values of kymd are approximately 30% below corresponding

values using the Dryden et al. (43) "3" factor.
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TABLE 28
SUMMATION OF CONDUCTIVITIES; kp, FROM DRYDEN, STRANG, WITHROW

DATA; 30% GLYCEROL, 60% GLYCEROL, AND SOLTROL "130" SYSTEMS

Y e | W N T PR

30% Glycerol: T = 110°F‘ d = .356

o)

vdp ke Kha kwm9 ke
.01 «50 .003 .029 532
.02 .01 .069 «579
.05 052 .218 770
.10 175 520 1.195.
15 <349 .860 1.709
- 420 .568 1.230 2.298
.24 772 1.53 2,802

60% Glycerol: T = 105°F ¢ = .356

vd,, ko© Kha o Kem® ke

" ,01 45 ,003 .027 480
.02 .01 064 .524
005 '053 0203 .706
.10 .178 480 1.108
.15 »372 .805 1.627
.20 625 1.150 2,225
.24 «850 1,450 2.75

Soltrol "130" Babcock Data T = 110°F ¢ = .259

vdp ke’ Kha * kym? . ke

.01 37 .00k .013 387
.02 .012 «031 J13
.05 +058 <097 525
.10 .193 +230 <793
W15 .386 .382 1.138
«20 ‘ .633 « 545 1.548
24 .860 .680 1.910

.3“’5 10585 1.070 3.025
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ERRATA
HEAT TRANSFER WITH A FLOWING FLUID THROUGH POROUS MEDIA

Ph, D. Thesis, Dcn W Green, Univ, of Oklahoma, 1862

l. Figures 28 and 52 should be interchanged, that is, the graph on
page 246 should go with the title and figure number on page 119,
and the graph on page 119 should go with the title and f1gure number
on page 246,

2. On page 137 in the heading row on the bottom-half of the table
k (ha ) should read kh

3. On page 227, the next to last sentence should read, ''Deisler's
expression for B, for the analogous case of heat transfer, may
be correct]y shown to be,

. 2 o .
[pscs(l"t’)] RpeL koL [-Pscs(l ¢)—l 2Pscs(1 -¢)

+ + 1

15 prw oV kg, '(l-—¢)' Py wqbv’ L Pyl ] Puly®

(Equation 49, page 147 of Reference 39 appears to be in error.)

4

4. In Figure 52, page 246, the second and third units of the abscissa
should read 0. 04 and 0. 08 respectively.

(K—-3)



