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Introduction

During the first six months of this contract, we concentrated
upon the overall behavior of two-phase upflow in a packed bed, under condi-
tions correspondingvto the Synthoil reactor: that is, we studied the ef-
fect of macroscopic operating variables -- such as gas and liquid flowrates
and packing size -- upon macroscopic performance, as indicated by average
liquid holdup fraction and the pressure-drop per unit length. Al though
the gas flux used in the cold model was much higher than in previous_studies,
the correlations resulting from the previous studies seem to apply to the
cold model results to the extent allowed by experimental uncertainties.

A new empirical correlation was developed and also some semi-theoretical
predictions were made, based on highly simplified models of the phenomena.
while the new empirical correlation worked better than previous ones, the
semi ~-theoreticalL predictions generally showed only qualitative agreement
with observations.

In the last six months of this contract, we have examined the
behavior of the cold model at a smaller scale. Experiments performed on
the cold model, using an electricai conductivity probe, revealed that the
local conductivity varies substantially with radial positiomn in the bed,
suggesting that gas and liquid do not exist in the same proportions at all
radial positions. Previous studies have observed a slow monotonic increase
in liquid holdup near to the wall, but the conductivity studies on the cold -

model suggest nonmonotonic behavior.




Radial Distribution of Gas and Liquid

what causes non-uniform radial distribution of liquid? Is a non-
uniform distribution more likely under high flowrates or low? In this re-
port ﬁeipostulate, on an intuitive basis, that the liquid distributes radi-
ally in a fashion which leads to the lowest pressure drop per unit length.
In.other words, the fluid selects the path of least resistance. Applica-
tion of this postulate to determine the radial distribution in a packed
be& is a complex mathematigal problem. Before tackling this problem, we
decided to test the postulate on a simpler case: suppose'we have two-phase
gas-liquid floﬁ'through a pipe (without packing) which splits into two iden-
tical tubes that run parallel for some length before joining together to
form a single tube again. If there is no difference beiween the two tubes,
will the gas and liquid split uniformly? |

Appendix A presents details of calculations of pressure drop and "
holdup in.this two-parallel~tube problem as a function of the assumed gas
split. The liquid split was determined so that the pressure'drop'per unit
length ﬁés identical for bdth tubes. This pressure matching is necessary,
since the tubes are joined to a common manifold at either end. These cal-
culations indicated that, for low liquid flowrates, a uniform split gives
the lowest pressure drop; whereas for high liquid flows, nonuniform splits
give lower pressure drop. In the latter case, the liquid holdup in the
two tubes is'substantially different at the split giving the lowest pres-
sure drop. Hence by extrapolation high liquid flowrates may favor maldis-~
tribution of liquid in the Synthoil reactor. On the other hand, gas flow-
rate seemed to have little effect on the computed distribution. Since po-

rosity affects the hydraulic radius of the bed, radial variations in bed

porosity can be modeled by taking the two tubes to have different radii.
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This leads to substantially nomuniform splits and different holdups in the
two tubes, as might be expected. Of course, all the predictions of this

model are highly speculative and should be further investigated.

Thermal Profiles Without Internal Heat Generation

James Bachelor's memo of March 17, 1976 caused us to shift empha-

\

|

|

|

\ _ sis from the Synthoil reactor, where the temperature is nearly constant,
to the Synthoil preheater, where large changes in temperature occur. Bachelor
requested an estimate of time which the liquid spends in the preheater at

the reaction temperature. Besides the difference in temperature, the pre-

heater used in runs FB-39 is of much larger diameter and contains much larger

packing than the reactor. Consequently, the gas and liquid fluxes are much
smaller than any used in the correlations developed from the cold model.

Furthermore, the liquid viscosity increases by orders of magnitude at 1oﬁer

temperature. Hence either extrapolation of previous correlations of hold-

up or more cold model experiments were needed. Effect of liquid viscosity

is discussed below.

Independent of the liquid holdup estimate is the determination

of the temperature profile within the preheater. This is needed to obtain

the reactor volume which is at the reaction temperature. A few measurements
of temperature along the length of the preheater were made in runs FB-39
and FB=-53.

The number of temperature measurements made was insufficient to
support direct correlation of the many variables involved. Therefore, two
simplified models were considered in which the reactor wall is jacketed and
heated to some temperature. The first model assuﬁes the heat transfer is

determined by the wall resistance and in the second model the transfer is




by

determined.by‘the resisﬁance in the packing. Assuming the flowrate per

uﬁit area is constant, the first model (see Appehdix‘B for details and fur-

ther discussion) suggests that the lenéth cf preheater needed to heat the |
inlet stream to a given temperature is proportional to the radius of the

preheater, while the second suggests thé length is proportional to the square

of the radius. Unfortunately, the experimental data are not wholly consis- j
tent with either model. Apparently a more complex model is needed, but |
the amount of available data are insufficient to suggest what additional

effects should be introduced.

Effect of Temperature on Holdup

Within the preheater, temperatures will vary between 100°C and
450°c. 1In this'range the viscosity of the coal/oil slurry varies betwéen
1 and 3200 cp and the gas density is halved. Wwhat effect will these prop-
erty changes have upon the liquid hbldup fraction? Appendix C describes
how the effect was estimated using the extensive correlations available.
for vertical, two-phase flows in pipes. The results presented in fhe ap-
pendix show‘that the effect is not monotonic, partly because changes in
gas density and liquid viscosity have opposing effects and partly because
the o0il viscosity does not dépend'monotonically with temperature. For the
specific set of qonditions“studied the calculated holdup varied from 0.920
at 100°¢C to 0.592 atv235°C (where the viscosity has a sharp maximm) and
back up to 0.833 at 450°¢. Considering the enormity of the viscosity change,
the compufed holdup changes are unexpectedly small, but certainly not insignificant.
The cold ﬁodel should be adapted to permit a study of the effect

of liquid viscosity. Mixtures of glycerine and water could be used as the

liquid to achieve higher viscosities.




Thermal Stability of the Reactor

Reactions occurring in the Synthoil reactor are exothermic. This
heat must be removed, perhaps by an external cooling jacket, to keep the
temperature within safe operations limits. If a jacket is employed, heat
will be transferred radially from a hot center to a cooler wall. Of course,
the rate of the reaction increases rapidly with increasing temperature.
Unless the heat of reaction can be removed quickly by radial transport,
local temperatures in the reactor will rise, increasing the rate of reac-
tion and rate of heat generation, which in turn causes further increases
in local temperature, etc. A thermal runaway may occur.

Appendix D is a critique of the anélysis by George Quarderer_of
Dow Chemical Co. Taking reasonable values for activation enefgy, thermal
conductivities and reaction rates, Quarderer estimates that the largest
stable reactor has a diameter of six inches. Although we bring forth sev-
eral minor criticisms of his analysis, we agree with his principal conclu-
sion: there is ample reason for concern that a six~-inch reactor may require

some mode of heat removal in addition to an external jacket.




APPENDIX A

Radial Distribution of Gas and Liquid

In the past, when ﬁe spoke of liquid holdup we meant that frac-
tion of the total reactor volume, external to the packing, which is occupied
by liquid. We generally have implicitly considered that, if any subset :
Qf this intersticial volume had been examined, the same fraction would be
found ﬁo contain liquid: i.e. the distribution of gas énd'liquid within
the reactor is uniform. However, experiments show that this is not true.

Beiniesch and Kessler (AIChE J., 17:1160, 1971) report variationms
in local liquid holdup of from 0.15 to 0.50 with radial position. Similar
observations have been made by others, including those by Dennis Smith at
PERC. Hence, substantially nonuniform radial distribution of gas and liquid
in cocurrent flow through packed beds is strongly indicated.
| what ave the implications of a nonuniform radial distribution ~
in the Synthoil reactor? One important implication is the potential for
developing local hot spots within the reactor. Since the reaction is exo-
thermic and occurs only in the liquid, the rate of reaction and thus the
rate of heat generation per unit of total volume will be higher in those
locations where the liquid holdup is higher. This will increase the local
temperature and further accelerate the reaction unless the heat generated
can be readily:adsorbed (the heat capacity per volume is also higher when
‘holdup is higher), the temperature will rise, eventually destroying the
catalyst locally and tending to plug the reactor.

what causes the distribution to be nonuniform? Local variation

in bed porosity is one possible cause. Near the tube wall the porosity must

approach unity as the packing can only touch the wall at discrete points,
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leaving all the volume there void. Experiments nearly always find that

the liquid holdup is also near unity near the wall.

However, evidence for

a link between local holdup and local porosity is only circumstantial.

Here we shall propose an alternate explanation: by unevenly dis-

tributing gas and liquid in the radial direction, the pressure drop is min-

imized. TIn other words, the flows through the bed seek that path (or dis-

tribution) of least resistance. To put this concept to use, again consider

a bundle of parallel tubes as a model for a packed bed. Assuming that all

tubes are joined to a common manifold at either end (see Figure A-1) the

pressure drop across each tube must be equal.

However, there are many com-

binations of gas and liquid flowrates through individual tubes which could

lead to the same pressure drop. These different combinations of flowrates

lead to different holdups. A mathematical
model can be immediately formulated to pre-
dict the radial holdup distribution: the
préblem is to find the gas and iiquid flow-
rates through each tube in the bundle, so
that the pressure drop is minimized. Con-
sﬁraints include: pressure drop across
each tube is the same, and the sum (over
all tubes) of the gas (liquid) flowrate
entering each tube must equal the flow-
rate of gas (liquid) entering the manifold.
If the number of tubes in the bundle is.
large, we may treat the distributions

as if they were continuous in the radial
direction. This should permit a solution

using the calculus of variations.

side view

A bundle of parallel
tubes, manifolded at
both ends, used as a
model of a packed bed.
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However, almost as much can be learned by studying the simpler
problem where only two parallel tubes exist, which are joined to a manifold
at either end. Consider the situation shown in Figure A-2. Gas and liquid
flow into the bottom manifold at

2
fluxes of Gg and G, (lbm/ft -sec),

/f !
‘ . . . - i P
respectively, before bifurcating /2/// ’////L ‘////
into the two tubes. If G . and ;//// A ////52
gi " i
G,; are the fluxes in tube i and N
|
i

Ai is the crossection of that tube,

then: ‘ - . Fig. A-2. Two parallel tubes, connecting
) two manifolds.

G . A + G A (A-1a)

Ggh = Ggyhy + Gohy
GA =GyuA +C,A (A-1b)
AP(Ggl’ Gf;l’ A].) = AP(GgZ’ GZZ"AZ) (A-Z)

1 2
(A= A1 + AZ)’ equations (1) and (2) provide three relations among four

Specifying the total flowrates, Gg and Gz, and the areas, A, and A

£2)' The extra degree of freedom can be used

to minimize AP. An outline of the program to accomplish this is shown below:

unknowns (Ggl’ ng, Gzl’ and G

i) Guess G __/G .
) 8l g
ii) Compute ng/Gg from equation (la).

iii) Guess G21/Gz.

Vv) Calculate the pressure drop across each tube, APl and
APZ’ using the correlations for single tubes.

vi) Check equation (2); if AP # AP, go to (iii).

vii) Repeat (i) through (vi) for various guesses of G /G
until AP is minimized. gl

|
|

iv) Compute GLZ/GL from equation (1b). : '
g
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To calculate the pressure-drop in each tube, we will use the Ros
correlation for two-phase cocurrent flows in pipes. This correlation was
discussed at some length in Appendix C of the Second Quarterly Report.
However, there we only gave the results for Region II ("slug" or "froth"
flow). Recall that, if the distribution is uniform, the entire range of
flowrates used in Dennis Smith's cold model experiments fall in Region II.

If we now consider nénuniform distributions, the range of flowrates in in-
dividual tubes in the bundle is greatly increased so that o;her flow regimes
will also be encountered. Correlations of liquid holdup and pressure-drop
are summarized below. Nomenclature isvthe same as the Second Quarterly

Report.

Liquid Holdup:

Fy Ye
bubble flow (I): Ns = F1+ FZNVL + <F3 W > ( -].—TN_—> (A-3a)
D VL
N8é982 + 0.029 ND + F6
slug flow (II): NS = (1 + F5) > (A=-3b)
(1 + FlNyp)

annular flow (III): N =0 (A-3c)

The constants Fl,F2,---,F7 are functions of NL (liquid viscosity number)

only. For water under ambient conditions NL = 0.00224, which corresponds

to Fl = 1.25, F2 = 0.24, F3 = 0.83, F4 = 16, F5 = 0.22, F6 = 0.72, and F7 =0.13.
Pressure-Drop:
bubble flow (I) .
} fR = f1f2/f3 (A-4a)

slug flow (II)




<

-10-

anmular flow (ITII) fp = £} (A-4b)
- 16 20 a, Vv
L= _ P SL,
where | f1 NReL if NReL -———;ET———-< 700 (A-5)
' 2. a_V
, _ _0.0791 . - Pg 3 Vs 5
£} = —gZs if 2000< N = —C¢ £ SC e < 10
NﬁeG
‘ ’ ' (A-6)
£6) =1-28 45 g=¢ Usg y2/3 (A-7
"2 £ + 2 1lv D )
SL
and f3 =1 if }A-L/pL < 50 centistokes (A-8)
Flow Regimes:
 bubble flow (I): Ny < 2 (A-9a)
slug flow (II): 2 <N <75+ 84 N0T5 (A-9b)
' Ne < VL
anmular flow (IIT): 2 75 4 84073 (A-9¢)
: Nye VL

It should be pointed out that the criteria for flow regime transitions listed

above are not genmeral. Some of the constants are specific for the air-water

system when ND < 3.

In the actual calculations, which are discussed at the end of

this section, we have neglected variations in gas density along the tube

lengths and have assumed the gas in both tubes have the same density (gas

was always assumed to be at 15 psig, 68°F). Dividing equations (1) by the

appropriate density, we obtain:




Vse® = Vsait1 * Vse2t2 (A-10a)
Vg A = Vo AL+ VoA (A-10b)

where the V's are superficial tube velocities. Program input includes VSG’

VSL and the diameter of the tube whose area is A. Judging from our previous

calculations on the cold-model data for 1/4-inch packing (see p 26 of Sec-

ond Quarterly Report), we experienced:

5 ft/sece SV, _ = 26 £
. pPs

SG

0.02 ft/see sV __ 0.2 £
SL - ps

This particular data corresponds to tube radii of 0.0387 in. The diameter
of the manifold for a tube pair must be 0.109 in. (so that A = A1 + A2).
For all the calculations below, this diameter was taken as 0.1 in.

Figures 3, 4, and 5 illustrate the effect of liquid flowrate,
gas flowrate, and ponﬁequal tube areas. Each figure gives the fraction
of the liquid flow entering tube #1 (adjusted to make AP1 = APZ)’ the pres-
sure drop along the tubes, and the liquid holdup fraction for each tube --

all as a function of the fraction of the gas flow assumed to enter tube #1.

-

The most noteworthy result is the pressure-drop curves in Figure

3. As one might expect, they are symmetric about the point where V_, .= 0.5 VS

SG1

-- i.e. where the gas flow is uniformly distributed between two equal-area

tubes. The interesting result is that, for V_. < 0.2 fps, the uniform dis-

SL

tribution leads to a minimm pressure drop, whereas for V_. - 0.2 fps, non-

SL

uniform distributions lead to a lower pressure drop than that for a uniform

one. If our hypothesis regarding minimum pressure drop is correct, Figure 3
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Fig. A-3. Pressure-drop and liquid holdup in each of the two tubes in Fig. 2
for an assumed fractional split of gas entering the bottom manifold.
is the corresponding fract10na1 split of liquld entering
tﬁ%lbo§%om manifold. Curves 1,2, »5 correspond to V 1, 0.5,
0.2, 0.1, and 0.05 ft/sec, respectlvely Other fixed p%rameters
1nc1ude V = 10 ft/sec, A1/A 0.5 and the manifold diameter = 0.1 ir




-13-

L
of the gas and about 847, of the liquid will flow through one tube, which

suggests, for example, that when VSG =10 fps and Vs =1 fps, about 11%

has then a liquid holdup fraction of 0.593, while the balance of the flow
will go through the second tube, which then has a liquid holdup of only
0.182. This nonuniform distribution between the two tubes would lead to
a pressure-drop of 0.49 psi/ft compared to 0.90 psi/ft and a liquid hold-
up of 0.274‘£n both tubes if the distribution was uniform.

A few comments on general features of these figures may be help-
ful. Discontinuities in the curves correspond to points where a transitiﬁn
between flow regimes occurs. In all of these data, only slug-flow or bub-
ble-flow were experienced. It should also be pointed out that some gas
distributions are physically unachievable. For example, in Figure 3 curves
4 and 5 (low liquid flowrates) are not plotted for situations where nearly
all of the gas goes through one tube. This is because the pressure drop
in the tube where all the gas flows will be so large that, even if all
the liquid is forced through the other tube, the pressure drop in the other
tube cannot be made large enough to match. Of course, for larger liquid
flowrates this problem does not occur, and the curves are plotted over the
full range of distributions. |

In Figure 4 the liquid flow is held at that value for which highér
liquid flowrates lead to.a local maximum in AP for uniform distribution
and lower liquid flows lead to a local minimum. This series of runs was
designed to see if changing the gas flowrate might favor uniform or non-
uniform distributions such as the effect noted above for changes in liquid
flowrate. Hoﬁever, gas flowrate does not seem to be as important to the

distribution: all of the AP curves in Figure 4 display a local minimum
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Fig. A-4. Pressure-drop and liquid holdup in each of the two tubes in Fig. 2

for an assumed fractional split of gas entering the bottom mani fold.
\' 1/V is the corresponding fractional split of liquid entering
tﬁ% bo%%om manifold. Curves 1,2, -5 correspond to V_ = 50, 20, 10,
5, and 2 ft/sec, respectively. Other fixed parameters include

VSL= 0.2 ft/sec, A1/A = 0.5 and the manifold diameter = 0.1 inch.




when VSGl = 0.5 VSG' Apparently, the distribution is determined primarily
the liquid flowrate.

Finally, Figure 5 illusﬁrates what happens if the two parallel
tubes have unequal crossections. Below we tabulate data taken from these

curves at the point where AP is minimum:

?ﬁ Vse1/Vse Vsr1/Vsr, (;‘:f /g) B, H
0.5 0.500 0.500 0.307 - 0.229 0.229
0.4  0.300 0.492 0.307 0.285  0.199

0.3 0.21 0.41 0.310 0.33 0.19
0.2 .0.15 0.29 0.318 0.36 0.19

The results for these two non-equal tubes should suggest what might be ex-
pected to result in a packed bed if radial variations in porosity occur.

A higher porosity at ne radial position in the bed means that the hydraulic
radius at that positipn is also higher. As might have been expected, un-
equal tube areas favor unequal gas and liquid distributions. Less expected
is that_the mi nimum AP_and the average system holdup((HLl+ HLZ)/Z) also

increase if the tube areas are unequal.
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Fig. A-5. Pressure-drop and liquid holdup in each of the two tubes in Fig. 2
: for an assumed fractional split of gas entering the bottom manifold
'LI/V is the corresponding fractional split of liquid entering
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VSL= 0.2 ft/sec, VSG= 10 ft/sec and the manifold diameter = 0.1 inch
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APPENDIX B

Temperature Profiles without Internal Heat Generation:

Preheater Design Considerations

It is desired to predict the temperature‘history of Synthoil slurry
exiting from a packed, tubular preheater of specified design and operating
conditions, based on data from two pilot plant runs made on units of smaller
diameter, aifferent throughput fluxes, and in one case, of different sized
packing. Specifically, it is desired to predict the temperature conditions
in an 8-inch preheater 15 ft. long, fed at 1046 pounds of slurry per hour.
Generally, the problem is how to p¥edict temperature conditions within a
prototype preheater from data obtained in a pilot model.

Data available are insufficient to support direct correlation
of the many variables. Therefore,'two simplified mathematical models are
considered. Both assume the reactor walls to be jacketed and heated to
some temperaturg Tw’ and an inlet temperature of To. Heat must be trans-
ferred first through the preheater walls and boundary layers. It must then
be diffused through the packed bed and contents within the preheater. A
first (idealized) model assumes wall transfer is limiting; the second that
diffﬁsion is limiting. 1In real preheaters, conditions will probably lie

between these two extreme cases.

Wall Transfer Model

In both models the following assﬁmptions are made:

A: Fluid moves in plug flow. This is certainly not highly vélid;

since there'w111 be substantial axial dispersion through the packed bed.
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And the amount of axial dispersion through a giveh length of bed will be
affected by the packing‘size. Thus; different elements of Synthoil fluid
emerging from the preheater will have different time-temperature histories.
But at the present level of information, refinement ﬁeyond the plug flow

approximation does not seem warranted.

B: Heat capacities and tfansfer coefficients are assumed not
to vary between cases. In the mathematical models they will be assumed
constant, but a iess constrained functional relationship is developed in
which they may.be functions of temperature. This aléo does not seem too
good an assumptiqn since, for example, wall heat transfer might be expected
to vary with mass velocity of fluid past the walls. This assumption will

be discussed further in treating spcific cases.

C: The reactor has a constant jacket on external wall tempera-

ture Tw’ and an inlet temperature To.

D: There'is no heat of reaction.-

If a Lagrangian view of the fluid is adopted, it will be apparent
that the problem becomes two-dimensional,_analogous to the flow of heat
into an infinitely long cylinder of some radius a, initial temperature To’

and 'wall temperature Tw' That is, a given lamina of fluid sees wall temper-

‘ature 'I'w as it passes through the preheater, and temperatures within it

will be some function (to be determined) of its residence time 8. And res-
idence time of the lamina is related to its distance from the entrance through

the phase velocity v of the liquid phase. That is

x = v (B-1)
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=9 - _Q -
v AT nazeH (B-2)

liquid flowrate
A = crossection area of preheater

fraction of crossection through which liquid
flows, = €H

o]
]

€ = void volume between packing

H = fraction of voids occupied by liquid

'Y
]

radius of preheater

In the wall transfer model the lamina at any time will have a
radially uniform température T. Intuitively it is immediately apparent
that if heat transfer through the walls dominate (with fixed values of TW
and To’ and under the . assumptions) the residence time & needed to reach

g specified temperéture T will be proportional to the ratio:
(lamina volume)/(lamina wall area).

This is demonstrated mathem;tically by making a heat balance for the iamina{

Heat in through‘wall = Increase in sensible heat

(lamina wall area) k(Tw - T)dé

(lamina volume) €H pcCdT

a8 _ €H pC (lamina volume)
dT k(‘l‘w - T) (lamina wall area)

(B-3)
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or

d® _ a €H pC

T = 2K(T_ D) (B-4)

‘Thus to obtain a given differential temperature rise at dTat any given tem-

perature will take twice as long as d® if the radius a of the preheater is

twice as large. . And if each temperafure incremént takes twice. as long, the

integrated time for any specified temperature riée'(T - To) will be twice

as long. (Note that the above requires the pérameters such as heat capacity

¢ and overall wall transfer coefficient k, be thé same at any given temper-

ature in model and prototype, buf not that they be independent of temperature.)
To develop relationships in steady-state temperature profiles,

it is noted from (1) and (2)

x = —92—9- | (B-5)
Ta €H .
rraeq ' :
de = —= dx (B-6)
Q : _
Substituting (6) in (%)
ax _ ___P -
aT = Fak(T_- ) (3-7)
(conveniently, €H drops out)
And for two different preheaters, at any specified tempetature:
(&)
dTt Q, a
1 _ 71 2 (B-8)

COE
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By the same arguments used for time, the integrated distance X
needed to raise a flow from To to any given temperature T will be propor?
tional to the flow and inversely proportional to the radius. And for given

liquid fluxes G

s 2
p, since G Q/ma“”,

(

& »‘-’il%

!
. ;; :.(B'?)

éﬁEJ

for fixed liquid flux or
phase velocity
In the above, we have developed a model that relates temperature

profile in one preheater to that in another. Undér the assumptions,
T=T (9%) Thé form of the function is impligit in equation (7) but
thus far we have allowed parameters ¢ and k to be functions of T. In order
to get an implicit soluﬁion we now assume that ¢ and k will be constants,
at least within any given preheater operation. Thus, integrating (7), sub-

ject to the boundary condition T = To at x =0

T =T - :
- 2P (w \ -
X = ek P\ T - T (B-10)
w o 1
T =-T
w = . -p—C= . =
Letting T =T T3 Tk B; 2a=4d
w (o]
x:-.’?%g,m ' (8-11)

T =e BQ | (B-11a)
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Température profile data now available to us compare two runs
FB-39 and FB-53 in 3" and 1" units, respectively. The 3" unit was packed
with 3/4 x.3/4 cylinders, the 1" unit with 1/4" x 1/4'". Temperatures mea-
sured at various positions in these two preheaters are.given by Figure B-l.
Four temperatures are shown for each, but the two topmost omes in both cases
were cbnstant at 450°¢C. This, therefore, iS'taken to represent theiwall
temperature or Ew' Inlet temperatures are not specified, but were believed
to be about 120°C. Thus, there are two significant temperature readings
in each profile (ERDA Figures FB~-39 and FB-53 are attachéd). In the 3" pre-
heater of FB-39 there are temperatures of 300°C and 430°C two feet apart.
They are used to determiﬁe the value of the group E% by taking the distance.

origin at the 300° reading, as follows. Substituting in equation (12)

2 ft

_g 450-430
on < %50-300

0.993

» |8

_0.993 x 3 inches
25 1bs/hr

(mixed units)

Applying these parameters to the 3'" preheater, the following pro-

file is predicted:




Fp-39

450°C . ......
£50°C . .-..--
|
i
} 430°C
|
|
|
300°C + -----

o 'l‘hermocduple

-~
...... -—— =
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PREEFATER: 3 inch ID x 10 f¢

-

PACKING: 3/4 inch x 3/4 inch
ceramic pellets

Y
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FEED RATES

Coal slurry: 25 1b/hr
Cas: 1,300 scfh

Fig. B-la

long
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410°C -~ = == -1

25 Ib/hr o
1,300 scih I

Thermocouple

©
Fig. B~1b

PREFEATER
1 inch ID x 29 ft long

1/4 inch x 1/4 inch
ceramic .pellets




x, ft Predicted T, °C Recorded T

0 -674°11
0.5 -229°11
1 39.2
1.5 202
2 300 300
2.5 359
3 395
3.5 417 .
4.0 430 400
4.5 438
5.0 443
5.5 446
6.0 447 450
6.5 448
7.0 449
7.5 449
' 8.0

450 450

The model clearly does not look reasonable below 300°. Using the data de~
veloped, it shows a temperature below absolute zero at the inlet. However,
the model assumes a constant wall heat transfer coefficient. The viscosity
is from two to three orders‘of magnitude higher between about 220°C and
310°¢ than elsewhere. Over this range heat transfer must in fact be much
lower than elsewhere. The value developed for B was derived from a section
of the preheater mostly above the high viscosity range. Ome could not ex-
pect it to be valid in the high viscosity range. Thus we might attribute
the failure of the model function to variations of k with T. However, the

opposite effect appears in the 1" preheater rum.
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In a completely analogous way a value for B and a corresponding

temperature profile can be developed for the 1" preheater. One obtains:

BQ = g.73
a
B = 0.349

"A corresponding temperature profile is:

x, ft. Predicted T, °c Observed T, °c

0 328
1 350 350
2 361 |
3 371
5 387
7 400
9 410 410
11 418
13 425
15 430
17 435
18.5 437 450
26.5 445 450

In this case two things are to be nbtéd: First, the value of B derived from
this 1" preheater is 0.349, which ié 2.8 times as large as the value 0.119
found for the 3" preheater. B is by definition pC/(27k). p and ¢ are not
going to be significantly different in the two different preheaters. And

k if anything, ought to be greater in the 1" unit, since Q's wére the same
in both cases, and thus liquid ﬁass Velocity is nine timeé as high in the

1" unit. Thus B should, if anything, be lower in the 1" unit, rather than

higher.
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Second, the predicted inlet temperature is 32800, which is unrea-
sonably high. Furthermore, it is so in spite of the viscosity effect noted
above.

One must conclude that the model is of dubious validity, or else
that the data are faultyi

| A second way of estimating parameters would be to assume an in-
let temperature T, of 120°, and determine the value of B for each of the
significant readings. For the 3" model this gives the values B = 0.304
for the 2 ft. point and B = 0.171 for the 4 ft. point. The average is 0.238.
This changes the 300° point to 330, and the 430° point to 410°. And this
value is used to predict the wall transfer model curve of Figure 1 for the

8" preheater.

Diffusion Model

By heat balance for a Lagrangian lamina, as before

3

|

=

2
dT _ d JT
. K [ r T or J (3-12)

(e 4

A solution for this is given by Carlslaw and Jaeger

2
T - T . K8 T (ra)
°=A2—Ze n o' m (B-13)

T‘w-' To an Jl(aah)

@, az -- are positive roots of
Jo(aa) =0

They also give various numerical solutions in the form of plots. The most
T-T

o
—=> and one of its value
Tw To
at the centerline (r = 0) against the group K6/a2. The data are replotted

useful for our purposes are a plot of average

in Figure B-1 as /n T vs. the group KO/aZ. Note that the plots become linear
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at higher values of the group. The linear part of the curve for average

T is represented by the following function,

(3%

T, = 0.666 e™3-716 K8/a K8/aZ > 0.1 (B-14)
And for the midline T

e i B Ko/a* K8/aZ > 0.1 B-15

il : (B2

To develop the relationship in steady-state temperature profiles,
from (1)

0 = xfv

We also assume that thermal diffusivity K will be proportional to phase
velocity v, i.e. K = bv. The rationale is that heat will be distributed
laterally primarily by conduction. It therefore is transferred by lateral
mixing or dispersion of the liquid phase. As a first approximation the
rate of radial mixing will be proportional to the liquid phase velocity

V. Substituting in the group (5.716 KG/az)

=5.716 Kd/a" ==5.716/bx/a = = Bx/d> (B-16)
Thus,
2 :
L 'rm(-ﬁx/d ) all T (B-17)
and, from (17)
2
7. =1.57 ¢ X/ T<0.8 (B-18)
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~ Evaluation of parameter B is dome much as in the wall transfer
model. (It is assumed the data are for midline temperature.) Use of the
two significant points for each run yield the following:

T

Dia —Q B o
Run FB-53 1 25 1bs/hr 0.1145 379%¢
Run FB-39 3" 25 1bs/hr 9.07 -267°%¢

The discrepancies between B for the two runs is much larger even those for
vﬁhé wall transfer model. The two preheater models had different sized pack=
ing and different fluxes, but under the assumptions, one might expect the
1" model to show ;he greater radial dispersion, and hence the higher B.
The differencevis iﬁ the bther direction. |
Assuming, as for the wall transfer model, an inlet temperature
of 1200, the two points in the 3" model give B's of 5.59 and 7.32 for the
300° poiné and the 430° points, respectively. The average is 6.45. Use
of 6.45 for B yields 326° for the 300° point, and 421° for the 430° point.
Although the B valﬁes for the 3" model are not too different,
those for the 1" model are as follows; B for the 1 ft (3500) point = 1.645,
for.the 9 ft (410°) point, B = 0.285. The avérage is 0.965. Use of 965
vfor B yields 253° for the 35@° point, and almost 450° for the 410° point --
a verf poor fit.
To predict the average temperatufe profile in Figure B-1 the aver-

age B for the 3" data (6.45), is used. For example: From (16)

KO Bx 6.45 x

a 5.716 d2 5.716 82

= 0.0176 x
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st 1 ft.
K6 - . o
=3 =0.0176 T__ =0.73 from Figure B-l T = 209
a av : av

The results are plotted in Figure 1.

Tﬁe data in hand are so inconsistent with either model that it
would be unsafe to draw any conclusiomns as to what, if either, is more nearly
correct. But with reasonable probability the two curves of Figure 1 could
be taken as bounds. The diffusion model gives the fastest approach, and
this is a consequence of its independence of flow Q. Note that if the B
from the 1" test were used, the approach would be much slower Thus the
upper curve probably represents something better than would be expected
in practice. 1In view of this, it may be deemed more feasible to use a

number of small diameter tubes in parallel for preheating.

Comparison of Models and Summary

Both models lead (under simplifying assumptions) to the conclu-
sion thdt the time or distance along the preheater, to reach any specified -
temperature, will be some characteristic scale-up constant times thef needed
in pilot operation. Preheater temperature profiles will ail be similar
in shape, only the time or distance scales being appropriately stretched
or contracted for the different cases. .In other words, temperature, T,
in the reactor is T(x®) or T(Bx), where « and P are parameters depending
upon preheater diameter, a, aiso upon flowrates Q, packing sizes, and other

factors; & is residence time, and x is distance. from preheater entrance.
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The first or wall transfer model predicts that temperature T will
be T(%%), and under the simplifying assumptions, the following relation-:

ship is developed:

ax
Wt e 3 (B-19)
T -T
W (o]

Here Q is the slurry flow rate, and B is a parameter equal to pc/(2mk),
where p i§ slurry density, ¢ is its heat capacity, and k is the overall
heat transfer coefficient for the wall and its boundary £ilms.

In the'second dr diffusion-controlled model, there is a radial
temperature gradient at all points past the entrance. Temperature next
to the wall will be Tw‘at all x. Interior temperature will be some func- .
tion of radius r and either detention time § or distance x. However, it
turns out that for témperatures at any épecified radial location, or for

temperature averaged across a preheater section

a a

It also turns out that the temperature profile expected in the
_diffusion model is independent of flow rate (under the simpiifying assuﬁp~
tions). Lateral heat transfer is conceived to be largely convective, and
. lateral dispersion of fluid should be, at least roughly and as a first ap-
proximation, proportional to other velocities in the system -- specifically
‘the 1i§uid phase velocity v. And this makes the spread of heat proportional

to distance travelled rather than to time.
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The practical differencg beween the models is that the distance
x at which a specified temperature is attained is proportional to preheater
radius a in the wall transfer model, liquid flux or flow per unit crossec- -
tion area being maintained constant. In the diffusion model it is propor-

. 2 RPN .
tional to a~. Thus, if it takes two feet of preheater to attain a temper-

ature of 300°C in a 3" model, it would take 8/3 X 2 or 5.33 feet in an 8"
preheater by the wall transfer model, and (8/3)2 x 2 or 14.2 feet by the
diffusion model.
The pilot data are not consistent with either model, and are hard
to rationalize on any basis. And data from the 3" run FB-39 deviates from
the model in the opposite direction from that obtained in the i" run FB-53.
Variations of parameters with temperature that might be assumed to explain
divergences in one test, would make the other fall even farther from the
respective model used.
The fact that temperature profiles in a given preheater would

spread directly with liquid feed rate Q in the wall transfer model, and
negligibly in the diffusion model, gives a semsitive way of testing experi- }
mentally which, if either, is more nearly valid. But such experimental }
data are not now available.

| In view of the wide spread between predictions of the two models,
and apparent lack of internal consistency in the small amount of experimental
data that are available, it is dangerous to put much faith in predictions |
for the 8" prototype. But Figure B-2 gives two curves for temperature vs.
time in it, based on averaged data from run FB-39 (3") to evaluate param-
eters and on the two different models. They should, with reasonable prob-
ability, represent upper and lower bounds. Temperatures plotted for the

diffusion model are average values.
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APPENDIX C

Effect of Temperature on Holdup

In Appendix B we discussed the temperature profile within the
preheater where the temperature of the coal/oil slurry and the hydrogen
gas is raised from about 100°C to the reaction temperature 450°C. while
several other parameters are temperature-sensitive -- inciuding gas density,
gas velocity, and liquid surface tension -- the largest change with temper-
ature occurs in the liquid viscosity. Figure Cc-1 shows that the liquid'
viscosity (P& Report No. 9) varies by a factor of 3200 over the tempera-
ture range 100-450°C. Such a gross change in a physical property might
be expected to have a large effect on the preheater operating variables,
‘especially liquid holdup and residence time. The objective of this section
is to estimate the importancé of temperature changes on holdup.

As of this writing, no cold model studies had been conducted to

directly observe the effect. Previous emphasis had been on flows within

. the reactor, where the temperature is maintained nearly constant by a jacket.

However, since reactions are also expected to occur in the preheater, where
the temperature varies, estimates of liquid residence time and holdup are
égain needed. 1In the absence of cold model studies of two-phase flow in
packed beds, we relied upon an extension of the Ros correlation for two-
phase upflow in pipes.

The sample calculation presented in the rest of this appeﬁdix
was selected to correspond with conditions found in the preheater for Run
FB-39. This preheater is 3-inch ID x 10 ft long, packed with 3/4-inch cy-

lindrical ceramic packing, through which 25 1lb/hr of liquid and 1300 SCFH

of H2 is passed. To evaluate the superficial velocities we shall need the
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bed porosity and tortuosity. Clearly.neither of these parameters could

be directly measured. Instead, we assumed that the'porosity of geometricaliy
similar packing at steady state should be a unique dimensionless function

of the ratio of packing size to the colimm diameter. Figure C-2 is a plot

of the measured porosity as a function of this ratio for 1/8, 1/4, and 3/4-inch

fortuitous, that this turns out to be a linear relation. Inﬁuitively we
expect the porosity to appréach a constant as the ratio tends to éero (in-
finite colum without wall effect), which is consistent with this linear
relation. On this basis we selected € = 0.496 while T = 1 (arbitrary).

At reaction conditibns (450°C, 4000 psi) we evaluated pG= 0.575

lb/ft3 by using the corresponding states method (Hougan, Watson and Ragaty,

Chemical Process Principles, 1948, p 591). Since the reduced temperature
of H2 is so high (Tr = 21.7), the compressibility was found to equal unity
so the idéal-gas equation of state can subsequently be used. Using equations

(C-3) and (C-11) from the Second Quarterly Report, we evaluate:

packings used in the 4-inch ID cold model. It is gratifying, but perhaps
1
|
|

TGL
VSL =3 5 = 0.00457 ft/sec
: L
T G,
VSG =< 5 = 0.144 ft/sec
G
2 € .
2at 316 - 0.492 in
ND = Zat pLg/G = 4,58
_ . 1/4 _
NVL VSL(pL/gG). 0.00850




,_ oK. -
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/4 _

[
o .

1
Noo VSG(pL/gc) .267

N o= v‘L(g/chr?’)l/4 =

1
o

.00224

where by = 0.01 g/cm-sec, p. =1 g/cm3,

09
]

L. 981 cm/sec2 and 0 = 73 dyne/cm

was used.

According to équation (A-9) of this report, the gas flow rate
is low enough so that Bubble Flow (Regime I) occurs. Sincé NVG becomes
even smaller when T < 450°C, Bubble Flow will prévail throughout the pre-
heater. Thus the holdup fraction must be evaluated from (A-3a) of this
report, where NS is defined by equation (C-lO) of the previous report.
The effect'of lowering the temﬁerature is to raise pG and change pL. Using

the ideal gés law (compressibility equals unity), NVG can be corrected for

temperature according to:

N = 0.267(T/723°K) (c-1)

This is the only dimensionless group affected byApG. Liquid viscosity af-

fects only Ni, which can be corrected for viscosity changes according to:

N = 0.00224(ML/1 cp) (c-2)

Changes in surface tension were ignored.
Table C-1 mumerically gives the effect of temperature on the liq-
uid holdup. Note that the effect is not monotonic. Decreasing from 723%

to 660°K actually increases the holdup due to decreases in VS at nearly

G
constant pL. However, as T approaéhes_507°K,'the viscosity sharply rises -




TABLE C-1

Temperature Dependence in Liquid Holdup

* * * * '
o e (e») & b R0 B &
723 0.267 1.0 0.00224 1.25- 0.24 0.83 -18 +4.76 1.59 0.833
- 660 0.244 1.0 0.00224 1.25 0.24 0.83 -18 +4.76 1.53 0.842
600 0.222 3.2 0.00717 1.25 0.24 1.0 +13 -1.84 1.16 0.810
595 0.220 10.0 0.0224 1.30 0.25 2.0 +34 -5.42 1.04 - 0.791
588 0.217 32. 0.0717 1.90 0.80 3.1 .'+53 -8.47 151 0.857
586 0.216 100 0.224 _ 2.05 1.03 3.6 +55 -8.41 1.67 0.871
579 0.214 320 0.717 1.35 0.87 3.9 +55 -8.11 0.992 0.787
565 0.209 . 1000 2.24 0.86 0.68 4.2 +55 -7.81 - 0.530 0.601 é}
507 0.187 3200 7.17 0.70% 0.58% 4. 4% +55% -7.61 0.443 0.592 '
495 0.183 32 0.0717 1.90 0.80 3.1 +53 -8.47 1.63 0.883
448 0.165 10 0.0224 1.30 0.25 2.0 +34 =5.42 1.16 0.856
373 0.138 32 0.0717 1.90 0.80 3.1 +53 78 47 1.75 0.920
495 0.183 - 32 0.0717 1.90 0.80 3.1 +53 . =8.47 1.63 0.883

* .
fi‘afe functions of only NL and were read from graphs in Govier and Aziz,
The Flow of Complex Mixtures in Pipes, 1972, p 354.

*k_ : : .
Read from curve labelled "P&M Report No. 9" in Figure C-1.

—
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more than three orders of ﬁagnitude to 3200 cp. Despite thié gross increase
in pL and NL, the holdup is only-decreased from 0.84 to 0.59. Further de-
creases in temperature correspond to a gross decrease in viscosity which
restores the holdup to its initially large value.

In conclusion, it seems that, except in the narrow zone of the
preheater where the viscosity is very large, the liquid holdup can be con-
sidered essentially constant and equal to the value observed under similar
conditions in the cold modél. That is, temperature has only a élight ef-
fect on holdup. This conclusion should be checked in the cold model by

using a fluid (say, glycerine) with a much larger viscosity than water.
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APPENDIX D

Radial Temperature Distribution with Internal Heat Generation:

Thermal Reactor Stability

Since the reaction occurring in the Synthoil reactor was exother-
mic, heat must be removed from the reactor to keep the temperature from
rising. This is usually accomplished by placing a cooler fluid in contact
with the outer wall of the reactor which can absorb the heat produce& by
the reaction. The heat is then transferred radially from the center of
the reactor to the walls, with the center being hotter than the wall.

As the temperature increases the rate of reactica also increases.
Unless this heat can be removed quickly, the heat produced by the reaction
will raise the local temperature, which further increases the rate of re-
action to produce more heat, which in turn raises the temperature, etc.

A thermal runaway may result.

I1f the reactor diameter is small, the resistance to heat transfer
to the wall will also be small so that rapid héat-femoval is -achieved.
However, as the diameter is increased the resistance increases and the cen-
ter of the reactor becomes hotter. Eventually, at some critical diameter,
the heat removal cannot keep up with the rate of production of heat and
a thermal runaway occurs.

George Quarderer of Dow Chemical Co. treated this problem in a
letter dated February 9, 1976. He concluded that the reéctor will be stable

if:.




2

1 a 2RT
=+ - < (D-1)
h 4kr a(—AHi) RE

where h = heat transfer coefficient for reactor wall

= preactor radius

[+

= radial thermal conductivity
gas constant

= absolute temperature

BRI ”PE‘
L]

= rate of reaction
AHr = heat of reaction

E = reaction's activation energy

Neglecfing the wall resistance (h ~ ®), and using T = 723°K, E =25 kcal/gmolé,
R(-AHr) =0.07 cal/cm3-sec; and kr = GCédp/lO = 0.014 cal/sec-cm-oc, Quarderer
estim;ted that the largest stable reactor has a diameter of 6 inches.

The conclusions are based on a substantial number of assumptions
and/or approximations, so the critical diaméter for stable operation of a
reactor cannot be evaluated precisely. But ;ertainly there would be sub-
staﬁtial risk that a reactor as large as 6" diameter would be thermally
unstable, again assuming his input data are valid.

Quarderer seems to have used a reaction heat of 80 BTU per stan-
dard cubic feet of hydrogen gas consumed. Dennis Smith provides a figure
of 52 BTU/ft3 of H2 adsorbed, based on Amoco Report, February 9, 1974.
This would change the critical diameter by a factor of (80/52)1/2 or about
1-1/4. This doesn't change the picture by that much. And note Quarderer's
final "word of caution." Any hot spots, due to maldistribution, would in-

crease the average rate of heat generation (due to the exponmential order

‘of the rate equations).
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In the following, we make some rather academic comments on the
literature cited by Quarderer. They do not in any way invalidate the sound-
ness of his deductions. |

First (page 10, Notes), the boundary conditions of Wehner and
Wilhelm (Danckwertz boundary cdnditions), are conventional but not 'correct"
for dispersion invporous media due to repeated redistribution of flow around
packing. (See Gumm, D.J., Trans. Instr. Chem. Engr. 47, T351 (1969).)

Thus, dc¢/dz = 0 at Z =L is not a strictly valid boundary condition. But
its use ddesn't introduce signifiéant error for most purposes.

Second, d2T/dZ2

s 0 is, stfictly speaking, neither a sufficient
nor necessary condition for thermal stability uniess certain other condi-
tions are imposed. This is readily shown by counterexamples: (1) Assume
reactants enter a reactor cooled by some medium at any Tc such that more
heat is removed than is produced by the reaction at its entrance tempera-
ture Tj' As the reactants move through the reactorlthey cool, approaching
asymptotically some balanced reaction temperature at which heat removed
equals heat generated. The temperature gradient dT/dZ is negative, but
becomes even less negative; i.e. d2T/dZ2 is positive. But the reaction

is not (at least in the ordinary sense) unstable. Thﬁs,‘dzT/dZ2 >0 is
not, in itself, a complete criterion for instability. (2) Also comsider
any reactor maintained, howéver unstably, at constant temperature by adjust-
ing cooling temperature Tc so that the heat removed everywhere equals that
generatéd. Then dT/dZ is everywhere zero (for the moment) and so therefore
is dzT/dZZ. But if an upward perturbation in temferature would increase

the heat generated faster than it does that removed, the reactor will be

unstable. TIf it increases the heat removed faster, then the reactor will

be stable. Thus, dzT/dZ2 = 0 is not, in itself, a valid criterion of.stability.
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!

The laﬁter example gives, we feel, an intuitively clearer ﬁicture
of reactor instability.than the d2T/dz2 criterion. The practicai stability
question is: Will a reactor maintain itself at some spécified f over a
finite Z (dT/dzZ = 0, dzT/dZ2 = 0), given an appropriate cooling temperature
Tc’ or will any perturbation in temperature grow? (This is a standard ver-
sion of. stability.) More specifically, will an upward perturbation in tem-
perature cauée a further rise in temperature. Tt will do so if

generated/d’I' > dHremoved/dT’ both being evaluated at the specified reac-

tor temperature.

In the notation of the Quarderer reports,

ngnerated B R(-AHr)
2h (T - T)
H = e
removed (: _‘;Eg:>
4k
T
and
ngenerated = (-AHr) RE
dT R T2
8
dHr.emoved - 2h 2
dT ( ﬁ)
al -z
r .
Reactor is stable if:
. (: ha R T2
a = g

4k
T
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The Quarderer mathematical procedure is illegimate in that for stable op-
eration at T over a finite Z, both 0T/dx and sz/bx2 must be zero, and his

equation

¥ T

T

G C_ == (-ME)

o%r ___m
P OZZ r/ T dZ ( .ha bz
: all + T

will hold for all values of T. But he drops out G, CP’ and Z in a way that
is complementary to his introducing them, so they never have any mathematical

/dT to dH /4T

removed

effect on the results. 1In the end he equates dH__ -
: generated

to determine the bound of stability.




