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FIG. 1. Deep-Well Sludge Oxidation Reactor Configuration

exchange with the inner tube, and mixes with the down-flowing
-- --- -- During the start-up procedure, no oxygen

thus, no fluid flows in the corresponding tube. As a result, the
-- between the steam pipe and the down pipe is rela-

. In some cases, the steam does not condense entirely before
-- - In other cases total condensation occurs.
the case in which hot water is injected to preheat the reactor.

that variation in the cross section of the tubes
-, - .-- .. There-

the reactor one-dimensionally. In the steam tube, pressure is
- - i.e., friction is neglected.

in which high-pressure saturated steam is injected, the temper-
in the steam tube is found to be a function of the pressure

-. . This temperature is then used to find the thermodynamic
for the vapor and the liquid phases. This information is used in

with the heat and the mass balance equations to calculate the
'.-~". ~. ...~ ...~, , iteratively. Once the quality and other thermodynamic
properties of the saturated mixture are known, we use the finite element
formulation to solve for the temperature. In the case in which the steam tube
fluid is not in the saturated state, the thermodynamic properties are functions
of both temperature and pressure in the steam tube. We use the hydrostatic
pressure and the predicted value of temperature from the previous time step
to evaluate the thermodynamic properties. Certain physical properties of the
fluid in the down and up tubes are assumed to be constant.

The heat transfer in the reactor tubes is convection-dominated. It is well
known that in such cases the Galerkin formulation leads to spurious node-
to-node oscillations. The Petrov-Galerkin finite element method provides a
robust numerical performance compared with the Galerkin method in con-
vection-dominated problems (Brooks and Hughes 1982; Tezduyar and Gan-
joo 1986). Therefore, we employ a Petrov-Galerkin finite element formu-
lation for the spatial discretization of the energy balance equations for the
reactor tubes. We use the regular Galerkin finite element formulation for the
spatial discretization of the conductive heat equation for the earth.
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+ h,t) = T~(H + h), for 0 .s r .s h, t 2: 0 .. .. . .. .. (19)

!,z,t) = 0, for H s z s H + h, 12:0 (20)

.,O,t) = 0, for ro :5 r :5 h, t~O . (21)

=T~(O), fort~0 (22a)

=T~(t), fort~0 (22b)

'-I=T~(z), forO:5z:5H, ro:5r:5h,
:5 H + h, 0 :5 r :5 h . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (23)

I=T~(x), forO:5x:5H (24a)

I-T~(x), forO:5x:5H (24b)

-T~(2H-x), forH:5x:52H (25)

i=riI;)(t), fort~O (26a)

-mg'(t), fort~O (26b)

constraint on the temperature of the fluids at the bottom of
given as

) = Ti(H,t), fort~0 (27)

be noted that it is possible to avoid this constraint by writing an
,-, -- balance at the bottom of the reactor to calculate the temper-

... the up tube at that point.
the inlet conditions for the steam tube, we also specify, for single
".,,;., when water is injected)

=p~(t), fort~O (28)

...~ phase (i.e., when saturated steam is injected)
-'~(t), fort~0 (29)
= the radius of the outer casing of the reactor, h = the heat pen-

.I J which heat effect is negligible; T~(z) = the natural
- -- in the earth; and T~(t), riI;)(t), p~(t), and ~(t) = the tem-

mass flow rate, pressure, and quality of the fluid at the inlet of
tube, respectively. The heat flux Q at the interface of the earth
tube is

\ ~) I r=ro (30)

-' Eq. 1 by (pCp)E and Eqs. 2, 3, 9, and 15 by (ApCp)i, and by
scaling

- T~O) T - T~(O)
.. (31)- T~(O)

-- -
-

(.1T)max

(32a)
h

. (32b)
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h oS
(ah:')mF -

(Pe)S = aT:' P:'
a(ApCp)1 '

hms
( ah:'

)(Pe)S = - F rn .~

(~*)ud =

.. (43)for single phase

(44)for two phased '
a(ApCp)F
h2( crU)ud

a(ApCp):

h2(o-U)sd:: 'Y~ ..
a(ApCp): .;"

h2S

~

(46a)
-- - . r--
- hJl(H - D.t)-

D
h2K

. . . . . . (47)

(aft') [ a' a '
-h2 -; (Ap)~ J!!:. + m~ J!!:.

apF T' at ax
F

~

for single phase (48)
a(~T)max(ApCp)~

( aft' ) [ ae' ae'

]-h2 -; (Ap)F -.!:. + mF-.!:.

aeF T' at axF
for two phase (49)

a(.1.T)max(ApCp)~

forl<z*

for 0 < z* < 1. 0 :s x* :s 2. . . . . . .. (50)

46b, D = the distance over which the heat is added. In the numerical
we take D as one element length. This value can later

once we know more about the mixing at the bottom of the
. and that H/h » 1.

- --- --- -- ,., --- .~~. - depth H in the earth. The heat penetration distance h is

the radial coordinate and the coordinate z below the depth H

.; the computational domain for the earth and EE denote the
-- resulting from the discretization of OE into subdomains
2, ..., nelE where nelE = the number of elements in OE. The

dimensional spaces associated with EE are defined:

[whlwhEH1h(OE)' wh=O onrg] (51)
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i (Wdh + 8dh'{}~ ' (fD)d

+ (~*)sd(9~ (5&)

r (Wuh
1n~

Soh)

+ 2'IT'Y*( r~ (59)

r (wJ
1. ,

= r (
1:,

+ 8sh)

'w'h 8sh)(P*)Sd!l, ¥w'h v.h (60)

The Petrov-Galerkin supplement function 8h is defined as

8h=C2T7sign(~)~=c~ (61)

where ~ = the local coordinate; c = C2T sign (Pe//p); and C2T = the algo-
rithmic Courant number. Various choices for C2T can be found in Tezduyar
and Ganjoo (1986). In this paper, we take C2T = 1.

For the purpose of implementation, we build pseudo-elements for the re-
actor tubes. Each pseudo-element consists of two one-dimensional elements
facing each other as shown in Fig. 4. The one-dimensional finite element
shape functions are denoted by N1 and N2. At this point, the symbol EF will
also be used to denote the set of pseudo-elements. Let c~ = the (pseudo)
element level heat capacity matrix; k~ and k~ = the (pseudo) element level
matrices corresponding to the convection and the heat exchange terms, re-
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~~-~ -. .'--"'--- ... the element level matrices and
to the steam tube are calculated as described in

.-- ',
and (P~)A.n-l be given, where the subscripts A and n = the
step numbers, respectively.

.~... -.- pressure equation find

.=(P~)A-l.n+(P~)A-l.ng~ (67)
the fluid is in the saturation state, temperature is calculated as a

pressure
= T~[(P~)A.n] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (68)

be the quality of steam at the node A, at time step n, and at the end

(e})A.-I,n (69)

, (ah}/aT}).~, (ah}/ae})T~ using Eqs. 12a-14b, 16a and 16b based

Eq. 5 is used to calculate the mass flow rate (m~)~~n.
using the solution from the previous time step.

~.~ ...~~...~~ ~ of quality as (E~)~~n using Eq. 15.
the new value of the quality is known, go back to step 4 and iterate

-- . If E~ turns out to be negative,
fluid is no more in the saturation state and should be treated
fluid (case 2).

,u.~" . F "'" converged value of the quality (E~)A.n are then
various coefficients in the stearn-tube equation.

are functions of the temperature,, ,---, ,
in the stearn tube.

and (P~)A..-1 be given:

using Eq. 67.
, using the solution from the previous time step.

'.. using Eq. 8b and then (m~)A.' using the continuity Eq. 5.
these calculated values for temperature and pressure to calculate the

w~-"'w'w".~ in the steam tube equation.

the aid of the definition of the pseudo-elements in the reactor tubes
.- . element level matrices, the assembly procedure for the

-- is straightforward. Let EA denote the subset of elements in
adjacent to the well/earth interface. The assembly procedure is

~- as
c~+ A [(C~)ud+(C~)sd] (70)

.eEF

k~ + A [(k~)ud + (k-;)ud + (k~)sd + (k-;)sd] + A ke; . . . . . . . .. (71). .eEF .eE.

f~+ A[(f~)ud+(f~)sd] ,._,
.eEF

(77)
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J
= 76,776.71-

s.oC
. . . . . (86)

m20.649 -
m

m2
,-

m

. (87)

(88)

J= 851.17 -
.. (89)

s. m2. °c
1= 56.74 ~
2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (90)

s'm .oC

-- y.-- in the temperature profile in the tubes and the heat loss
earth as a function of time. The temperature attained at the bottom

~. ...,- -~.. "'~ ~ ...~ ...~ y..., ~y, The
will control the maximum conversion achieved and the phase be-

in the system during the actual operation. The latter is a
. by the exit stream, which will control the amount--- ~~ heat recoverable.

1
the reactor by introducing steam (at temperature T~ = 315.6° C

. ',--"J -v = 0.95) at the inlet of the steam tube at a mass flow rate of
= 2.52 kg/so In the steam tube, steam condenses as it flows down the

it has a nonzero quality when it reaches the bottom of the reactor.
upon mixing with the down-tube fluid and releases the

- -- . In this example, we assume that the heat released by
condensation of the vapor is evenly distributed over the last element

m) in the down tube. We can relax this assumption later when
- -, ~ ~ mixing of the two fluid streams at the

of the reactor. In this case the fluid temperature in the steam tube
as it goes down the tube. This is because in the saturation state

is a function of the pressure, which increases due to the
-- down the tube. Fig. 5 shows the temperature profiles in
the start-up and the temperature contours in the earth at the

- - No oscillations in the temperature in the tubes are observed.
illustrates that the convection-dominance of the equation in the tubes

any numerical difficulty in our approach. At the end of 12
-- in the well reaches 314.4° C, which is ade-

obtain high oxidation rate and good overall conversion. The exit
is 61.1° C (Fig. 6)

start up the reactor by introducing steam again, but of lower
-- - J = 315.60 C and quality ~ = 0.55), at the inlet of

tube at a mass flow rate of m~ = 2.52 kg/so In this case, steam
completely as it flows down the steam tube before it reaches the

~. ~.~ reactor. The fluid temperature down the steam tube first in-
while it is in the saturation state and then decreases after it has con-
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tubes and focus on the steady-state limit for the start-
--A . to get the analytical solution).

- - --- -- (at temperature T~ = 2600 C and pressure
-, 'it the inlet of the steam tube at a mass flow rate of m~
(as in Case 3). The analytical solution and our numerical

have been plotted in Fig. 11. As can be seen,
- . This confirms the validity of our formu-
of our program.
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