NUMERICAL SIMULATION OF DEEP-WELL WET
OXIDATION REACTOR USING STEAM

By S. Mittal,' H. A. Deans,” and T. E. Tezduyar®

ABSTRACT: A finite element model is developed for the numerical simulation of
the start-up of a deep-well wet oxidation reactor using steam. The model is capable
of handling different cases of start-up, using saturated steam of arbitrary quality
including hot water. The transient temperature field in the well-earth system is
studied. The governing equation for the earth is the conductive heat equation. For
the reactor, the analysis involves solving the energy balance equations describing
the convective and intertube heat transfer, mass balance equations, and thermo-
dynamic relations for the fluid in the tubes. The equations for the reactor and the
earth are coupled by the continuity of the temperature and heat flux at the interface
between them. A Galerkin finite element formulation is used for the spatial dis-
cretization of the heat equation in the earth; a Petrov-Galerkin finite element for-
mulation is employed for the energy balance equations in the reactor tubes. The
resulting set of ordinary differential equations is discretized in time and solved by
a predictor-multicorrector algorithm. The model is tested on a typical deep-well
reactor to study its start-up dynamics. The results can be used to estimate the start-
up time and the amount of steam or water required to obtain the necessary initiation
temperature for the process.

INTRODUCTION

A finite element simulation of a deep-well wet oxidation process for treat-
ing dilute aqueous waste streams was earlier reported by Liou et al. (1990).
We now extend the model to simulate the start-up of the reactor by injecting
saturated steam of arbitrary quality, or hot water, through the “steam tube.”
The saturated steam goes through a phase change due to heat exchange with
the neighboring tube. This necessitates the inclusion of certain other ther-
modynamic relations to be solved for the steam tube, which we describe
later in this paper.

A possible configuration of the deep-well reactor is shown in Fig. 1. The
well consists of an outer casing that contains the reactor assembly of con-
centric tubes. The central tube carries steam to the lower section of the re-
actor for start-up heating. The second concentric tube delivers the oxygen
down to the lower section of the reactor once the reaction is initiated. The
slurry of water and waste enters the well by the third (down) tube, turns the
corner at the bottom, and exits by the fourth (up) tube. During the start-up,
only water is fed through the down tube.

Before initiating the oxidation reaction, the reactor must be preheated to
the desired starting temperature. The present design uses high-pressure steam
injected down hole to achieve this objective. The high-pressure steam is
injected at a given quality €3(f) and temperature Tg(#). It condenses due to
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FIG. 1. Deep-Well Sludge Oxidation Reactor Configuration

the heat exchange with the inner tbe, and mixes with the down-flowing
stream at the bottom of the reactor. During the start-up procedure, no oxygen
is injected; thus, no fluid flows in the corresponding tube. As a result, the
heat transfer coefficient between the steam pipe and the down pipe is rela-
tively small. In some cases, the stcam does not condense entirely before
reaching the bottom of the reactor. In other cases total condensation occurs.
We also study the case in which hot water is injected to preheat the reactor.

It is assumed that temperature variation in the cross section of the tubes
is negligible compared with the gradients along the length of the well, There-
fore we model the reactor one-dimensionally. In the steam tube, pressure is
assumed to be caused only by the hydrostatic head, i.e., friction is neglected.
In the case in which high-pressure saturated steam is injected, the temper-
ature of the fluid in the steam tube is found to be a function of the pressure
from steam tables, This temperature is then used to find the thermodynamic
propertics for the vapor and the liquid phases. This information 15 used in
conjunction with the heat and the mass balance equations to calculate the
quality of the mixture, 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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The heat equation in the earth and the energy balance equations in the
reactor tubes are coupled by the continuity of temperature and heat flux a
the interface between them. This leads to a coupled system involving the
unknown temperature values of the earth and the reactor tubes. The finite,
clement discretization of the problem results in a set of ordinary differential
squations that is solved using the predictor-multicorrector time algorithm
Hughes 1987).

The governing equations are given in the following, in which a proper
scaling is performed to obtain their dimensionless forms. Next, we discuss
the spatial discretization of the problem. Numerical examples are then solved,
and conclusions are drawn. Finally, in Appendix I, we compare the nu-
merical solution for a simplified problem with its analytical solution.

PROBLEM STATEMENT

We now consider the balance equations and the thermodynamic relations’
involved in the deep-well oxidation process (see Fig. 2 for a schematic re-
actor proﬁle) These equations consist of energy-balance equations for the:
fluid in all the reactor tubes, a conductive heat equation for the surrounding
2arth strata, a mass balance equation, a pressure equation, and thermody-
namic relations for the steam tube.

For the earth, the heat equation in cylindrical coordinates, assuming no
angular variation, is

T 19 aTE) 62TE]
PCIe—— =k == r— ) == | e 1
PCole at [r ar< or 8z )

where Tg(r,z,t) = the temperature of the earth; and x and (pC,); = the
thermal conductivity and volumetric heat capacity of the earth, respectively.
The equations describing the heat balance in the reactor tubes are

for the down tube:
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7IG. 2. Schematic of Simplified Reactor Profile
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for the steam tube:
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where m = the mass flow rate; pHx, 1) = the density of the {luid in the steam
tube; and T5x, 1), Tix. 0, and Thix,f} = the temperatures of the fluids in
the down, steam, and up wbes, respectively. Here x = the linear coordinate
along the tubes in the direction of the flow (0 = x = 2H), and H = the
depth of the well. It starts from the inlet of the down and steam tubes, goes
to the bottom of the reactor, turns the corner, and ends at the exit of the up
tube. The heat capacity per unit length of the fluid in wbe and the tube itself
{i.e., the pipe) is denoted by (ApC ) and (ApC,)s, respectively. The flow
rate of heat capacity is denoted by (mC.): this term can also be expressed
1% {ApCF}FV where V' = the average velocity of the fluid; and A = the cross-
sectional area, The heat transfer area (per unit length of the tube) and the
overall heat transfer coeflicient between the tubes are represented by o and
U7, respectively. The superscripts sd and ud refer to the interaction between
the steam and down tubes and the up and down mbes, respectively. The
specific enthalpy of the steam tube fluid is denoted by fie. The heat flux
from the carth to the reactor, and the heat added by the steam during start-
up, both defined per unit length of the tube, are denoted by (x.r), and
S(x,1).

Mass balance for the fluid in the steam tube is given as
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Mass flow rate in the up tube is determined by the mass balance of the fluids
at the bottom of the reactor
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where mii = the mass flow rate of the fluid in the down tube, assumed to
be constant; and mig{r) = the flow rate in the up tube.

In the steam tube, the hydrostatic pressure pilx, 1), neglecting friction, is
| given by

!fF F
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where g = the acceleration due to gravity.

To solve the problem completely, we also need certain thermodynamic
relations for the fluid in the steam tube. For water (single phase), specific
enthalpy and density are functions of temperature and pressure
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From Egs. 4, 5, and 8a, the energy equation for the steam tube fluid in
single phase is
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For the case in which the steam tube fluid is in the saturation state (two-
phase system), the quality of the saturated steam e€i(x,f) comes in as an
independent variable. Quality is defined as the ratio of the mass of vapor to
the total mass of liquid and vapor when the substance is in a saturation state.
The temperature of the mixture in this case becomes a function of the sat-
uration pressure

F A i G 7 T (10)

The specific enthalpy of the saturated water vapor system can be expressed
in terms of the quality €z, the specific enthalpy of the vapor hU(TF), and the
specific enthalpy of the liquid A,(7%) in the mixture

B = hyeh + Rl = €) oot 1$))
R X ¢ & N (12a)
By = BUTE) . e (12b)

Similarly, the density of the saturated water vapor system can be expressed
in terms of the quality €7, the density of the vapor p,(T}), and the density
of the liquid p,(7';) in the mixture

PF=PEr T Pl = €F) 13)
P = P E) oo (14a)
P = B T ) et e (14b)

Data for Egs. 8a, 8b, 10, 12a, 12b, 14a, and 14b are available in the steam
tables (McLintock and Silvestri 1968). From Eqgs. 4, 5, and 11, the energy
equation for the steam tube fluid in saturation state is
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where, from Eq. 11
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d€ TS
The boundary and initial conditions for the earth and the tubes are given
T(ryg,z,0) = TE(2H —~ z,1), for0<:z<H, t=0 an
Te(h,z,8) = TYz), forO<z=<H+h, t=0.... 18)
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Ter,H + bty = THH + h), forO<r=<h, t=0....... .. (19

aT.

f (0,z,0.= 0, forH=z=<H+ h, t=0 (20)
2

T )
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TEHO, 1) = TH), T = o (22a)
TH0. 0 = Tolo), 5 o = 0 OO (22b)
Tulr,z,00 = Tz, for0<:z<H, re=r=h,

H=z=H+h, L i P (23)
Tiix, ) = Thix), fr 0 sx<H ..ot (24a)
Thlx,0) = THx), (V== - R (24b)
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An additional constraint on the temperature of the fluids at the bottom of
the reactor is given as

THH, 1) = THH.©) = THH, ), fort = 0. ..o iiiiiiiiniiiinnannn. 1))

It should be noted that it is possible to avoid this constraint by writing an
explicit energy balance at the bottom of the reactor to calculate the temper-
dture in the up tube at that point.

For the inlet conditions for the steam tube, we also specify, for single
phase (i.e., when water is injected)

e, 1) = malr), {5 = 0 A OO (28)
and for two phase (i.e., when saturated steam is injected)
-0, 1) = egirl, T = (29)

Here ry, = the radius of the outer casing of the reactor, h = the heat pen-
etration distance beyond which heat effect is negligible; T9(z) = the natural
lemperature profile in the earth; and Tg(r), mi(t), pi(r), and €(#) = the tem-
perature, mass flow rate, pressure, and quality of the fluid at the inlet of
the steam tube, respectively. The heat flux Q at the interface of the earth
and the op tube is

a7,
Q=21:H(r_—J| ........................................... 30)
ar /|-,

Dividing Eq. 1 by (pC,); and Egs. 2, 3, 9, and 15 by (4pC,)Z, and by
using the scaling
T—Ty0) T - T0)

e =k ot .. 31
Toix — THO) (A7) D
,
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we obtain the following dimensionless forms
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In Eq. 46k, D = the distance over which the heat is added. In the numerical
example we consider, we take D as one element length. This value can later
be modified once we know more about the mixing at the bottom of the
reactor. Note that two different length scales are used, and that H/h == 1.
The well depth # is used for the linear coordinate x along the tubes and the
coordinate z above depth / in the earth. The heat penetration distance h is
used 1o scale the radial coordinate and the coordinate z below the depth H
in the earth,

SramiaL DISCRETIZATION

Let {1 denote the computational domain for the earth and E; denote the
set of elements resulting from the discretization of (}; into subdomains
0f, e =1, 2. ..., nelg where nel, = the number of elements in {2 The
following finite dimensional spaces associated with E; are defined:

A=W e MDD, wW=0 onT] e iy (51)
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FiG. 3. Typical Earth Element Adjacent to Reactor

S'Qp) =[O0 € H™(Qp), Oi=g onT,)..........cooivnn... 52)

where H" = the finite dimensional Sobolev function space, I, = the Dir-
ichlet-type boundary for (), (i.e., the boundaries at z = H + h and r = h),
and g is specified according to Egs. 18 and 19. The discrete variational
formulation associated with Eq. 35 is given as follows: Find 6} € $*(Q;),
such that for ali w* € V*(Qy)
h h '
f w 90 r*dr*Ldz* + f (M 9 + 1 alh &>r*dr*Ldz* =0...... (53)
o, o o, \or* or*  L? az* 9z*

To approximate the heat flux between the reactor and the earth, we con-
sider the layer of elements in the earth that is adjacent to the up tube of the
reactor. As shown in Fig. 3, these elements involve the temperature in the
up tube and the earth. The heat flux at the interface of the earth and the up
tube is approximated as follows (see Fig. 3):

905 Ar¥\ (0" - 8
2,"*(,.*_) =2 *<*+—)< ........ s
Y Br* r=rt T 2 Ar* l

Let Of = "0 =x* = 1), O = ¢*|0 = x* < 1), and )t = (+*|| = 1'
= 2) denote the one-dimensional computational domain for the reactor tubes,
Further, let E; denote the set of elements resulting from the finite elemen
discretization of ()i into subdomains (2§)°, e = 1, 2, ..., neld, wheme
nel; = the number of elements in the reactor tubes. The superscript a takes
the value s for steam tube, d for down tube, and u for up tube. Note thit |
at the well /earth interface Ej and E; share common nodal points, We defing
the following finite dimensional spaces associated to Ef:

VA = [whw® € H*QD), w"=0atx*=0] ............... (53)
VRO = wWHwt € HMQ), wh=0atx*=0]................ {5581
VA = Ww EH™QD) oo {55¢|
SHOH = (0P € HMQP), 02 =0atx*=0]................. (56a) |
SO = (607 € HMQL),  6F = 05D atx* =0]............... (568 |
S = (0210 € HMO] ..o e (36¢)
An additional constraint on the solution space is

=07 =0 atx*=1, FIZ0........c0iiiiiiiiiiiiii :S?IJ

The discrete variational forms associated with Eqs. 36—38 are piven @ J
follows: find 62 € S™(Q2), 6 € S*(Q), 82 € S**(QL), and (67)" € SYT
such that B i
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FIG. 4. Typical Pseudo-Elements: (a) For Up and Down Tubes; (b) For Down and
Steam Tubes

(Pe)® 902 .
f (W + ﬁdh)[ f;,) F T ox* — (B*)M(OF th)d.Q
+ @BYAeF b lla:u = J (W™ & BME*dI], Yt e ¥ (58)
[ st (Pe)” a6y :
(w* 8""1" (A - — + (B*y*0F" — oy
v ar® L ox
Ar*Y S — (00" I e
+2-nv*("'5 = Ar* |[an =0, ¥wtev (59
0% (Pe) agy .
j W+ &H| L) -—— + (BT — 6 (41D
™ dt { X
= f w™  §MNP*YdQ, ¥wh o vt (60)
n.\'

The Petrov-Galerkin supplement function 3" is defined as

" Ax* ( ) aw' an/'

¥ = C;, — sign ik vl 61)
2 b ok

where £ = the local coordinate; ¢ = C,, sign (Pe/f,); and C,, = the algo-

rithmic Courant number. Various choices for C,, can be found in Tezduyar

and Ganjoo (1986). In this paper, we take C,, = 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 N, and N,. At this point, the symbol E; will
also be used to denote the set of pseudo-elements Let c; = the (pseudo)
element level heat capacity matrix; ki and ki = the (pseudo) element level
matrices corresponding to the convectxon and the heat exchange terms, re-
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spectively. Ihese 4 X 4 matrices are given as follows. [The superscripts .
refer to the pseudo-elements in the steam and down tubes. The matrices f
the pseudo-elements formed by the up and down tubes are given in Liou
al. (1990)]:

(1 c (1 ¢ 1 ¢
| =3) +mG-3) o 0 amlg-g) v omG -

or
) =— o L (62)
l_f,.)’ + (f,):( ) 00 1(1 +f) + ‘(1 2y
6 6 6 2
lfl’e)’<—1 + ) + (Pe).(—1 - ) 00 <1>v=):<1 - 5) + @l <)
3 4 3 4 e 2/
&y = 2 . (63)

(P :(_l ' f) + :(_l b f) o 0 (Pe)'(l + £) + (P )a ‘1 [
‘_e)‘ riwied Rl s i vy e‘-(_} 3 I_J'
69 €9 -6-9 &7
3 2 3 2 3 2 3 ]
2 y
,_<_+£) <2+£) (1+£) _<l¢{}
&y = 2 @ 3 2 3 2 3 2 3 3
SO 6) 69 G Gy
1\ 2/ 3 2 3 2 3 »]
(l c) (1 c) (2 c) (2 ;
—+-) —[=+=) —(=+= . )
[L\s 2 3 2 3 2 30 )|
where the numeric subscripts refer to the element node nymhers shown in

Fig. 4. The (pseudo) element level force vector due to the heat source in
the down and up tubes is

- -1
|?_g*+G_$w
1 “4 |
3 2 3 2
2 1
| —+£);‘+<—-+£)}§
3 2 3 2 "
n e 2 ¢ SR T
il b R DB+
\3 2 3 2

\3 2 3 2%

The (pseudo) element level force vector for the steam tube is

_<E - E)(P*)J + (l — E)(p ,Sﬂ
3 2/° 1T \3 20 "

3 =— RSTER

(.1. + E)(P*)‘T + (2 + E)(P*)“
pAg: o2f50 Shi g nugfa ot
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The thermodynamic quantities appearing in the element level matrices and
force vector corresponding to the steam tube are calculated as described in
the following.

Case 1 (Saturated Steam)
Let (pi)ay, and (pply,—; be given, where the subscripts A and n = the
node and time step numbers, respectively.

. From the pressure equation find

e IR § -y PRRCE S 5 JEE o 11 & A 67

2. Since the fluid is in the saturation state, temperature is calculated as a
function of the pressure

e L P L sy s e AN (68)

Let (ep)y's be the guality of steam at the node A, at time step n, and at the end
of iteration i,
3. Let

T o el i e et B v S e (69)

4. Find pf, iﬂﬁ; JaT; dets fﬂh’ ,.-"-:ie,)r- using Eqs. 12a-14b, 16a and 16b based
on (et

5. The continuity Eq. 5 is used to calculste the mass flow rate (75)Y,.

6. Predict (TF),, using the solution from the previous time step.

7. Find the modified value of quality as (e}, using Eq. 15.

8, Once the new value of the quality is known, go back to step 4 and iterate
till some predecided convergence criterion is met. If € turns out to be negative,
it means that the fluid is no more in the saturation state and should be treated
a5 o single phase floid (case 2),

9, The temperature T} and the converged value of the quality (€5), , are then
wsed (o find the various coefficients in the steam-tube equation.

Case 1 (Hot Water Only)

In this case the thermodynamic properties are fimetions of the temneratire
and the pressure in the steam tube.

Let (pela-1. and (pils.-o be given:

Find {pgehs . using Eg. 67,

Predict (TF),,, using the solution from the previous time step.

Find (pi)y . using Eq. 8k and then (wig), . using the continuity Eq. 5.
Use these calculated values for temperature and pressure to calculate the
desired coefficients in the steam tube equation.

B b

With the aid of the definition of the pseudo-elements in the reactor tubes
and the associated element level matrices, the assembly procedure for the
global matrices is straightforward. Let E, denote the subset of elements in
Ey that are adjacent to the well/earth interface. The assembly procedure is
performed as

e T S [y o (= ] (70)
ri:l-r eEEr
K= A KE+ A [RE™+ kD™ + (K + (kDY + A KT ......... 71
rEEy ecEr e€E,
F= A 2+ A [(rs™ + (094 . ez e T v ) |
¢EE: riZEg
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where A = the assembly operator that permutes the element level matrices
and adds them to the global matrices. The element level heat capacity and
conductivity matrices corresponding to Eq. 53 are represented by ci and
ki, whereas the element level force vector is represented by f;. ki = the
element level contribution due to the heat flux at the well/earth interface
and must be added to the conductivity matrix for those elements in the earth
that are adjacent to the reactor (Liou et al. 1990). The assembly of the ele-
ment level arrays leads to a set of ordinary differential equations and initial
conditions

Cv+ Kd=F ..o i i e e 3)

O0) = do oot (74)

where C and K = the global capacity and conductivity matrices; and F =
the force vector. The vectors d and v = the unknown nodal values of the
temperature and its time derivative. The ordinary differential Eq. 73 with
its initial condition Eq. 74 is solved by a predictor/multicorrector algorithm
(Liou et al. 1990).

Numerical Examples

The method described was tested on the simulation of the start-up in a
model deep-well reactor for three different cases. A mesh with 2,128 nodal
points and 1,925 two-dimensional and 150 one-dimensional (100 pseudo-
elements) elements was used. The physical values for the processes for all
cases are

ro=0.1585m. ... e e (75)
H=1,524m ..... . i (76)
h=3.048m. ... .. e e an

zZ
TUz) = 26.667° C + 0.0292 —°C .
m

(0C,)e = 2.681

m*-°C
k = 1.7296 -
Tyt oo
(ApCp)p = 106.00 l
PColp V.00 m-°C
(ApC,)p = 55.42 K
fran "“m-°C
(ApC,)p = 2.285 —
m-°C
(ApCy)F = 100.76 —
m-°C
kJ
(ApCp)k = 126.24 ——
m-°C
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BRC,)E = 76,776:71 (86)
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1
T B LT . O 10 S (88)
Im
M 1
i = B e o T SR IR S S (89)
s=m*:°C
il J
Al e R A IR TR I | S, (90)
som* 0

We are interested in the temperature profile in the tubes and the heat loss
o the earth as a function of time. The temperature attained at the bottom
of the reactor and the exit temperature are the two significant quantities. The
former will control the maximum conversion achieved and the phase be-
havior of solids in the svstem during the actual operation. The latter is a
measure of the heat removed by the exit stream, which will control the amount
of useful heat recoverable.

Case 1

We start up the reactor by introducing steam (at temperature Tj = 315.6° C
and quality €5 = 0.95) at the inlet of the steam tube at a mass flow rate of
me = 2,52 kg/s. In the steam tube, steam condenses as it flows down the
tube, but it has a nonzero quality when it reaches the bottom of the reactor.
There it condenses upon mixing with the down-tube fluid and releases the
heat of vaporization. In this example, we assume that the heat released by
the condensation of the vapor is evenly distributed over the last clement
length (30.48 m) in the down tube, We can relax this assumption later when
we have a better understanding of the mixing of the two fluid streams at the
bottom of the reactor. In this case the fluid temperature in the steam tube
increases as it goes down the tube. This is because in the saturation state
the temperature is a function of the pressure, which increases due to the
hydrostatic gradient down the tube. Fig. 5 shows the temperature profiles in
the tubes during the start-up and the temperature contours in the earth at the
end of 12 hours. No oscillations in the temperature in the tubes are observed.
This illustrates that the convection-dominance of the equation in the tubes
does not pose any numerical difficulty in our approach. At the end of 12
hours, the bottom temperature in the well reaches 314.4" C, which is ade-
guate 1o obtain high oxidation rate and good overall conversion. The exit
temperature is 61.17 C (Fig. 6).

Case 2

This time we start up the reactor by introducing steam again, but of lower
quality (at temperature T, = 315,6% C and quality e5 = 0.53), at the inlet of
the steam tube at a mass flow rate of mip = 2.52 kg/s. In this case, steam
condenses completely as it flows down the steam tube before it reaches the
bottom of the reactor. The fluid temperature down the steam tube first in-
creases while it 15 in the saturation state and then decreases after it has con-
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FIG. 5. Temperature Profiles in Reactor Tubes During 0-12 hr and Isotherms In
Earth at End of Start-Up Using High-Quality Steam (315.6° C, Quality: 0.95) In-
jected at 2.52 kg/s (Case 1)

densed completely. Fig. 7 shows the temperature profiles in the tubes during
the start-up and the temperature contours in the earth at the end of 12 hours,
At the end of the start-up, the bottom temperature in the well reaches 236.1° C,
which is much less than that in case 1. The exit temperature is 55° C (Fig
8).

Case 3
We start up the reactor by introducing hot water (at temperature T =

812
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FiG. 6. Total Heat Loss to Earth, Exit Fluld Temperature, and Bottom Temper-
ature of Reactor versus Time During Start-Up Using High-Quallty Steam (315.6° C,
Quallty: 0.95) Injected at 2.52 kg /s (Case 1)
260° C and pressure py = 4.826 MPa) at the inlet of the steam tube at a

mass flow rate of mp = 4,977 kg/s. This time the fluid temperature down
| the steam tube decreases all the way to the bottom. Fig. 9 shows the tem-

perature profiles in the tubes during the start-up and the temperature contours
in the earth at the end of 12 hours, for this case. At the end of the start-up,
the bottom temperature in the well reaches 195.6% €, which, as expected,
is-much less than that in cases 1 and 2. This temperature is probably not
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Reactor Tubes Temp. Profile
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FIG. 7. Temperature Proflles in Reactor Tubes During 0-12 hr and Isotherms In
Earth at End of Start-Up Using Low-Quallty Steam (315.6° C, Quality: 0.55) Injected
at 2,52 kg/s (Case 2)

high enough to obtain a good overall conversion. The exit temperature is
58.9° C (Fig. 10).

CONCLUSIONS

A finite element model is developed for the numerical simulation of the |
start-up of a deep-well wet oxidation reactor, The model can simulate stan-
up using saturated steam of arbitrary quality, including hot water (i.e., qual-
ity = 0). Thermodynamic relations are included for the start-up fluid in the ‘
steam tube to evaluate the necessary material propertics. A Petrov-Galerkin

B14

——L




a2

2.4
| 1

0.0

i T

El-ﬂ 4.0 . GI,D I B.0 10,0 12.0
Time (Hours)

Heat Loss to Earth -:10'.1."31
18

=
o

5.0

Exit Temp. (deg. C)

25.0 350 450 &S50

2.0 40 8.0 2.0 10.0 120
Time (Hours)

Bottom Temp. (deg. C
25.0 100.0 Yr5.0 250.0 3350

w0 40 0.0 0.0 e 120
Time (Houra)

FIG. B. Total Heal Loss to Earth, Exit Fluld Temperature, and Bottom Temper-
gture of Reactor versus Time During Start-Up Using Low-Quality Steam (315.6° C,
Quality: 0.55) Injected at 2.52 kg/s (Case 2)

method 15 used for the spatial discretization of the governing eguations for
the temperature in the reactor tubes and a regular Galerkin method for the
conductive heat equation in the earth. The two equation sets are coupled by
the continuity of the temperature and heat flux at the interface between the
earth and the well. A predictor-multicorrector algorithm is used for the tem-
poral discretization.

MNumerical tests were performed for the start-up of a model reactor using
high-pressure saturated steam and high-temperature water. The injection of
high-pressure steam of sufficiently high quality seems to be good enough to
obtain high oxidation rate and good overall conversion. This study can also
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Reactor Tubes Temp. Profile
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FIG. 9. Temperature Profiles In Reactor Tubes During 0-12 hr and Isotherms in
Earth at End of Start-Up Using Hot Water (260° C, Pressure: 4.626 MPa) Injected
at 4.977 kg/s (Case 3)

be used to estimate the start-up time and the mass of the steam or wate
required in the star-up process.

Further improvements are possible in the present model. Pressure eque
tions for the down and up tubes can be included so that the assumption of
constant material properiies in those tubes can be relaxed. Real kinetics of
the mixing of the agueous streams at the bottom of the reactor can also be
introduced. The transition from start-up to steady operation of the reactor
can also be studied,
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ArpEnDIX .

To test our finite element program, we compare our numerical solution
with the analytical solution for a simple problem. We simplify the original
problem by considering an adiabatic case (no heat loss from the reactor to
the surrounding earth). Further, we also neglect the heat transier between
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FIG. 10, Total Heat Loss to Earth, Exit Fluld Temperature, and Bottom Temper-
gture of Reactor versus Time During Start-Up Using Hot Water (260° C, Pressure:
4.826 MPa) Injected at 4.977 kg/s (Case 3)

a1v

h—__



5/By L26°F 1B palaalu] (edw 9ze'Y

:81nss8ld ‘D ,092) 491EM 10H Buisn dn-uels ‘weiqoid InEqEIPY panlidw]s Joj suonnjog |BapAjEuy pue [ESpBwWnN S1EIS APESiS CLL "DId

0gpne

( w ) ydeq
aanx» 0°v2SL 0°29.
1 1

00

‘ujos |edjiAjeue

*ujos [BolWINU

-
v VU

['R71Y
Bep ) einjeiadwey

(o

a|joid ‘dwal sagn] Jojoesy

0’55y

818



the steam and down tubes and focus on the steady-state limit for the start-
up using hot water (assumed incompressible to get the analytical solution).

For this test we inject hot water (at temperature To = 260° C and pressure
py = 4.826 MPa) at the inlet of the steam tube at a mass flow rate of mj
= 4.977 kg/s (as in Case 3), The analytical solution and our numerical
solution, to this test problem, have been plotted in Fig. 11. As can be seen,
the two solutions are very closc. This confirms the validity of our formu-
lution and the reliability of our program.
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