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NOMENCLATURE

a - semi-minor axis of ellipse

ae - radius Of element at end of convective descent

as - enhanced settling factor

b - radius of circular jet

B - density deficiency in dynamic collapse
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C - local concentration of drilling mud

C
o - drilling mud discharge concentration

CD - drag coefficient of ambient current on the jet

CD3 - drag coefficient for a two-dimensional streamlined
wedge

CD4 - drag coefficient for a two-dimensional plate

Cdrag - form drag coefficient of plume cross-section

Cfric - skin friction coefficient

CM - added mass coefficient

Cmax - maximum centerline concentration

Csi - volume fraction concentration of solids

Ct - total local concentration

D - discharge pipe diameter

1110 - drag force in bottom collapse phase

Dbxt Dby, Dbz -drag force on bottom in the X-, Y-, and Z-directions,
respectively

De - drag force in collapse phase

D
cx, Dcy, Dcz -drag force of collapsing plume in the X-, Y-, and

Z-directions, respectively



D - form drag force resisting the change in shape of
quadrant of plume element

E - total jet entrainment

Eb - entrainment of plume at the bottom

E
c - total entrainment of collapse phase

EM - momentum jet entrainment

E
T - jet phase 2-dimensional thermal entrainment

El - entrainment due to convection

E
2 - entrainment due to collapse

F - buoyancy force

F
b - bed force

F
bf - bottom friction force of collapsing plume at the bottom

FD - drag force of ambient current on jet

-component drag forces of ambient current on jet in x-,FDx,FDy,FDz
y-, and z-directions,respectively'

F
Dc - driving force of plume collapse

Ff - skin friction force of collapsing plume

F
Fx,

FFy, FFz -bottom friction force in the x-, y-, and z-directions,
respectively

F1,-fric - bottom friction coefficients

Fr - densimetric Froude number

g - acceleration of gravity

I - inertia of the quadrant of collapsing plume

L - length of plume element

M - momentum of the element



Md

Pa

PC

- momentum flux

- ambient water pressure

- plume centerline pressure

Pdi - volume of the solid component in the element

Pi - volume flux of solids

p - pressure difference between inner and outer surfaces

pl - reference pressure

Qi - volume rate of ith solid passing out of plume

q - dimensionless mass rate of settling

R - velocity ratio

Ri - settling rate of the ith solids component at the bottom

Re - Reynolds number

s - centerline distance

Sci - volume rate of solids settling out of plume

Si - rate of solids volume flux passing out of the plume per
unit length

Sp - circumference of plume

St - stratification number

TS - total solids

U - jet centerline velocity

u - local velocity of plume in x-direction

Uo - drilling mud discharge velocity

ua,Ua - ambient water velocity in x-direction

U
a (x y z) - ambient water current



- horizontal velocity of centroid of the quadrantu
centroid

- towing velocity

- local velocity of plume in y-direction

- quadrant tip velocity due to collapse

- contribution to tip velocity due to entrainment

vfi - solids fall velocity

v
s - combination of the tip velocity and stretching of

v
c

element

v
1

- velocity of plume element in x-direction

v2 - velocity of plume element in y-direction

v3 - velocity of plume element in z-direction

w - local velocity of plume in z-direction

wa,Wa - ambient velocity in z-direction

X - horizontal distance from source

x - local coordinate in horizontal direction

x' - x-coordinate axis fixed with origin at the centroid
of the plume

Y - vertical distance from source

y - local coordinate in vertical direction

- y-coordinate axis fixed with origin at the centroid
of the plume

z - local coordinate in horizontal direction perpendicular
to x-coordinate



Greek Symbols

al - Momentum jet entrainment coefficient

a2 - two-dimensional thermal entrainment coefficient

a3 - entrainment coefficient for convection

a4 - entrainment coefficient for collapse

- settling coefficient

y - angle in the vertical plane between plume direction and
resultant ambient current

"Y1

cS

3
- directional angles the resultant ambient current at

- coefficient for ratio of density stratification inside
and outside collapsing plume

position s makes with respect to the x- and z-axes

- normalized ambient density gradient

0 8
2'
0
3

- angles between the element centerline and x-, y-, and
x-axes, respectively

1-10 - mud viscosity

p - density of jet

pa - ambient water density

pa(0) - ambient water density at the water surface

pi - density of solids

po - mud density; also ambient density at the neutral
buoyancy level

Apo Po Pa

cf) - angle between the surface projection of the element
centerline and the x-axis

T - resultant velocity difference between the plume element
and the bed bottom



AN EXPERIMENTAL INVESTIGATION OF DRILLING MUD DISCHARGED
INTO A FLOWING STRATIFIED ENVIRONMENT

I. INTRODUCTION

The environmental impact of drilling for oil has created concern

from regulatory agencies, oil companies, and others, especially with

regard to effect of drilling mud discharges on the marine resources

of the region. The discharge of drilling mud into the ocean is often

necessary during and at the completion of an offshore oil well. As a

result there have been a number of onsite investigations during the

past several years in order to obtain information regarding the fate

of drilling discharge material.

Much information has been obtained, specifically about the dilu-

tion of the drilling discharges. Meek and Ray [14] conducted a

monitoring program on Tanner Bank and reported an average initial

dilution of 500-1000:1 within the first three meters and additional

100:1 dilution within the next 100 meters. Arco [12] studied mud

dispersion in Lower Cook Inlet and came up with a 10000:1 dilution

within 100 meters. Other investigations conducted in the Gulf of

Mexico [3] as well as Baltimore Canyon off the coast of the United

States [4] reported similar results.

Due to differences in site conditions such as ambient currents,

density stratification, water depth, and discharge material proper-

ties, several computer models have been developed to predict the fate

of drilling discharges at other sites [7,13]. Primary efforts were
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directed towards the development of models for passive diffusion of

pollutants in the ocean, and buoyant plume behaviors from thermal

discharges [9]. Koh and Chang [13] used some of the methods in these

models and added a treatment for particulate solids in the discharge,

considering a constant depth and steady currents. The ambient fluid

was assumed to be stratified with an arbitrary gradient and uniform

in the horizontal direction. The Koh-Chang model was modified by

Brandsma and Divoky to include a passive diffusion model developed

by Fischer [10]. This allowed variable depth and currents to be

used.

A recent computer model prepared for the Offshore Operators Com-

mittee, specifically for drilling mud, has been developed by Brandsma

et al [8]. This model is based on the Brandsma-Divoky model and

includes a new Lagrangian passive diffusion procedure, which creates

small "clouds" of material having a Gaussian distribution in concen-

tration that are free to move and grow according to local turbulent

diffusion. The concentration of material at any point is the sum of

the contributions from each adjacent cloud.

Some problems have occured during the onsite investigations such

as wake turbulence due to drilling structure, unexpected shear cur-

rents, visibility, and the large size of the plume, which made it

difficult to measure the plume dilution and bottom settlement accu-

rately. One problem was that shear currents carried the main part of

the plume in an unexpected direction. As a result, some of the

measurements were taken in the wrong place.
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The accuracy of computer models developed to predict the be-

havior of drilling fluids depends on many assumptions and empirical

coefficients within the model. They must be checked and adjusted

before using them. One method of obtaining this information without

the problems associated with field tests is laboratory simulation.

This can be done using the laws of geometric and dynamic similitude.

This method has advantages compared to field investigations in that

the whole discharge plume can be seen, therefore, measurements can be

made at the right location. In addition, ambient and discharge con-

ditions can be varied individually to obtain their effects.

This thesis describes a laboratory simulation of drilling mud

discharged vertically downward into a stratified flowing ambient to

obtain information useful to those developing the computer models,

specifically for the calibration and validation of computer models.

The primary concern was the dilution characteristics of the plume in

the water column and the material settled on the bottom. Drilling

mud was assumed to be composed mainly of clays (low-gravity solids)

and barium sulfate (high-gravity solids) combined with water.

Measurements were made to determine the concentration of total

solids, high-gravity and low-gravity solids as well as the relative

settling of high-gravity and low-gravity material. In addition, an

attempt was made to determine the concentration of the drilling fluid

at the exit of the discharge pipe in order to compare it with the

bulk mud to see if any downpipe mixing had occurred. The last part

of the experimental study included the deployment of a number of
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sediment dishes downstream Of the discharge pipe to measure the

accumulation of solids on the bottom. In the last section of this

thesis, the analytical basis for a drilling mud computer model, and

the comparison of the calculated results from this computer model

with the measured results are described.



II. EXPERIMENTAL WORK

This section describes the experimental procedure and results Of

the investigation. The modeling parameters are introduced, the appa-

ratus and procedure involved are explained, and finally the results

of laboratory experiments are presented and discussed.

Modeling Parameters

To simulate a full-scale prototype in a laboratory using a

model, the laws of geometric and dynamic similarity must be consid-

ered. This can be done using dimensional analysis. Such an analysis

for drilling mud discharged into a flowing stratified ambient, indi-

cates the following independent variables: 1) the densimetric Froude

Number, Fr = U0/(gDApo/p0) which is the ratio of inertial to

buoyant forces; 2) Stratification Number, St = (APa/Ay)/(40/D),

which is a dimensionless density gradient; 3) the Velocity Ratio,

tvuo, which is the ratio of current to discharge velocity; 4) the

Reynolds Number, Re = pou.D/po, which is the ratio of inertial to

viscous forces.

The main dependent variables are: 1) solids distribution and

concentration within the plume, C; 2) plume trajectory, (X,Y); 3)

plume size.

Due to equipment limitation and lack of time, specifically with

regard to the time needed for stratification, only one set of vari-

ables was considered.
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In the first phase of the investigation, samples were collected

within the plume created by the discharge and analyzed for total

solids and high gravity solids (BaSO4) concentration at different X/D

and Y/D values along the plume centerplane. Figure 1 shows the sche-

matic diagram of the plume coordinates. In the second phase of the

investigation, samples were collected at the exit of the discharge

pipe and analyzed for total solids concentration. In the final

phase, the ratio of solids deposited on the bottom per area to the

total solids discharged were measured.

Apparatus and Data Acquisition

The drilling mud used in the experiments was obtained from Exxon

Production Research. It had a specific gravity of 1.184 and a compo-

sition of 12 percent by weight high-gravity solids (BaSO4), 15.2

percent low-gravity solids and 72.8 percent water. It was discharged

into a towing channel 12.1m long, 0.61m wide, and 0.91m high, con-

taining stratified water. Two carriages containing the discharge and

sample collecting systems were towed along the rails above the

channel by a towing cable and a motor drive as shown on Figure 2.

This was done to simulate a current while allowing the water in the

channel to be stratified.

The discharge system consisted of an acrylic tank (55x50x17.5

cm) containing the drilling mud, a stirring mechanism, a Masterflex

pump with speed control, a plenum chamber, and a discharge pipe. The

pump was calibrated using a graduated cylinder and a stopwatch. The
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flow rate was adjusted to achieve the desired Froude Number. The

stirring mechanism was used for thOrOugh premixing of the drilling

fluid prior to discharge. The plenum chamber was to dampen pump

pulsations. Two acrylic pipes of 1.90cm and 0.95cm I.D. were chosen

for the first phase of the experiment, one for measurements from 0 to

110 diameters downstream and the other for measurements from 110 to

410 diameters downstream. In the second phase of the experiment, a

1.59cm pipe was used to determine the total solids concentration at

the exit of the discharge pipe.

The sample collecting system consisted of a rake of 9 stainless

steel suction tubes (0.32cm 0.D., 0.22cm I.D.) mounted on a vertical

moving mechanism at the plume centerplane. They were connected to a

series of sample collecting test tubes (2.5cm I.D.), a manifold, and

a vacuum tank. The suction tubes were configured in such a way to

collect samples simultaneously at two consecutive X/D values down-

stream of the source as shown on Figure 3a. Each suction tube was

connected to a set of four test tubes in series. The volume of each

test tube was greater than the volume of the water column already in

the suction tube, as a result, the first test tube, called primary

test tube, collected all the initial water in the suction tube. The

other three test tubes collected the actual sample. Figure 3b shows

a typical samples collecting test tubes. Tygon tubing of 0.32cm

I.D., 0.95cm 0.D. was chosen for the main vacuum lines. The complete

collection system including system tubes, sample collection test

tubes and vacuum system is shown on Figure 4.
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Other miscellaneous equipments were as follows:

1) Salt water tank (105cm I.D., 120cm high)

2) Salt water pump

3) Conductivity probe

4) Tektronix carrier amplifier

5) Honeywell Visicorder

6) Stainless steel false bottom

7) Sediment dishes (9cm I.D.)

8) Vacuum pump

The salt water tank was used to make various concentrations of

salt water needed for stratification. The conductivity probe was

calibrated using known salt water solutions. These solutions were

standardized by the salinometer of the OSU School of Oceanography.

Sediment dishes and stainless steel false bottom were used to collect

solids during the last phase of the experiment.

Plume Sampling

In order to collect samples within the plume, photographs were

taken of a drilling mud discharge into a stratified channel to deter-

mine appropriate locations for the suction tubes.

Stratification was made by pumping seven layers of various salt

water concentration into a sump located at one end of the channel to

permit slow flow of salt water across the channel. The salinity

within the water column was measured using the conductivity probe to

be sure of duplication from one run to the next. Figure 5 shows the
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average salinity in terms of dimensionless water depth, Y/D. For

collecting samples further downstream of the source, a smaller

discharge pipe of 0.95cm I.D. was selected. In this case the strati-

fication, discharge velocity, and towing velocity were adjusted for

proper scaling.

For the 1.90cm I.D. discharge pipe, the Froude Number was 0.68

and the nominal discharge and towing velocities were 11.5 cm/sec and

10.0 cm/sec, respectively. For 0.95cm I.D. pipe, the Froude Number

was 0.64 and the nominal discharge and towing velocities were

7.6cm/sec and 6.7cm/sec, respectively.

The sequence of events for collecting samples within the water

column were as follows:

1) The width of the plume for the particular downstream

distance, X/D, was determined using the photographs of

the plume.

2) The suction tubes were adjusted for the desired vertical

distances, Y/D, and distance downstream, X/D.

3) The pump speed was adjusted to give the desired flow

rate.

4) The towing velocity was adjusted for the desired

velocity ratio, R.

5) The channel was stratified with layers of different salt

water concentration (7 layers) and the salinity profile

checked using the calibrated conductivity probe.
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6) The sample collecting test tubes were prepared and con-

nected to the suction tubes through one line and to the

vacuum tank from the other.

7) The drilling mud was thoroughly mixed with the stirring

mechanism.

8) The drilling mud pump was turned on and towing started.

9) When the towing speed was reached and the plume estab-

lished the vacuum valve was opened to extract the

samples through the suction tubes into the sample col-

lecting test tubes.

10) When the test tubes were filled, the vacuum valve was

closed.

Sample Collection at Discharge Exit

A 1.59cm I.D. acrylic discharge pipe was used when collecting

samples of drilling fluid at the exit of discharge pipe to see if any

downpipe mixing had occurred. For this purpose, four suction tubes

were installed laterally around the exit of the discharge pipe as

shown on Figure 6. This experiment was done with no stratification.

In this experiment, a high suction rate of samples altered the

flow at the exit of the pipe, therefore, the suction valve was only

opened partially to collect the samples slowly. This increased the

time to fill the sample tubes to such an extent that a complete tow

was not possible, hence these tests were done without towing. Figure

7 shows the system for collecting samples at the discharge exit.
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Samples were taken with the end of the discharge pipe at 1, 10,

20, 30, and 40 diameters below the water surface. The discharge

Froude Number was 0.69.

Solids Collection on the Bottom

In the last phase of the experiment, eight dishes of 9cm I.D.

were deployed along a stainless steel false bottom. They collected

the sediments downstream of the source and at the centerplane of the

plume as shown on Figure 8. The false bottom was 40 diameters below

the water surface. The discharge Froude Number, stratification, and

towing velocity were the same as with the suspended solids experi-

ment.

During the tow, the drilling fluid was discharged only for a

specific distance (3.95m) and the time was recorded. The carriages

were kept moving to clear the dishes out of the plume and then glass

caps were placed over the dishes. Finally, the channel was drained

and solids deposited on the dishes were collected for analysis.

Sample Analysis

Samples collected for each location within the water column were

placed in a beaker and mixed thoroughly for resuspension of solids.

Samples were then filtered through pre-weighed 0.45 micron pore dia-

meter Nucleopore filters. The filters were dried at room temperature

overnight and weighed to the nearest 0.1mg. The mass fraction of
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solids was obtained from the mass of the sample filtered and the mass

of the solids collected on the filter.

Samples collected at the exit of the discharge pipe contained

large amounts of particles and could not be filtered completely.

These samples were collected on a piece of pre-weighed aluminum foil

and ,dried in an oven and weighed.

Solids deposited on the dishes were dried, scraped off the glass

dishes, collected on a pre-weighed filter, and weighed to the nearest

0.1mg.

The composition of the solids was determined by Neutron Activa-

tion Analysis at Uranium West Labs., Pacific Palisades, California.

High-gravity solids were determined by the BaSO4 content. The

remainder was assumed to be low-gravity solids. The results of these

analysis are tabulated in Appendix A.
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III. RESULTS

It was intended to simulate the field test conducted in the Gulf

of Mexico [3] (275 bbl/hr) in order to compare laboratory and field

results. Due to channel size limitations, only the Froude Number and

velocity ratio, R, were scaled properly. In addition, this test

simulated a uniform current across the channel which was not true in

the actual field case. It was attempted to have the same dimension-

less stratification, St, at each dimensionless depth in the labora-

tory test as was observed in the field test. This was not completely

possible due to mixing.

During the experiment, it was observed that the plume hit the

bottom at about X/D value of 110. In the case where the smaller dis-

charge pipe was used, the plume hit the bottom at about the same X/D

value even though the Reynolds Number was lower, indicating similar

conditions.

Total Solids and BaSO4 Concentrations

Total solids (TS), high-gravity solids, and low-gravity solids

concentrations for the bulk mud and the drilling mud within the water

column in terms of dimensionless horizontal and vertical distances

from the source are given in Appendix B. Maximum centerline TS con-

centrations decreased from 271.8 mg/gr of solution at the source to

2.78 mg/gr of solution at a distance of X/D = 25 (Y/D = 17.3) and to



22

0.25 mg/gr of solution at X/D = 410 (Y/D = 20). This gave dilutions

of 98:1 and 1100:1, respectively.

The values given in Appendix B were used to plot vertical con-

centration profiles of TS and BaSO4 for each specific X/D value,

downstream of the source. Figures 9-13 show the TS concentration

profiles and Figures 14-17 show the concentration profiles for BaSO4

within the plume. TS concentration decreased as a result of settling

and dispersion.

Figures 9-13 and 14-17 were used to plot the contours of con-

stant concentrations as a function of horizontal and vertical

dimensionless distances, X/D and Y/D. Figures 18 and 19 show the

contour plots of TS and BaSO4 concentration. They were obtained by

drawing a smooth curve through the data points. The convective

descent and dynamic collapse phases are clearly demonstrated by these

plots. Notice that Y/D = 40 corresponds to the bottom of the chan-

nel and the plume reached the bottom at X/D = 110.

BaSO4 comprises 44 percent of the TS in the whole mud. The

majority of samples within the water column had a BaSO4 content of

less than 44 percent (see Appendix A), specifically in the region

between the source and X/D = 50.

Internal Downpipe Dilution

Total solids concentration was measured at the exit of the dis-

charge pipe to compare it with the bulk mud and see if any dilution

had occurred.
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TS concentration at the exit of the discharge pipe in terms of

dimensionless port depth relative to the surface presented in Table 1

and Figure 20 show only a slight initial mixing and dilution at the

exit port. This was attributed to the discharge pipe being vertical

and the light weight mud giving a discharge Froude Number only

slightly less than one.

Sediment Dishes

Sediment dishes were deployed on the false bottom downstream of

the discharge source as far as possible. The amount of TS in mg per

square meter settled per mg of TS discharged during the test is shown

in Table 2. Sediment values generally increased from 113.2 dia-

meters to 170.9 diameters. This was due to the fact that the edge of

the glass dishes caused vortices within the dishes which helped some

of the material to be transported further downcurrent. Also the

surface of the dishes were smooth and tended reflect back a portion

of the solids. The percent BaSO4 content dropped with distance from

the source, indicating more settling near the source.

Discussion

All of the measurements made in this study were directed towards

the short-term effects of drilling mud. During the experiment, it

was observed that lighter particles separated from the main plume in

the form of clouds. As a result, the lower edge of the plume was

denser than the upper edge. This was also observed on photographs of



TABLE 1 CONCENTRATION AT DISCHARGE PORT EXIT

AS A FUNCTION OF PORT DEPTH

Dimensionless Port Depth Total Solids
in Port Diameters H/D Concentration (mg/gr solution)

35

0 (Whole Mud) 271.8

1 265.6

10 267.5

20 261.5

30 263.6

40 (234.4)

40

' 30
I-0

°ao

0
0-to

0
I

1

A
1

0 225 250 275
TS CONCENTRATION (gr solids/9r solution)

Figure 20. Total solids concentration at the
exit of the discharge pipe.



TABLE 2 SEDIMENT RESULTS

(Collecting area for each dish = 0.0064 m2)

X/D Y/D TS/Dish (mg) % TS Discharged/m2 % BaS0
4
in Sediments

113.2 40 14.1 0.52 63

129.7 40 24.1 0.90 51

137.9 40 32.5 1.21 52

146.2 40 49.6 1.84 45

154.4 40 36.3 1.35 40

162.7 40 39.3 1.46 28

170.9 40 46.3 1.72 23
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the plume. The plume reached bottom at about X/D = 110 downstream of

the source and slowly spread along the channel seeking neutral

buoyancy. Observations also showed various horizontal layers of

solids dispersed within the water column with most of the drilling

mud in a thick suspended cloud along the bottom of the channel. None

of the particles that separated from the plume hit the surface of the

water.

The plume descended rapidly, entraining large amounts of water,

specifically within the first 25 diameters from the source. TS and

BaSO4 concentrations dropped quickly and were about 1000 times less

at X/D = 410 than the whole mud concentration. Ayers, et al [3] as

well as Meek and Ray [14] have reported dilutions of 1-2 orders of

magnitude higher at the same X/D from the source. This may be due to

the effects of drilling structure wake and the fact that their mea-

surement may not have been taken at the plume centerline where

concentrations are higher.

Figure 20 shows the TS concentration at the exit of the dis-

charge pipe as a function of port depth. Despite observations [3,14]

regarding the dilution of the discharge mud before leaving the dis-

charge pipe during the field investigations, the dilution at the

opening of the discharge pipe was almost negligible (except for

H/D = 40, and the measurement at this depth may be in error since it

is not consistent with the other measurements). The effects of

drilling structure and waves were not considered in this study. The

Froude Number in this case was 0.69.
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Sediment dishes could not be deployed in the far field because

of the scale of the laboratory facilities. In the near field where

measurements were made, it was found that concentration of barium

sulfate in the sediments decreased continuously from 63 percent at

X/D of 113 to 23 percent at X/D of 171. The total solids settled on

the bottom, however, increased from 14 mg/dish to 46 mg/dish in the

same interval.
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IV. THEORETICAL ANALYSIS

This portion of the thesis presents a description of a mathe-

matical and computer model for predicting the short-term fate of

drilling mud discharged into the ocean. First, the modeling concepts

are introduced. Then, the development of the mathematical model is

presented. Finally, a comparison between the calculated results

using the input variables of this study, and the experimental results

is made.

Model Development

The drilling mud used in drilling is a slurry of various size

and density solid particles (barite, formation solids bentonite)

combined with water and different additives (lignosulfonates, lig-

nites, caustic soda, etc.). Each of these solid particles is

characterized by its specific density, settling velocity, and volume

fraction it occupies in the mud.

Drilling mud is discharged as a jet into a stratified, flowing

ambient. The discharge material goes through three different phases:

1) convective descent; 2) dynamic collapse; and 3) passive diffusion.

These phases are clearly demonstrated in Figure 21.

In the first phase, the plume descends rapidly while entraining

ambient fluid and bends in the direction of the ambient current. In

the second phase, the plume encounters the level of neutral buoyancy

or the bottom, where horizontal spreading dominates. In the last
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Figure 21. Idealized discharge representation described by mathematical model.
Side view of the discharge showing the three stages of plume
development.
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phase, the spread of the plume is mainly influenced by ambient condi-

tions as a result of turbulent diffusion.

The above concepts have been modeled by Brandsma, et al [8],

which is much the same as original model formulated by Koh-Chang

[13]. The development of the model for the short-term fate of the

discharge (dynamic phases) is presented below.

Convective Descent

The flow near the discharge behaves as a sinking jet in a cross-

current. The jet entrains ambient fluid and momentum by virtue of

shear or turbulence at its boundary. As a result total mass flux

through the cross-section of the jet increases and the jet grows in

size, while bending in the direction of ambient current. The dis-

charge acts as a (negatively) buoyant jet and the material dilutes

due to the entrainment of ambient fluid. Some solid particles settle

out of the jet either to the surface or to the bottom. At some

point further downstream, the jet centerline velocity approaches that

of the ambient fluid, the influence of stratification becomes domi-

nant, and the material collapses vertically seeking neutral buoyancy.

As it is shown in Figure 22a, the cross-section of the jet is

assumed to be circular with radius b. The velocity, U, density, p ,

and material concentration distribution, C, are approximated by "top-

hat" distributions (i.e., constant value across the plume - see

Figure 22b). Other jet properties are the concentration of the solid

components,Csiandthesolidcomponentdensities,P,The solid



(a)
y

JET COFIGURATION 'TOP HAT'
'DISTRIBUTION

U,
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AMBIENT PLUME AMBIENT

DIAMETER

y
AMBIENT VELOCITY AND DRAG FORCES

(b)

Figure 22. Coordinate definitions and schematic
diagram of the convective descent
phase.
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components have fall velocities vfi The ambient density stratifica-

tion and ambient velocity are designated by P (y,t) and Ua (x,y,z,t),

respectively.

Figure 22c shows the coordinate axes for the jet which are fixed

on the discharge pipe. The direction of jet trajectory is s with its

direction angles 01, 02, and 03; aland S3are the angles between the

resultant ambient velocity at position s with x and z axis; and y is

the direction that s makes with the resultant ambient current.

The flow near the discharge pipe is similar to that in a momen-

tum jet, where variation of mass, momentum, buoyancy, and solid

particles vary only with distance along the jet axis, s. Hence, the

rate of change of the above quantities are expressed in terms of

derivative with respect to s.

The rate of change of mass flux across the jet axis is equal to

the rate of ambient fluid entrainment per unit length minus the rate

of solids leaving the jet per unit length.

d 2
--c-q(7b = Epa Sipi (1)

The rate of change of momentum flux across the jet axis equals

the ambient fluid momentum entrainment per unit length plus the buoy-

ancy flux per unit length minus the rate of solids momentum leaving

the jet per unit length minus the drag force:



ds = EpA-
a
t
a

+ Trb(7b2pitft)
2
g(p p

a
)j - S.p.0 F

D
(2)
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The drag force, FD, is the result of the action of ambient cur-

rent in bending the jet. It accounts for the unbalanced pressure

field around the jet and is proportional to the square of component

of the ambient velocity perpendicular to the jet axis. The drag

force is

-4-

FD
D 2

C
DPa

A
projected

(oncoming velocity)

Where C
D
is the drag coefficient, p

a
is the ambient density,

Aprojected is 2bL, and oncoming velocity is U
a
siny . The drag force

per unit length then is:

FD = CDpa b(U
a
siny)2 (3)

Referring to Figure 22, the x, y, and z components of the drag

force are:

cos(51 - cosycosel
F
Dx siny

-cosycose2
F
DY

= F
Dsiny

(4a)

(4b)



cosS3 cosycos03
F
Dz

= siny (4c)
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The rate of change of relative buoyancy across the jet axis is

equal to rate of ambient fluid relative buoyancy entrainment per unit

length minus the rate of relative buoyancy of solids leaving the jet

per unit length.

{7b2itilul[Pa(0)- PO=E[Pa(0)- Pa]-Si[pa(0)- pi] (5)
ds

The rate of change of flux of the ith solid component across the

jet axis is equal to the volume rate of solids leaving the jet per

unit length.

dPi
= -Si

ds
(6)

The entrainment function, E, used in equations (1), (2), and (5)

has two terms. One is the jet turbulence entrainment, Em, and the

other is forced entrainment, ET, due to normal external velocity

(called also two dimensional thermal type) [1,2]. So, the

entrainment function, E, is:

E = E + E sineM T 2
(7)
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Sine
2 is arbitrary chosen such that when the jet approached the

vertical, it turns off the thermal type of entrainment.

The jet turbulence entrainment, EM, is proportional to the rela-

tive plume centerline velocity and the local characteristic width

measure of the plume:

EM = 2ffba al -
1

cosy) (8)

The two dimensional thermal type entrainment is proportional to

the component of the ambient velocity normal to the direction of the

jet trajectory and perimeter of the plume:

ET = 271-ba2ltalsiny (9)

a
1
and a

2
are the entrainment coefficients. Wu and Koh [16]

have given an expression for the entrainment coefficient as:

al = a + a6 /Fr
L for FrL > 19.1

where a = 0.0806, and a6 = 0.6753

a
1
= 0.1160 for Fri, < 19.1

Also, FrL rr _ ,U

2

Thg/pa(0)] '
which is the local plume Froude Num-

L\Pa p

be r.

Some of the heavier solid particles in the plume settle out by

gravity. A dimensional analysis done by Koh and Chang [13] shows

that the dimensionless mass rate of settling, q, is a function of

concentration of each group of particles, C
si
(volume ratio); radius
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of the jet, b; fall velocity of solid particles,va; and the ratio of

normal component of the jet velocity to fall velocity,
vfi

vfipib2 7Csi(1
(10)

Koh and Chang assumed the value for 8.in the above equation to

be between 0 and 1, interpreting the cases of settling freely or no

settling.Thesettlingcoefficient,O,depends upon
1 v, C

si
, and

the total concentration of the plume, C. The value for 13i can be

determined by experiment.

8 if 1-Yl< 1
vfi

1 if 1-I-1> 1
v
fi

The volume flux of the ith solid component, Si, in equations

(1), (2), (5), and (6) suggested by Brandsma-Divoky are:

Si = 2bvfiCsi(1 y

Brandsma, et al [8], incorporated an enhanced settling factor,

as, into the above equation. This was based on the fact that set-

tling speed of particle during a discharge is considerably more than

the settling speed characteristic of the particles, as has been

observed in the field tests. Bowers and Goldenblatt [5] gave the

expression for the accelerated settling factor as:

a
s
= 0.013C

t

4/3 (12)



Where C
t
is the total local concentration in mg/liter. This factor

is valid for the range of 1 to 28. The above equation takes the form

of

S
i
= 2bv

fi
C
si

(1 0.)a
1 s

Other necessary equations are as follows:

Ma = irb2p0ii*J

where Md is the momentum flux.

B
d

=
2
g[pa(0) p]

Where Bd is the buoyancy flux due to density deficiency.

Pi wb
2
UC

S.1 i

Where Pi is the volume flux of the ith solid.

cos
2
0
1
+ cos

2
0
2

+ cos
2
0
3
= 1

The geometric properties of direction cosines are:

= cos()
ds 1

(13)

(14)

(15)

(16)

(17)

(18a)
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11-7- = cos0
2ds

ds z
= cos()

3d
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Equations (18a), (18b), and (18c) will be used to determine the

locus of the jet trajectory.

Given the initial condition for U(0), b(0), P(0), Csi(0), 01(0),

02(0), and 03(0), equations (1) through (13) can be solved using a

numerical integration scheme.

The model switches to the dynamic collapse calculations when the

jet encounters the bottom or a level of neutral buoyancy.

Dynamic Collapse in Water column

The plume reaches the collapse phase when its average density

reaches the ambient density. The dynamics of the plume, in this

phase, is governed by stratification of the ambient fluid. The plume

grows in horizontal layers and collapses vertically, seeking neutral

buoyancy.

The cross-section of the plume, which now acts more like a two

dimensional thermal, is assumed to be elliptical. The equation of

the plume outline is expressed by:

,2 ,2
x

a2 b2
1 (19)

where x'y' coordinate system is fixed at the centroid of the plume
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cross-section; a is the semi-minor axis and; b is the semi-major axis

of the ellipse. As the plume grows, a and b vary with time. Figure

23 shows the geometry of the plume in the collapsing phase.

Considering an ellipsoid portion of the plume of length L, the

governing equations are described as:

Continuity:

TtOTrab) = Ecpa
ci

i

Momentum Equation:

dt
= irabg[pa(U) - p] j - D

c
+ E

cp a-ITa
-

ci
p.t

Li

Buoyancy Equation:

dB

dt EcEPa(°) Pa' /Sci[Pa(°) pi]

(20)

(21)

(22)

The rate of change of volume of the ith component, Pi, equals

the rate of solids volume leaving the plume.

dPi
-S .

dt ci
(23)

The driving force for the collapse is due to the density dif-

ferences between the inside and outside of the plume. To find this

force, pressure differences across the inside and outside of the



11.

(a)
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( b)

Figure 23. Plume cross-section geometry of the
dynamic collapse phase.
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plume edge should be integrated over the projected area of the plume.

Assume p
o
to be the ambient density at the neutral buoyancy level.

The density gradient inside the plume is less than the ambient den-

sity gradient due to turbulent mixing. Let E be the normalized

density gradient:

I Va
E =

P ay

Then the ambient density is expressed as:

Pa Po(1 EY')

(24)

(25)

Assuming that the normalized density gradient inside the plume

Ilan
, where a is the final radius of plume at the end of the

jet phase, a is the semi-minor axis of the collapsing plume, and y
1

is a coefficient to be determined experimentally, then the density in

the plume is expressed as:

P Po(1 aaLQ- EY')
(26)

Equations (25) and (26) can be expressed in terms of y coordi-

nate axis, shown in Figure 24, in order to be consistent with

equation (24).

p
a
= p [1 E(a -y)] (25a)
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dL

dr

dL

IT

dY

Figure 24. Different views of quadrant of the plume
for determining the driving force of the
collapsing plume.



a
,

P = P [1 I1 ac Eka Y)] (26a)
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Figure 25b shows the density profile of the ambient fluid, and

the plume.

Referring to the collapsing slice of the plume shown in Figure

25c, the collapsing force is calculated as follows:

f

Y

Pa(Y) P1 + Pa(Y)g dY
0

2

= p
1
+ p

o
g[(1 - ea)y + ]

2

Y i

P
c
(y) = p

1

Ya ao+f p [1 - (a - y)] g dy

0

2

pl 0 a aP g(1 1( eayQ-

y
1
a

+ o
`2

(27)

(28)

pa(y) and pc(y) are the pressures outside and inside the plume,

respectively. pl is a reference pressure and pc, is the density at

the level of neutral buoyancy.

The pressure difference between the inner and outer surface of

the plume is:

2

Ap(y) = p gEo. 112Axay
0 a 2

(29)

The driving force is calculated by integrating equation (29)

over the projected area of the element on the vertical plane.
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0(Y, r,t)=P(1-1-c)(00Y)

Pa(Y)=1)(1E(Y)Y)

(C)

Figure 25. Coordinate definition and schematic
diagram of the dynamic collapse
phase of the model.



a Yla a
3

FDc Ap(y)dL dy = p
a

ge(1 - (3) L
3

0

= g
dpa

(1
Yla

°)

3
L

dy a 3
(30)

Other forces acting on the plume are the drag force, DD, and

skin friction force, Ff.

1
p_LavD

D
= C

drag a c
Iv

c
i

Ff = Cfric
a
L vc

(31)

(32)

where vc is the quadrant tip velocity due to collapse.

The resultant horizontal force acting on the centroid of the

quadrant element is:

I = F
Dc

- DD - Ft (33)
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The horizontal rate of change of momentum of the quadrant, which

is its mass times the horizontal velocity of its centroid, equals the

summation of horizontal forces acting on the element, I.

d irab
I = L pu

dt 4 centroid
(34)

The horizontal velocity of each point within the plume is as-

sumed to be the ratio of x' /b times the tip velocity, vc.

x'
u =
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The center Of mass of the quadrant is approximately located at

4a
=

4b
and y so:

4
=u

centroid 37 c

d ( ab

dt 3 pLvc) (34a)

The semi-minor axis of the plume cross-section, b, grows due to

the quadrant tip velocity, vc, and contribution from entrainment

velocity, ve.

db
=

dt
vc + ve (35)

The combination of the tip velocity due to collapse and the

stretching of the element (obtained by assuming that no entrainment

occurs and the minor axis is kept constant) is defined as vs.

b dL
v = v - --
s c L dt

(36)

The entrainment of ambient momentum and drag forces cause the

buoyant element to speed up or slow down as its velocity approaches

the ambient velocity. The element will be stretched or squeezed due

to continuous supply of material from the jet. As a result it will

present the steady picture of a continuous plume. The stretching of

element L is assumed to be:



L = constant (37)
Vu2 w2
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v
e
is the tip velocity contribution due to entrainment. Its

magnitude is obtained by equation (20) considering p and a are in-

stantaneously constant.

L-(plrab161) = It(pnab) = Ecpa

db
Ecp

a
-

ci
p.

v - -
e dt cyrra

S . .Cl 1 (20)

(38)

E
c
in equation (38) is entrainment due to convection and

collapse of the element within the water column.

Convective entrainment of the element through the ambient fluid

is given as:

E
1
= 0.5a

3
S
p
Ni(v

1
- u

a
) 2 + (v3 wa)

2
(39)

where a
3
is the entrainment coefficient and S is the circumference

of the plume.

Entrainment due to collapse occurs over the surface area of the

element (horizontal projected area).

db
E
2

= 0.5a
4 dt
S
P

(40)

where a
4
is the entrainment coefficient for collapsing part.



The total entrainment is:

Ec = E + E
2 (41)
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The settling rate of ith solid component leaving the plume is:

Qi = 2bLival Csi(1 - yas (42)

where 13i is a coefficient described in equation (11) and as is the

enhanced settling factor defined in equation (12).

Other necessary equations are:

= CM pirabU (43)

where M is the momentum of the element per unit length of plume.

Dcx = CD3(2a)sinci) palt tal(u ua)

Cfric pan \
2(a2 b2)

It taicosel (44)/

D
cy 2

1 C
D4

(2b)palt tal v2

-fric
paw \/2(a2 + b2) It - tal 2cose2 (45)
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Dcz = f CD3(2a)coscf) paliT - ickw wa)

2 '' fric PaTr

\2(a2 b2)
- ii7a12cos03 (46)

where is the angle between the surface projection of the element

centerline and the x-axis and 0
1 '

0
2'

and 0
3
are the angles between

the element centerline and x-axis, y-axis, and z-axis.

B = xab[pa(0) pa]

where B is buoyancy per unit length.

{47)

P
di

= xabLC
si

(48)

where Pdi is the solid volume of the ith solid component in the ele-

ment.

The buoyant element has the trajectory given by:

dx u

dt lul

dt lul

dz

dt lul
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The drag coefficient CD3 and CD4 used in equations (44) and (45)

are assumed to be for a two-dimensional streamlined wedge and a two-

dimensional plate, respectively.

Equations (20) through (51) can be solved using a numerical

integration scheme. The initial conditions for this case is the

information at the end of convective descent phase.

Dynamic Collapse on the Bottom

The jet plume may encounter the bottom some time during the dy-

namic phase. This is due to the dense discharge material or weak

density stratification which can not hold the vertical motion of the

plume. The plume still collapses, but the main driving force would

be the mean density differences of plume and ambient fluid.

The mathematical model is very close to that for collapse in

water column, except for different geometry and the reaction force at

the bottom and friction force at the bed.

The plume cross-section is assumed to be a semi-ellipse des-

cribed by:

x
,2

a2 b2
1 (19)

where a is the semi-minor axis having a value twice as the semi-minor

axis in the water column collapse.

The governing equations are:



-Mass/Unit Length

d

I
pirab) = E

a
Scipi

-Momentum/Unit Length

dt(2

C
M

pirabU) =Fj - Db + Ebpata -

-Buoyancy/Unit Length

d

dtf'l
pTrab[pa(0) p 0=E

b
[p
a
(0) Pa]

-/

-Solid Particle Conservation

dPdi
=

dt

(52)

S
ci
p.t

F
(53)

S
ci

[P
a

pi(0) ] (54)

(55)
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The inertial force in the horizontal direction, I, which causes

the dynamic collapse of the quadrant cylinder, is

I = F
Dc

- DD Ff F
bf

where I is the same as in equation (34a).

(56)

(57)



63

Two driving forces cause the collapse of the plume on the

bottom. One is the difference in density gradient inside and outside

of the plume developed in the previous section. The other is the

difference in mean density between the plume and ambient fluid. The

driving force is the summation of pressure forces over the vertical

projected area of the plume (see Figure 25).

F
Ap

=sra (pc - pa)dL dy

y=0

(58)

The pressure distribution inside the plume is p = pi + pgy and

inside the ambient fluid is pa = pi +pagy. The integral of equation

(58), which is the driving force due to mean density differences, is:

1, ,

F
2

= Ap Pa)gLa
2

Ap

The total collapsing force is:

3Pa
F =

1
-(p - p

a
)gLa

2
+
1
-(1 -11)

ay
gLa

3

Dc 2 6 1 a

(59)

(6o)

The form drag and skin friction force are the same as in equa-

tions (31) and (32).

1
D
D

=
2

C
drag

p
a
Lav

c
vc1

F
f
= C

b
Lv

fric a c

(61)

(62)



The friction force contribution from the bottom is

F
bf

= F
b
F
fric

F
1

(63)
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where Fb is the reaction force at the bottom (bed force), Ffric is

the bottom friction coefficient, and F1 is a modification factor used

in computing the resistance of the friction force to the collapse of

an area of a half ellipsoid.

The above forces act on the centroid of the quadrant element.

The tip velocity due to collapse can be obtained by solving the inte-

gral of equation (57) for the new value vc. The integral will be

obtained from the summation of forces in equations (60) through (63)

using the old vc.

The tip velocity of the quadrant is:

db

dt
= vc ve (64)

Assuming the minor axis, a, to be kept constant while no en-

trainment occurs at that moment, then a term vs can be defined as:

v = v -
b dL

s c L dt

As in equation (37) the stretching of the element is:

L

u2 w2

(65)

constant (66)



The contribution to tip velocity due to entrainment is:

E
b
p
a

-

e pTra

Other necessary equations are as follows:

(67)

E
b
=0.5a

35p
\d/(v

1
- u

a
)
2 + (v

3
- w

a
)
2
+ 0.5a S

d
(68)

4 p dt

where the first term is the convective entrainment and the second

term is entrainment due to collapse.

Ri = 2bLivalCsi(1 (69)

where Ri is the settling rate of the ith solid component.

-Momentum/Unit Length

1
M = Cm pirabri (70)

-Buoyancy Force/Unit Length

F= 2 Trab (p - pa) gj (71)
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The resultant velocity difference between the plume element and

the bottom is:



u2 w2 (72)

66

The bOttom frictiOn force in the x-direction and z-directiOn per

unit length is then:

F
Fx

= F
b
F
fric T

F = F F
Fz b fric T

(73)

(74)

Reaction force at the bottom is the impact force of plume plus

settling of solids Out of the plume minus the buoyancy force.

are:

F
F dt 2

=
d 1

-C
M

pirabv) +
y

Sipiv - F (75)

Drag force in x, y, and z direction per unit length of plume

D
bx

=
2

C
D3

a sink palt - tal(u - u
a
)

1 14- 4-

+ -C
fric

p
a
n \2(a

2
+ b

2
) 1U - U

a

12
cosci)

1 ,÷
Dby = -2- CD4(2b)palU - Ualv

(76)

(77)



= CD3a cosh - tal(w wa)
2Dbz

1 r 1+
U+

1

pan \/2(a 2 + b
2

1U) - al
2

`'fric

-BuOyancy/Unit Length

B =
1

nab [Pa (0) PJ

-Volume of ith component

1
Pdi = nabLC .

(78)

(79)

(80)
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The vertical velocity of the plume at each point within the

quadrant is the ratio of y' /b times the tip velocity due to collapse.

4
The vertical velocity of the quadrant centroid at y= Tfa is

then:

4 av= v
b c

(81)

As before, the trajectory of the plume is determined by:

dx
dt

u

dt

dz

dt

(82a)

(82b)

(82c)
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Equations (52) through (82) can be solved using several inte-

gration schemes. The initial conditions for this phase will be the

information at the end of convective descent phase. The computation

ends when horizontal spreading due to collapse is dominated by turbu-

lent diffusion. At this point the computation switches to the

passive diffusion phase.

A description of the organization of the computer code based on

the above mathematical modeling is discussed in detail by Bradsma

et al [8]. This model (The Offshore Operators Committee Computer

Model) was run by Bradsma [6] using input variables that simulated

the laboratory test conduction of this study. Figure 26 shows a

comparison of the normalized concentration at the centerline of the

plume as a function of dimensionless horizontal distance. This is

the ratio of centerline solids concentration to discharge concentra-

tion. In general, the comparison of calculated and measured results

seems good, specifically within the range of X/D values of 40 and

410.
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Figure 26. Maximum normalized total solids concentration downstream
of the source compared to OOC computer model prediction.
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V. CONCLUSIONS AND RECOMMENDATIONS

The main object of this study was to conduct a laboratory simu-

lation of the short-term fate of drilling mud disposal and its

dilution characteristics when discharged into moving stratified

receiving water. The data taken contributes to the validity and

development of the new computer models developed to predict the fate

of drilling mud discharged into the ocean. The following conclu-

sions are described as:

1. TS and BaSO4 (high-gravity solids) concentrations drop

quickly within the close proximity of the discharge pipe

(0 to 50 diameters) as a result of dilution and settling.

The dilution rate is much higher close to the discharge

source than at further distances downstream. TS and

BaSO4 concentrations decrease up to three orders of mag-

nitude at X/D = 410 (furthest X/D value at which

measurements were taken).

2. Observations show that the plume is non-homogeneous and

light particulates disperse in various horizontal

layers, seeking neutral buoyancy.

3. Comparison of TS concentration calculated by 00C com-

puter model with the experimental results shows good

agreement, specifically between X/D values of 40 and

410.
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4. The discharge pipe submergence has only a minor effect

on the dilution of drilling fluid at the exit of the

discharge pipe for the Froude number tested (Fr=0.69).

5. The majority of the solids settled on the bottom near

the source were BaSO4.

This investigation has clearly shown the advantage of conducting

laboratory experiments to determine the fate of drilling fluids dis-

charged into stratified-flowing environments. The towing channel

method allowed current to be simulated while maintaining stratifica-

tion in the channel. The plume was visible at all times making it

easy to take measurements at the right locations. Discharge

conditions could easily be varied, in some cases by simply turning a

knob. The good agreement between laboratory data and computer pre-

dictions gives credibility to both.

However, since data were only taken for one type of mud, strati-

fication, and simulated current, it is clear that additional labora-

tory studies need to be made. Future laboratory studies should build

on past experiments and concentrate on areas where specific informa-

tion has been found to be lacking.

Much more information is needed on plume characteristics during

the collapse phase in order to validate and tune the existing

computer models. It is suggested that this be done for both water

column collapse in a strongly stratified ambient and for bottom

collapse.
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In the second phase of the experiment already conducted, down-

pipe pre-mixing was studied using a light weight drilling mud that

gave a discharge Froude Number of about 0.65. Some pre-mixing was

observed but it is felt that a heavier mud with a lower discharge

Froude Number would cause a much larger effect.

The sediment traps used in this study were not too successful

due to turbulent gouging of the sediment material in the traps. As a

result, it is suggested that these experiments be repeated along with

experiments with a heavier mud using different sediment traps.

The effects of free fall discharge from a platform to the sea

and downpipe discharge in the wake of a semi-submersible platform

should be investigated.
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APPENDIX A

The following pages are the results of the Neutron Activation

Analysis for high-gravity and low-gravity solids within the water

column. The data includes normalized horizontal distance, X/D,

normalized vertical distance, Y/D, percent high-gravity and low-

gravity solids in samples, and BaSO4 in samples.
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SAMPLE ANALYSIS WITHIN THE WATER COLUMN

X/D Y/D % BaSO4 in Sample % Low-Gravity Solids in Samples BaSO4 in Sample

5 1.87 33.16 66.84 9.2

5 3.33 8.49 91.51 3.9

5 4.80 33.30 66.70 27.0

5 6.27 35.73 64.27 4.8

5 7.73 37.46 62.54 0.5

10 2.60 23.84 76.16 1.2

10 4.07 34.54 65.46 5.5

10 5.53 31.11 68.89 14.6

10 7.00 31.02 68.98 12.8

15 5.60 45.64 54.36 0.9

15 7.87 42.86 57.14 3.5

15 10.13 38.13 61.87 8.6

15 12.40 38.79 61.21 12.5

(mg)
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SAMPLE ANALYSIS WITHIN THE WATER COLUMN

X/D Y/D % BaS0
4

in Sample % Low-Gravity Solids in Samples BaS0
4

in Sample (mg)

15 14.67 42.34 57.66 19.6

20 6.73 33.36 66.64 0.7

20 9.00 37.46 62.54 2.2

20 11.27 37.21 62.79 7.2

20 13.53 38.59 61.41 6.3

25 9.33 26.33 73.67 0.3

25 12.00 34.63 65.37 2.7

25 14.67 36.53 63.47 5.6

25 17.33 33.02 66.98 5.6

25 20.00 37.52 62.48 11.7

30 10.67 29.89 70.11 0.8

30 13.33 35.97 64.03 4.4

30 16.00 37.27 62.73 7.4

30 18.67 38.95 61.05 3.4
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SAMPLE ANALYSIS WITHIN THE WATER COLUMN

X/D Y/D % BaS0 in Sample % Low-Gravity Solids in Samples BaSO4 in Sample (mg)

35 11.47 27.15 72.85 1.4

35 15.07 35.94 64.06 11.5

35 18.67 35.89 64.11 10.2

35 22.27 27.27 72.73 1.7

35 25.87 24.80 75.20 0.2

40 13.27 37.72 62.28 3.2

40 16.87 30.64 69.36 8.2

40 20.47 32.87 67.13 5.1

40 24.07 37.23 62.77 2.3

45 12.00 23.14 76.86 0.3

45 16.67 10.43 89.57 0.3

45 21.33 18.84 81.16 5.5

45 26.00 48.02 51.98 7.1

45 30.67 39.92 60.08 2.8 co
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SAMPLE ANALYSIS WITHIN THE WATER COLUMN

X/D Y/D % BaSO4 in Sample % Low-Gravity Solids in Samples BaSO4 in Sample (mg)

50 14.33 5.30 94.70 0.1

50 19.00 18.69 81.31 3.0

50 23.67 52.75 47.25 10.5

50 28.33 43.44 56.56 4.5

55 13.07 40.13 59.87 1.2

55 18.13 33.83 66.17 4.0

55 23.20 37.65 62.35 5.4

55 28.27 20.33 79.67 1.8

55 33.33 9.91 90.09 0.4

60 15.60 30.29 69.71 0.6

60 20.67 36.65 63.35 5.0

60 25.73 29.14 70.86 3.8

60 30.80 24.95 75.05 2.4

65 14.13 6.56 93.44 0.1
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X/D Y/D

SAMPLE ANALYSIS WITHIN THE WATER COLUMN

% BaS0
4
in Sample % Low-Gravity Solids in Samples BaSO4 in Sample (mg)

65 19.60 35.22 64.78 2.6

65 25.07 33.27 66.73 6.5

65 30.53 41.79 58.21 3.1

65 36.00 33.13 66.87 1.1

70 16.87 44.28 55.72 1.5

70 22.33 39.90 60.10 5.3

70 27.80 37.72 62.28 5.5

70 33.27 35.21 64.79 1.1

75 15.20 14.05 85.95 0.2

75 21.07 26.36 73.64 0.6

75 26.93 32.21 67.79 4.7

75 32.80 30.62 69.38 4.9

75 38.67 35.71 64.29 5.6

80 18.13 - - 0.3 0°c)
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SAMPLE ANALYSIS WITHIN THE WATER COLUMN

X/D Y/D % BaS0
4

in Sample % Low-Gravity Solids in Samples BaSO4 in Sample (mg)

80 24.00 38.26 61.74 2.4

80 29.87 22.54 77.46 5.1

80 35.73 37.00 63.00 5.2

85 16.27 42.24 57.76 1.1

85 22.00 38.24 61.76 3.9

85 27.73 38.99 61.01 6.5

85 33.47 45.22 54.78 1.8

85 39.20 37.98 62.02 1.4

90 19.13 45.23 54.77 2.8

90 24.87 37.23 62.77 3.7

90 30.60 39.42 60.58 2.3

90 36.33 45.17 54.83 2.0

95 17.33 21.97 78.03 0.5

95 22.80 33.69 66.31 1.6 co



APPENDIX A

SAMPLE ANALYSIS WITHIN THE WATER COLUMN

X/D Y/D % BaS0
4

in Sample % Low-Gravity Solids in Samples BaSO4 in Sample (mg)

95 28.27 36.56 63.44 4.2

95 33.73 37.81 62.19 3.7

95 39.20 36.99 63.01 2.1

100 20.07 21.73 78.27 0.7

100 25.53 33.52 66.48 2.7

100 31.00 40.93 59.07 3.2

100 36.47 36.15 63.85 3.3

105 17.17 31.15 68.85 0.7

105 22.37 37.53 62.47 4.7

105 27.57 40.54 59.46 5.0

105 32.77 35.38 64.62 3.3

105 37.97 25.09 74.91 0.8

110 19.77 39.77 60.23 2.3

110 24.97 35.85 64.15 5.7
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SAMPLE ANALYSIS WITHIN THE WATER COLUMN

X/D Y/D % BaSO4 in Sample % Low-Gravity Solids in Samples BaSO4 in Sample

110 30.17 46.12 53.88 4.2

110 35.37 41.12 58.88 2.6

120 16.67 36.81 63.19 0.5

120 22.00 32.18 67.82 1.2

120 27.33 38.61 61.39 4.4

120 32.67 44.36 55.64 5.4

250 8.33 25.12 74.88 0.3

250 15.67 13.43 86.57 0.2

250 23.00 37.81 62.19 1.8

250 30.33 40.31 59.69 1.2

250 37.67 45.61 54.39 1.2

260 12.00 28.34 71.66 0.4

260 19.33 39.03 60.97 1.6

260 26.67 52.11 47.89 2.8

(mg)
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SAMPLE ANALYSIS WITHIN THE WATER COLUMN

X/D Y/D % BaSO4 in Sample % Low-Gravity Solids in Samples BaSO4 in Sample

260 34.00 - - 0.6

400 9.00 48.63 51.37 0.9

400 16.33 35.82 64.18 0.9

400 23.67 36.28 63.72 2.6

400 31.00 45.72 54.28 1.4

400 38.33 52.41 47.59 1.0

410 12.67 21.93 78.07 0.4

410 20.00 40.96 59.04 2.6

410 27.33 31.88 68.12 1.2

410 34.67 51.16 48.84 1.3

(mg)
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APPENDIX B

Appendix B contains a complete list of Total Solids, High-Gravity

Solids, and Low-Gravity Solids concentration within the water column

as a function of dimensionless distances X/D and Y/D from the source.
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SOLIDS CONCENTRATION VERSUS X/D AND Y/D

Probe Position
X/D Y/D

High-Gravity Solids
(BaSO4) Concentration

(mg/gr solution)

Low-Gravity Solids
Concentration
(mg/gr solution)

Total Solids
Concentration

(mg/gr solution)

0 0.00 120 151.8 271.8

5 1.87 0.5615 1.1318 1.6933

5 3.33 0.2519 2.7156 2.9675

5 4.80 1.5258 3.0561 4.5819

5 6.27 0.2933 0.5277 0.8210

5 7.73 0.0336 0.0561 0.0897

10 2.60 0.0504 0.160,8 0.2112

10 4.07 0.3926 0.7441 1.1367

10 5.53 1.0275 2.2753 3.3028

10 7.00 0.9239 2.0545 2.9784

15 5.60 0.0400 0.0477 0.0877

15

15

7.87

10.13

0.4003

1.2489

0.5336

2.0265

0.0339

3.2754
co
cr.
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SOLIDS CONCENTRATION VERSUS X/D AND Y/D

Probe Position
X/D Y/D

High-Gravity Solids
(BaSO4) Concentration

(mg/gr solution)

Low-Gravity Solids
Concentration
(mg/gr solution)

Total Solids
Concentration

(mg/gr solution)

15 12.40 2.1655 3.4171 5.5826

15 14.67 2.0571 2.8015 4 8586

20 6.73 0.0181 0.0363 0.0544

20 9.00 0.1334 0.2227 0.3561

20 11.27 0.5416 0.9138 1.4554

20 13.53 1.1963 1.9037 3.1000

25 9.33 0.0426 0.1192 0.1618

25 12.00 0.2538 0.4790 0.7328

25 14.67 0.7221 1.2546 1.9767

25 17.33 0.9187 1.8636 2.7823

25 20.00 0.7866 1.3099 2.0965

30 10.67 0.0740 0.1736 0.2476

30 13.33 0.2953 0.5257 0.8210
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SOLIDS CONCENTRATION VERSUS X/D AND Y/D

Probe Position
X/D Y/D

High-Gravity Solids
(BaSO4) Concentration

(mg/gr solution)

Low-Gravity Solids
Concentration
(mg/gr solution)

Total Solids
Concentration

(mg/gr solution)

30 16.00 0.7180 1.2084 1.9264

30 18.67 0.3077 0.4822 0.7899

35 11.47 0.0805 0.2160 0.2965

35 15.07 0.6072 1.0823 1.6895

35 18.67 0.7254 1.2959 2.0213

35 22.27 0.1014 0.2706 0.3720

35 25.87 0.0105 0.0318 0.0423

40 13.27 0.1336 0.2206 0.3542

40 16.87 0.4737 1.0723 1.5460

40 20.47 0.4383 0.8950 1.3333

40 24.07 0.1094 0.1844 0.2938

45 12.00 0.0136 0.0452 0.0588

45 16.67 0.0525 0.4506 0.5031
co
oo
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SOLIDS CONCENTRATION VERSUS X/D AND Y/D

Probe Position
X/D Y/D

High-Gravity Solids
(BaSO4) Concentration

(mg/gr solution)

Low-Gravity Solids
Concentration
(mg/gr solution)

Total Solids
Concentration

(mg/gr solution)

45 21.33 0.2821 1.2153 1.4974

45 26.00 0.4277 0.4575 0.8802

45 30.67 0.1754 0.2641 0.4395

50 14.33 0.0066 0.1184 0.1250

50 19.00 0.1569 0.6825 0.8394

50 23.67 0.6355 0.5693 1.2048

50 28.33 0.2432 0.3166 0.5598

55 13.07 0.0415 0.0618 0.1033

55 18.13 0.2384 0.4664 0.7048

55 23.20 0.3410 0.5647 0.9057

55 28.27 0.1177 0.4612 0.5789

55 33.33 0.0256 0.2325 0.2581

60 15.60 0.0348 0.0800 0.1148
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SOLIDS CONCENTRATION VERSUS X/D AND Y/D

Probe Position
X/D Y/D

High-Gravity Solids
(BaSO4) Concentration

(mg/gr solution)

Low-Gravity Solids
Concentration
(mg/gr solution)

Total Solids
Concentration

(mg/gr solution)

60 20.67 0.3062 0.5272 0.8354

60 25.73 0.2444 0.5943 0.8387

60 30.80 0.1134 0.3411 0.4545

65 14.13 0.0018 0.0264 0.0282

65 19.60 0.0779 0.1433 0.2212

65 25.07 0.3032 0.6080 0.9112

65 30.53 0.1774 0.2470 0.4244

65 36.00 0.0570 0.1150 0.1720

70 16.87 0.0344 0.0432 0.0776

70 22.33 0.1515 0.2281 0.3796

70 27.80 0.3746 0.6186 0.9932

70 33.27 0.0722 0.1329 0.2051

75 15.20 0.0050 0.0306 0.0336
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SOLIDS CONCENTRATION VERSUS X/D AND Y/D

Probe Position
X/D Y/D

High-Gravity Solids
(BaSO4) Concentration

(mg/gr solution)

Low-Gravity Solids
Concentration
(mg/gr solution)

Total Solids
Concentration

(mg/gr solution)

75 21.07 0.0307 0.0858 0.1165

75 26.93 0.2162 0.4550 0.6712

75 32.80 0.2739 0.6205 0.8944

75 38.67 0.1704 0.3605 0.4772

80 18.13 - - 0.1115

80 24.00 0.1224 0.1976 0.3200

80 29.87 0.1989 0.6835 0.8824

80 35.73 0.1947 0.3316 0.5263

85 16.27 0.0547 0.0748 0.1295

85 22.00 0.2264 0.3656 0.5920

85 27.73 0.2143 0.3354 0.5497

85 33.47 0.1402 0.1699 0.3101

85 39.20 0.0913 0.1490 0.2403



APPENDIX B

SOLIDS CONCENTRATION VERSUS X/D AND Y/D

Probe Position
X/D Y/D

High-Gravity Solids
(BaSO4) Concentration

(mg/gr solution)

Low-Gravity Solids
Concentration
(mg/gr solution)

Total Solids
Concentration

(mg/gr solution)

90 19.13 0.1827 0.2213 0.4040

90 24.87 0.2248 0.3879 0.6037

90 30.60 0.1800 0.2767 0.4567

90 36.33 0.0565 0.0685 0.1250

95 17.33 0.0131 0.0453 0.0594

95 22.80 0.0458 0.0900 0.1358

95 28.27 0.1289 0.2237 0.3526

95 33.73 0.1749 0.2877 0.4626

95 39.20 0.1185 0.2019 0.3204

100 20.07 0.0223 0.0805 0.1028

100 25.53 0.0918 0.1822 0.2740

100 31.00 0.2789 0.4025 0.6814

100 36.47 0.1427 0.2521 0.3948



APPENDIX B

SOLIDS CONCENTRATION VERSUS X/D AND Y/D

Probe Position
X/D Y/D

High-Gravity Solids
(BaSO4) Concentration

(mg/gr solution)

Low-Gravity Solids
Concentration
(mg/gr solution)

Total Solids
Concentration

(mg/gr solution)

105 17.17 0.0346 0.0765 0.1111

105 22.37 0.1832 0.3050 0.4882

105 27.57 0.2493 0.3657 0.6150

105 32.77 0.1309 0.2392 0.3701

105 37.97 0.0240 0.0717 0.0957

110 19.77 0.1167 0.1768 0.2935

110 24.97 0.2551 0.4566 0.7117

110 30.17 0.1609 0.1879 0.3488

110 35.37 0.1098 0.1571 0.2669

120 16.67 0.0172 0.0296 0.0468

120 22.00 0.0402 0.0848 0.1250

120 27.33 0.1500 0.2385 0.3885

v:)

120 32.67 0.2106 0.2641 0.4747 Lo



APPENDIX B

SOLIDS CONCENTRATION VERSUS X/D AND Y/D

Probe Position
X/D Y/D

High-Gravity Solids
(BaSO4) Concentration

(mg/gr solution)

Low-Gravity Solids
Concentration
(mg/gr solution)

Total Solids
Concentration

(mg/gr solution)

250 8.33 0.0068 0.0202 0.0270

250 15.67 0.0092 0.0591 0.0683

250 23.00 0.1210 0.1990 0.3200

250 30.33 0.0490 0.0726 0.1216

250 37.67 0.0443 0.0527 0.0970

260 12.00 0.0149 0.0375 0.0524

260 19.33 0.0613 0.0958 0.1571

260 26.67 0.1381 0.1269 0.2650

260 34.00 - - 0.0138

400 9.00 0.0355 0.0374 0.0729

400 16.33 0.0494 0.0885 0.1379

400 23.67 0.0828 0.1455 0.2283

400 31.00 0.0516 0.0612 0.1128
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SOLIDS CONCENTRATION VERSUS X/D AND Y/D

Probe Position
X/D Y/D

High-Gravity Solids
(BaSO4) Concentration

(mg/gr solution)

Low-Gravity Solids
Concentration
(mg/gr solution)

Total Solids
Concentration

(mg/gr solution)

400 38.33 0.0342 0.0311 0.0653

410 12.67 0.0146 0.0521 0.0667

410 20.00 0.1016 0.1465 0.2481

410 27.33 0.0569 0.1215 0.1784

410 34.67 0.0533 0.0509 0.1042


