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Abstract

Accurately measuring mass flow rate in real-timgnatwell
inlet where pressures can approach 7500 psi hagimech
elusive. Dirilling contractors still primarily relyon the
antiquated pressurized mud density cup and the patroge
counter for this “measurement” of flow into the lv&amma
ray densitometer is a potential solution, but k& thas been
limited due to its radioactive source and slow ocese times. A
metering technology that shows good performancehées
continuously excited clamp-on transit time ultrason
flowmeter. However, the meter accuracy is in a 9%%ange
and deteriorates at low flow rates. Past effortsoimmercialize
low-cost / low-pressure x-ray technology, for wusen i
downstream oil and gas, which is based on provemgaray
principles have also been unsuccessful. Howeverarambs
in novel materials and measurement technologiesreme
making it possible for us to re-visit relativelywocost x-ray
mass flow rate measurement systems. These systams
provide real-time mass flow rate (i.e. density afidw
rate) measurements with 99% accuracy and 1 Hz dragyu
This paper discusses how new x-ray technology eamskbd to
make such higher frequency and high accuracy ne&l-Hnass
flow rate measurements. Details of extensive laBsuements
and considerations for field application will beasdd in this
paper. It is expected that the technology whenémginted will
be a step-change improvement in current delta {foow in —
flow out) assessment and will positively contribtagearly kick
detection and managed pressure drilling control.

Introduction

High cost operations such as deepwater well coctibru
can greatly benefit from higher accuracy and higreguency
inlet mass flow-rate measurements, particulangeisurement
data can be obtained at an accuracy of 99% oregraat at a
frequency of 1 Hz. Improved mass flow rate (density
volumetric flow rate (VFR)) measurements can lead t
improved real-time estimation of delta flow ratee difference
between flow out and flow into the well, which iseof the
primary indicators for trouble events such as kickslost
circulation. An x-ray sensor can measure the denditthe
drilling mud and its VFR, which can then be usedatculate
its mass flow rate. Improved density and VFR ddias for
better control of the well bore pressure profileidg static and
circulating conditions. This improved characterizatof the

well bore pressure profile allows one to drill veellith narrow
drilling margins without non-productive time, resng in safer
and more cost effective well construction operation

X-ray technology shows great promise for mass flow
measurements because it is based on the proveriptes of
gamma ray densitometry, which can measure densitly w
greater than 99% accuracy. Recent advances in Engity
(~1.3 SG) and high pressure (>20 ksi) carbon reteid
polymers (CRPs) are making it possible to explorays for
these measurements. These CRPs offer a lower #sskio-
pressure ratio than the high density steel (~-8@@gntly used
in standpipe construction. A sensor constructeanfraRP
material would allow for significantly greater xyra
transmission than steel, and thereby greatly retheeeoltage
and power demand on the x-ray source. These looiage
and power demands drastically reduce the cost,wiight and
complexity of the x-ray source, making it practiaald safe for
use in well construction applications.

Research towards developing x-ray sensor technology
capable of measuring mass flow rate through a 4 @RP
embedded pipe with mud density and VFR not exceedh
ppg (2.4 SG) and 1200 gpm respectively is preseimetis
paper.

We begin by discussing the experiments conducted to
determine the minimum x-ray source voltage and powe
required by the sensor, in order to achieve x-ragefration
through the drilling mud (or other well constructifiuid) and
the CRP pipe. The two approaches that were expltwed
estimate density are then discussed. The firstommpr is an
empirical approach where sensor gray level valuesimectly
mapped onto mud density values determined from lab
experiments. These mappings are then used in éhe td
estimate density. The second approach is a modeldba
approach that estimates density using the Beer eamiaw.
The explicit assumption in developing the two dgnsiethods
is that the mud density is only changing due tduinfof
unwanted low gravity solids (LGS) from the formatio
Changes from any other causes, such as temperatgde
pressure variation, addition and loss of weighiragenial, etc.,
require implementation of correction factors. Insts when
these correction factors are needed are also disdus

Preliminary results are presented from testing of a
algorithm that was developed to investigate if w@igvideo of
tracer particles, introduced into the circulatimgid, contains
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sufficient information to interpret fluid velocitwith greater
than 99% accuracy. Digital video is used for inigegton since
experiments using digital images are much easigretform
than using x-ray radiographs. Upon successfulrtgsiif this
algorithm, software will be developed that can measelocity
from x-ray radiographs. Results are also sharedn fian
experiment designed to evaluate the capabilityoshmercial
imaging detectors to detect high speed tracers.

X-Ray Source Power Requirements

The proposed x-ray sensor consists of a steel spool

piece which connects to the standpipe using a pregsigght
seal. It also serves as the housing that contam<TRP pipe
and mounting provisions for the x-ray source angkcter. In

this work, we will consider a polychromatic x-rayezgy

source given its lower cost, size and complexitypared with
the monochromatic energy source. A polychromatiergy
source generates x-rays ranging from 0 eV to thgimmam

source energy, as opposed to a monochromatic esergge
which primarily generates x-rays of a single enefigye x-rays
lose energy as they propagate through the pipetendrilling

mud, a process known as x-ray attenuation. Foapipdication
discussed in this paper, it is observed that ther Bamberts
law (Eg. 1) serves as a good approximation forrdgteng the
attenuation of polychromatic energy x-rays.

[=1, xexp

material
type

—Umpd

Where | is x-ray intensity incident on the detecsdter
attenuation by sample in its path (gray level valigis the x-
ray intensity incident on the detector after atttimn by air
(gray level value), @ is the mass attenuation coefficient of the
homogeneous sample (&), p is the density of the
homogeneous sample (gf&mand d is the sample thickness
(cm).

It is noted that mixtures consisting of two diffete
constituent compounds can have the same densityet#r,
the x-ray attenuation of these two mixtures willdifferent due
to differences in their mass attenuation coeffitdien

Little to no change is observed in the ‘I’ valuekg.1 with
changes in drilling mud properties unless the >srémave
sufficient voltage (kV) and power (W) to penetrtiie sample.
The path taken by the x-ray beam in the proposesiasefrom
the source to the detector, is schematically shovigigure 1.
The x-rays pass through some air gaps, the CRR aijmwv
density liner material used to protect the CRP gdipen the
abrasive mud, and the drilling mud itself. The maxmn
expected widths for the various components that{teey beam
must penetrate is shown in Figure 1, along withrfaximum
angle the x-ray beam is expected to make with thece and
detector centerline. Ignoring attenuation by aiguFe 1 shows
that the x-rays need to penetrate 8 inches of maateralter the
gray level (GL) value of the pixel in its path.

For the detectors used in the experiments, the &ilevfor

a given pixel is around 65000 when it is not expasex-rays.
This GL value can fluctuate by approximately 20Ce do

inherent design limitations of the detector. THos,a detector
placed in the path of x-rays and showing a changéxel value
of greater than 200 GL's, it can be stated withgh hevel of

confidence that the resulting change is due threppenetration
through the sample placed between the x-ray soamcethe
detector.

Standpipe

17 .75” 1 .75” 1”7

45°
X-Ray
Source

1

X-Ray Detector

Standpipe

Figure 1: Path of x-ray beam from source to detector.

The following experiment was conducted to deterntires
minimum x-ray kV and W required to penetrate thgpg§ mud
inside the CRP pipe. For this experiment, the ergirstem in
Figure 1 was simulated using an 8 inch plastic filfed with
a water based mud weighted with hematite (5.3 $@)10%
by volume concentration of LGS (2.5 SG) resultingitotal
mud weight of 22 ppg (~2.6 SG). Hematite was usszhbse it
has a higher density in comparison to other comynoskd
weighing agents. Therefore, the volume of hemagitgiired to
formulate a given density mud was lower, which madasier
to mix using the available lab equipment. The CRfe pnd the
liner were also simulated by the formulated mudeithe mud
had a higher density and effective atomic numbenpared to
the CRP pipe and the liner and therefore resultedréater
attenuation of x-rays.

The x-ray attenuation experiments with the 8 intstic
pipe were conducted using a source with a maximomep
rating of 1500 W and maximum voltage rating of 480 It
was determined that the minimum voltage requireddaieve
x-ray penetration through the 8 inch pipe at the0l®/ rating
needs to be 320 kV.

Experiments show that the source power requirement
for x-rays to penetrate a fixed sample size in@sawith
decreasing source voltage. The experiments to detnata the
source power verses voltage relationship were cgedwsing
a 5inch and an 8 inch plastic pipe. These ar¢oo¢ confused
with the 8 inch plastic pipe in Figure 1 that wasdito simulate
the sensor.
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Power requirements at high voltage settings forSthiech
plastic pipe filled with 22 ppg water based mudgted with
hematite and 10% by volume concentration of LGS &G)
are shown in Figure 2. Power requirements at loltage
settings for the 8 inch plastic pipe filled 11.5gppater based
mud weighted with hematite are shown in Figure 3.

It can be observed from Figure 2 that for voltaged
powers tested in the experiment, the two quantfolew an
almost linear relationship above a threshold vetdgvel.
Below this threshold voltage power requirement éases
exponentially with reducing voltage levels. The ehm
relationship between power and voltage is also shiawrigure
3.
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Figure 2: Power vs Voltage for a 22 ppg mud in a 5-inch
plastic pipe.
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Figure 3: Power vs Voltage for a 11.5 ppg mud in an 8-inch
plastic pipe.

Source voltage and power directly impact cost,, simgght
and complexity of x-ray equipment. For a sourcetagd
greater than 450 kV, using x-rays for mass flow snaeements
becomes impractical due to a significant increasethiese
parameters. X-ray tube pricing generally increagiésvoltage
rating. For example, budget pricing by an x-rayetgupplier
shows that x-ray tube pricing doubles from $8,00&16,000
when going from 225 kV to 350 kV (pricing as peg thme this

paper was written). The price again doubles to B2 when
selecting a 450 kV tube. The maximum power ratingjlable
for the 225/350/450 kV tubes is 3000/4200/4500 W
respectively. The price for the generator that pswike x-ray
tubes follows a similar trend in pricing increasi¢hvincreasing
source voltage.

To minimize procurement cost of the x-ray sourdedaised
in the sensor, it is desirable to minimize souroétage and
maximize power. Thus, it is recommended that x-ray
penetration for the 8 inch plastic pipe used tousite the
sensor as shown in Figure 1 be verified at 225 &vigia 3000
W source as well. If x-ray penetration is obsenad225
kVv/3000 W, then the 225 kV/3000 W source shoulahasen
in favor of the 350 kV/1500 W source.

Density Estimation Methods

Two methods, an empirical method and a model-based
method, were developed in order to estimate densfith these
methods, real time density measurements with aanracg of
99% or greater and a measurement frequency of larfdz
feasible, on the high pressure standpipe. Thes&tap used to
conduct the experiments to develop these densitgn@son
methods is shown schematically in Figure 4. Thée sesup
ensured that the distance of the test samplesiwex$ felative
to the source and the detector for each x-ray expo3 he stage
in the test setup was fitted with grooves to enadact
alignment over various experimental runs. The deyththe
sample bottles was 1 inch and the width and hewghte
approximately 2.5 inches each. An x-ray sourceagatof 100
kV and source power of 44 W were used in the erpamis.
The exposure time was set to 1 second (i.e. 1 étpuncy). A
sample radiograph obtained from the experimentalpsés
shown in Figure 5. Quantities 10 and Imud were mess by
averaging all the gray pixel values to a single alue across
windows 1 and 3 respectively (Figure 6). Unitsrgknsity ‘I’
are therefore expressed in GL value units.

Glycerol and water samples shown in the test setenz
used for calibration purpose. Real-time calibratibthe x-ray
system is necessary to ensure repeatability andrang of
density measurements. Details on how this calinativas
performed is outside the scope of this paper. Euantbre, all
density experiments were conducted under statiditions at
standard temperature and pressure. However, istémelpipe
the fluid is flowing and is subject to temperatusgsl high
pressure variations. The effect of the fluid flovate,
temperature and pressure on x-ray attenuation leen b
investigated and will be reported on elsewhere.

For experimental evaluation of the empirical anddele
based methods, three base muds composed of wakeen(§
viscosified with Xanthan Gum and weighted with héted5.3
SG) were used. Water was the solvent and hematiteused
as weighting material, indicated as high gravitids@HGS).
The densities of these base muds were 9.03, :819.85 ppg
respectively and are shown in Table 1. LGS (2.5 8&¥ then
added to these base muds.
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Figure 4: Experimental setup.
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Figure 5: Sample radiograph of test setup.
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Figure 6: Gray level windows.

The LGS concentration was varied between 0 and 8%,
which approaches the maximum % LGS that are tyical

permitted in a water-based mud system. Allowing%&GS
to increase beyond this level can cause negatigetefon fluid
viscosity, gel strength and fluid loss control. Ti@al mud
densities upon addition of LGS are shown in Tabl@Hese
densities were measured using a standard API giengit The
two methods, and the results from the validationttedse
methods, are discussed below.

Table 1: Drilling mud density and composition used for
experimental evaluation of the density estimation methods

Test Matrix for Drilling Mud with LGS

Final
Sample B;:i:;d % LGS by | Measured

# (pg) Volume Density
PPe (ppg)
1 9.03 0 9.03
2 9.03 1 9.15
3 9.03 4 9.50
4 9.03 8 9.92
5 9.51 0 9.51
6 9.51 1 9.65
7 9.51 3 9.86
8 9.51 6 10.19
9 9.95 0 9.95
10 9.95 1 10.11
11 9.95 4 10.46
12 9.95 8 10.85

Empirical Method

In the empirical method, sensor GL values are direc
mapped onto mud density values through in lab émxants.
These mappings can then be used in the field tonast
density. The goal of the experiments was to detenthe
minimum density interval at which to collect GL uak in the
lab, so as to ensure greater than 99% in-fieldmeditbn
accuracy. Experimental data shows that data poaikscted at
1 ppg density intervals, represented by the foun@s of the
GL tracks shown in Figure 7, were adequate for rimgppnd
thereby estimating the density of unknown mud sasmlith
an accuracy of 99% or greater. The mappings weee s
create a lookup table, which was generated by igigithe plot
in Figure 7 into 50x50 bins along the tracks of@asing HGS
and LGS respectively.

In order to use the empirical method, the initiahsity of
the mud needs to be measured using the mud dengityT his
density measurement, along with the correspondinge@ding
from the x-ray detector, is then used to find tbsifion of the
mud in the lookup table. The density of the mudl wiken
continue to change in the direction of increasi@SL(a result
of entrainment of drilled solids). The new densdgn be
determined in real-time by searching for any subsatichange
in GL value and its corresponding density valu¢hia lookup
table.
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EFFECT OF LGS ON MUD DENSITY AND GRAY LEVEL
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Figure 7: Effect of LGS and HGS on mud density and Gray
Level.

Model Based Method

Unlike the empirical method which uses lookup tabtee
model-based method relies on the Beer Lambert's taw
estimate mud density based on field GL values. T&S
density is pre-known as it can be estimated fronrmégion core
samples and other geological data. The mass attenua
coefficient of LGS can also be pre-determined eixpentally
in the lab. A detailed procedure to determine thassn
attenuation coefficient of the LGS is outside thepe of this
paper. The initial density of the mud is measursithg a
standard API density cup. The mass attenuatiofficiest for
the mud is then calculated using:

I 2
KUmua = —In (E) /Pmuda9mua

Upon ingress of LGS into the mud, its new denséy be
determined from Eqgs. 3, 4 & 5. There are three omlen
between the three equations, i.e., the new muditgtearsd the
proportions of the mud and the LGS in the 1 incapdplastic
bottle (representative of the fixed diameter stapige).
Equations 6 & 2 are then used to calculate the negs
attenuation coefficient of the mud. As more LG&amtrained
in the mud, Egs. 2 through 6 can be used recuydiveneasure
the mud density in real-time. The estimation exnasing the
model based method show an error bound betwee2%0and
-1.17% with a median value of 0.15%.

I =Toexp — (Mm mudPmud9mud+Hm LesPresdics) 3

dip = dmua + digs 4
Pmud_new = (pmuddmud + PLcs dLGS)/dID S
Pmud = Pmud_new 6

Comparison of Density Estimation Methods

The empirical method is the preferred method when t
LGS are well-characterized (for example when dhgjli
duplicated wells in the same formation) and theatiet
proportion of the weighing agent and the solventhie mud
remain constant. For all other cases, the modadebasethod is

the preferred method. This is because adjustmentsiass
attenuation coefficients and density values cailyebs made
in the model based method to compensate for changgés

LGS composition or changes in relative proportidnthoe

weighing agent and the solvent. The model can &so
corrected by adjusting the mass attenuation caeiffficand
density values, in case discrepancies are noticstgvezn
measured and estimated values. For the empirictdadgefor

which the data is collected experimentally in thb,|these
correction factors are more difficult to implement.

Volumetric Flow Rate (VFR) Measurement

Density is one of the two variables required in sugig
drilling mud mass flow rate through the high pressu
standpipe. The second variable is the VFR of thd. &R can
be estimated by multiplying the known cross-seai@area of
the standpipe with the mud velocity, which can &&igh as 30
ft/sec. A non-invasive method, due to the abrasatire of
drilling muds, to measure this velocity is desiegbdnd has
been pursued for many years now. A method propbsesl to
estimate mud velocity, uses information from théiographs
of tracer particles that are intentionally introddcinto the
drilling mud. These tracer particles need to baghesl such
that they do not interfere with existing drillinggeesses and
can seamlessly work with existing drilling equiprnefhe x-
ray equipment needs to have the capability to inthgse high
speed tracers with a contrast level that can betifted by a
computer based algorithm. Most importantly, the 2D
radiographs of tracer particles should contain isieffit
information to measure mud velocity with greateartt99%
accuracy. This section discusses the progressuauned work
related to the development of this method.

VFR using Digital Images

Experiments to investigate if 2D images of tracertiples
contain sufficient information to interpret mud eeity with
greater than 99% accuracy were conducted usintptiigdeo
techniques. Experiments with digital video are meekier to
perform as compared to using x-ray radiographs.wFlo
experiments with x-rays can be very time consumamgl
expensive. It can be difficult to locate and schedwith test
labs that have adequate resources to conduct they x-
experiments. Furthermore, the flow loop needs tonbeed to
the test lab for each of the many experimental.runs

An algorithm was developed to estimate fluid vetpfiom
the captured 2D videos of tracer particles. Thertlgm uses
block matching (Figure 8) to determine the relativetion of
tracers between two subsequent images of fluid .fldhve
image at the earlier time instance is referredsttha reference
frame, and the one at a latter instance in timéhascurrent
frame. To implement block matching, the refereneank is
divided into blocks (4x4 pixels in size for exampl&he best
match for each block is then located in the curfearhe. The
match is performed using an Advanced Rood Pattearch
(ARPS) described in detail by Barjatya et al., (200A vector,
representing the displacement, is drawn betweemtitehing
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elements. The horizontal component of the vectpregents
displacement in the horizontal direction or direntiof flow.
The non-zero horizontal displacements, representireps
where tracers are detected, are averaged ovefraashto give
an average displacement in pixels per frame. Thierage
displacement is then divided by the frame ratestdlye average
fluid velocity in pixels per second. The velocitiesn be time
averaged over multiple frames to get average flaldcity over
longer time intervals (1 Hz for example). If thenmoer of pixels
per unit distance of the pipe section being imdgdaiown, the
velocity can be converted from pixels per secordigtance per
second.

Flow rate:

[average (Ax)] / At

—_—————— X
Direction of fluid flow

Reference frame =  Current frame
t=0 t= At

t

Continue to solve for flow rate using recursion

Figure 8: Schematic representation of the block matching
technique (Note: Figure is used for explanation purposes only
and is not to scale).

Preliminary validation of the algorithm was condadtt
using a video of a fluid flowing through a transgratrpipe and
containing entrained air bubbles. The entrainedualibles are
used as tracers and the video is captured at thatyes per
second. One image of the fluid flow is shown in Ufig 9.
Displacement was calculated to be at 7 pixels/fram@10
pixels/second. For a 1 foot pipe section with achidiameter,
this would equate to 5 gpm. Visual inspection artitner were
used to confirm the velocity measurements. The ridlgo
shows good tracer detection and tracking capabikiyture
experiments are planned to validate the algorithm.

416 pixels

160 pixels

4

Figure 9: Image of fluid-flow used for preliminary testing.

Evaluating X-ray Detector Capability to Image High
Velocity Tracers

Tungsten carbide (SG 15.3) beads/tracers (Figuré)0
ranging in sizes and velocities as shown in Fiduréc) were
imaged using a flat panel detector at 200 kV ar@\W6 As can
be seen in Figure 10 (a), the images were obtanigdgood
contrast for bead numbers 1 through 5. The expetime
demonstrates that the x-ray detectors are capdlhietecting
tracer particles, 6 mm in size, travelling at piedocities of up
to 23 ft/sec. A subsequent experiment is plannedmage
tracers at relatively higher velocities.

It remains to be seen if sufficient contrast carableieved
when the tracers are entrained in a high densiltyngrmud in
the 4 inch CRP sensor pipe. Tests need to be ctewludth
tracers (other than tungsten carbide) that are more
representative of what could be used in the field.

Tracer contrast can be improved if needed by reduttie
standpipe diameter, which could also result in cedusource
voltage and power. However, this would lead to dditéonal
pressure loss that must be overcome by the mud gump
Furthermore, there will be an increase in tracéwaoity which
will require re-testing for x-ray detector capatyilat velocities
greater than 30 ft/sec. These trade-offs will Havee carefully
evaluated to optimize between pipe size, sensdopeance,
and system and energy costs.

Distance | Velocity
from (ft/sec)
Rotational
Axis (in)
1 6 4.7 23
2 5 4.4 21
3 4 4.0 19
4 3 3.8 18
5 2 3.5 17
6 1 3.3 16
7 .8 3.1 15
g 8 .5 3.0 14
(a) (b) (c)

Figure 10: (a) Radiograph of moving tracers (b) Radiograph of
static tracers (c) Tracer test matrix.



AADE-18-FTCE-126

Advanced X-ray Technology for Real-Time High Pressure Mass Flow Rate Measurement 7

Conclusions

Main conclusions from this project are:

Carbon reinforced polymers make x-ray application
practical and safe for density and flow rate measients
in the high pressure standpipe.

X-ray source voltage and power required to achieve
penetration through a given sample follows a linear
relationship between certain voltage values. Betbe
lower end of this voltage threshold, power requiemn
increases at an exponential rate.

Drilling mud density measurements can be madeeattgr
than 99% accuracy at 1 Hz measurement frequendy wit
both empirical and model-based methods.

X-ray detectors are fast enough to detect objestsnaall
as a 0.25-inches moving at velocities up to 226t/s

Imaging of tracers entrained in a fluid shows gpotential
for making volumetric flow rate measurements with
greater than 99% accuracy and 1 Hz measurement

frequency.
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Nomenclature

d = sample thickness, cm

dip = depth of sample bottle, cm

digs = proportion of LGS in sample bottle, cm
drnud = proportion of mud in sample bottle, cm
eV = electron volt

GL = gray level

gpm = gallons per minute
I = x-ray intensity pre-attenuation by sample, GL

Iy = x-ray intensity post-attenuation by sample, GL
I mud = x-ray intensity post-attenuation by mud, GL
KeV = kilo electron volt

ksi = kilo pounds per square inch

KV = kilo volt

ppg = pounds per gallon

rpm = revolutions per minute

SG = specific gravity

t =time, seconds

W = watt

At =time interval, seconds

p = density, g/cm3

Proud = density of mud, g/cm3

Ples = density of LGS, g/cm3

Pmud new = New mud density, g/cm3
Mm = mass attenuation coefficient, cm2/g

e mud = mass attenuation coefficient of mud, cm2/g
o LGS = mass attenuation coefficient of LGS, cm2/g
Glossary

VFR = Volumetric Flow Rate

CRP = Carbon Reinforced Polymer
LGS = Low Gravity Solid
HGS = High Gravity Solid
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