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1. Lecture:
"Material Balance"
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Buildup Test Sequence
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Petroleum Engineering 324 (2009)
Reservoir Performance

Material Balance

Objective: Derive the material balance relation for a
slightly compressible liquid (oil) in the
presence of other phases (gas and water),
as well as the material balance relation for
a dry gas.
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Material Balance: Historical Perspective

"It seems no longer fashionable to apply the concept
of material balance to oilfields, the belief being that it
has now been superseded by the application of the
more modern technique of numerical simulation
modeling.

Acceptance of this idea has been a TRAGEDY
and has robbed engineers of their most powerful tool
for investigating reservoirs and understanding their
performance rather than imposing their wills upon
them, as is often the case when applying numerical
simulation directly in history matching."

L.P. Dake
The Practice of Reservoir Engineering, Elsevier (2001)
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Material Balance: Orientation

Issues:
®0il MBE (must know all data, also c{p)).
®Gas MBE (abnormal pressure, water drive).

Topics:
®"Accounting” Concept of Material Balance:

B Require all inflows/outflows/generations.

B (Average) reservoir pressure profile is REQUIRED.

B Require rock, fluid, and rock-fluid properties (at some scale).
®0il Material Balance:

B Less common than gas material balance (pressure required).

® Gas Material Balance:
B Volumetric dry gas reservoir (p/z versus G, (straight-line)).
B Abnormally-pressured gas reservoirs (various techniques).
B Waterdrive/water influx cases (always problematic).

®Material Balance yields RESERVOIR VOLUME!
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Material Balance: General Concept

— Amyx, Bass, and Whiting (1960).
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® Material Balance: Key Issues
B Must have accurate production measurements (oil, water, gas).
B Estimates of average reservoir pressure (from pressure tests).
B Suites of PVT data (oil, gas, water).
B Reservoir properties: saturations, formation compressibility, etc.
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Material Balance: Average Reservoir Pressure

July 1940 : 15 February 1941

22 February 1938
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25 July 1941

® From: Engineering Features of the Schuler Field and
Unit Operation — Kaveler (SPE-AIME, 1944).

® Average Reservoir Pressure: Key Issues

B Must have "average" pressures over volume or area (approximation).
B Pressure tests must be representative (p,,, extrapolation valid).

B Can average using cumulative production (surrogate for volume).
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Material Balance: Example Data Set
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® Black Oil Material Balance Case: (Example Data Set)
B Note that all fluid functions are given: N,, W, and GOR (for G,).
B Average reservoir pressure is presumed correct.
B Authors cite "partial waterdrive” — remains a contentious issue.
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Material Balance: Oil Material Balance Relations

® Oil Material Balance Relations:

"Black Oil" Material Balance: (p>p, )

1 B
= 0
P=Di~— N,
: NCt BOi P
"Solution Gas Drive" (Oil) Material Balance: (all p)
N, [B, + (R, — R)By |+ W, B, = (Withdrawal (RB))
N[(BO ~B,)+(R,; _RS)Bg] (Oil Expansion (RB))
B
+mNBO{Bg—1} (Gas Cap Expansion (RB))
gi
+(1+m)NB,, (CwSwi +¢r) (pi—p)  (Water Exp./Pore Vol. Comp. (RB))
(1=5y;)
+WeB,, (Water Influx (RB))
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Material Balance: Recovery Factors (Oil)

Example: Black Oil Recovery (p>p,)

P=pi- o N, or 2 = Boi ()
" Ne,B, P N B, 0 T
Black Oil Recovery: (p — 0)

B,/B,=0.95 p=5000 psia c=10x10* psi-’

Np B , . 6 .—1
N (0.95)((5000 psia) — (0 psia))(10x10 “ps1 )
NP

N =0.0475 or 4.75 percent recovery!
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Material Balance: Gas Material Balance Relations

® Gas Material Balance Relations:

General Gas Material Balance:
f[l—ce(p)(pi e

pi_pilG ~Gipj + W, Ry, +5615[(W Winj ) By -]

z; z; G

"Dry Gas" Material Balance: (no reservoir liquids )

P _ Di 1
il

Z Zi

"Abnormal Pressure" Material Balance: (c~=f(p))

P _Ppi 1 {1_(;1’}
z zi[l-e(Ppi-p] G

o L VoNNP Voao ||,
Ce(p)_(l—SWl-){SWZCW-'_Cf +H V0 ]{Vp}g ﬂ(cw+cf)}
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Material Balance: Gas — Abnormal Pressure
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® Gas Material Balance: Abnormally Pressured Reservoir Schematic
B Normal pressure production sequence (volumetric depletion, G).
B Abnormal pressure production sequence (G,,,).
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Material Balance: Gas — Abn. Pressure (US GOW)

Prasad (SPE 16861) — Reservoir 117
llustration of Abnormal Pressure Trends — (p/z) versus Gp Format
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® Gas Material Balance: Abnormally Pressured Reservoir Schematic
B Normal pressure production sequence (volumetric depletion, G).

B Abnormal pressure production sequence (G,,,).

B Note the position of the "pivot point” is at hydrostatic pressure.
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Material Balance: Gas — Normal Pressure

Base Simulation — Volumetric Reservoir
Quadratic Gp Material Balance Relation for Abnormally Pressured Gas Reservoirs
Presentation Plot: p/z — Gp Format

Legend: Base Simulation — Volumetric Reservoir
® plz Data (pj = 7255.42 psia)

— pl/z Model (Quadratic Gy, form)

6000 Gas-in-Place, G = 723 BSCF (input)

5000 Model Trend:

4000 plz = 7255.42 - 10.5703Gp, - oc;,,2

3000

Extrapolation to (p/z)=0:

2000 l G o= 6

Governing Relation: (G = 686.397 BSCF (input))

(p12) = (piiz) - aGp - fGp
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® "Dry Gas" Material Balance: Normal Pressured Example
B Volumetric reservoir — no external energy (gas expansion only).
B p/z versus G, yields unique straight-line trend.
B Linear extrapolation yield gas-in-place (G).
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Material Balance: Gas — Abnormal Pressure

Pressure/Compressibility Factor (p/z), psia

Case 3 — Anderson L (SPE 02938)

Quadratic G, Material Balance Relation for Abnormally Pressured Gas Reservoirs
Presentation Plot: p/z — Gp Format
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Model Trend:
p/z =6602.08 - 54.89926p -0.0071 sz

® "Dry Gas" Material Balance: Abnormally Pressured Reservoir

B Volumetric reservoir — no water influx or leakage.
B p/z versus G, yields unique quadratic trend (approximate MBE).
B Quadratic extrapolation yield gas-in-place (G).
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Material Balance: Gas — Water Influx

pj = 7000 PSIA
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a. Gas Material Balance Plot: p/zvs. G, —
simulated performance. Note effect of
aquifer permeability on field perform-
ance.

® From: Unsteady-State Performance of Water Drive
Gas Reservoirs, Agarwal (Texas A&M Ph.D., 1967)
/
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b. Gas Material Balance Plot: p/zvs. G, —
simulated performance. Note effect of
displacement efficiency (E,).

® Gas Material Balance: Water Drive Gas Reservoir
B Pressure (hence p/z) is maintained during production via water influx.
B Agarwal used an unsteady-state aquifer for this case.
B Numerous other aquifer models (analyst must choose).
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Material Balance: Questions to Consider

Q1. What is the "weakest link" in material balance?

A1. Need for very accurate production records — particularly average
reservoir pressure (which is rarely available).

Q2. What is the strength of material balance?

A2. It is an accounting method, essentially independent of the
reservoir model. It provides an estimate of initial reservoir
volume being sampled by the wells under production.

Q3. Future of material balance?

A3. Difficult to say, essentially being (or has been) replaced by
numerical reservoir simulation.
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Petroleum Engineering 324 (2009)
Reservoir Performance

Material Balance

Applications In
Pressure Transient Testing
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Material Balance: Wellbore Storage Equations

® Wellbore Siorage Material Balance Equation:
m The fundamental material balance equation for wellbore storage is given as:

24C,|dp,, 4dpmw
{2
m Assuming g¢ =0 and ppe=constant, then integrating, we obtain the material

balance relation for the Wellbore Storage Domination flow regime. In this case
all fluid is either produced from (drawdown) or into (buildup) the wellbore.

(qsr = sandface rate, gy, = surface rate)

— Dwf=Pi- Mypst (Dwr vs. t, Drawdown tests)
~ Puws = Puwf(B1=0) + myps At (Pws vS. At, Buildup tests)
where
_ _ GsurB

T3]

and the wellbore storage coefficient terms (C; variables) are given by:

— C, = V,,pc,p for a wellbore filled with a compressible fluid

- C.= 144 Awp & for a wellbore with a rising or failing liquid level
5
5.615p 8¢
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Material Balance: Wellbore Storage Behavior

Early Time Cartesian Plot for PETE 324 Water Well Tests (Early Data Only)
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linear portion of the data.

DRAWDOWN Material Balance Relation:

Pwf = Pi —Mypgl

017 E

Early Time Cartesian Plot for PETE 324 Water Well Tests (Early Data Only)
Buildup Test Sequence — 20 April 2003
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b. Wellbore Storage Plot: Pressure
BUILDUP case — note the early linear
portion of the data.

Buildup Material Balance Relation:

Pws = Pwf (At = 0) + my,ps At
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Material Balance: Pseudosteady-State Equations

e Equation for Boundary-Dominated (or Pseudosteady-State) Flow
® The material balance equation for this case is given as:

N,B

—- p =p;-5.615-L2
P =p hAc,
m The so-called "pseudosteady-state flow equation” is: (without derivation)

(for g constant, Ny=g1)

- Zj =Pwft qbpss

where
— bpgs = 141.2 “]31 [m{ }i— + s] (for a circular reservoir)
and
— bpss = 141. g Rt Bol1 In|—2— A * 5 (general reservoir (y=0.577216...))
kh |2 1.7 A ’”w

m Combining the material balance and pseudosteady-state flow equations gives

_pi-P wf _ =D + 1 B 0 NP
q pss NCI BOI. q
m For a constant flowrate, g, the above relatlon becomes

gB,
. puf=Di- Ghyss - 0.23395 122
Pwf= DPi - Opss ¢hAC;

or writing more compactly, we have

2 and Pint = pi - qbpssr

B
— Pwf = Pint = Mpsst, where Mpss = ety ¢‘ZACt
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Material Balance: Pseudosteady-State Flow (Oil)

Oil Rate (q,), STB/D

Exploration Well — Southeast Asia

Production Profile Plot
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® Pseudosteady-State Flow: Oil
B PSS/Boundary-dominated flow is a very strong feature.

B Simple concept of rate normalization is extremely effective.
B Difficult to distinguish degradation of production.
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Material Balance: Pseudosteady-State Flow (Gas)
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"Normalized" Productivity Index Method (Cartesian Material Balance Time Format)
Field History Plot (Production and Pressure Data) Sewell Ranch Well No. 1 — Barnett Field (NorthTexas)
Sewell Ranch Well No. 1 —Barnett Field (NorthTexas) 0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
40 500 1000 1500 2000 2500 3000 3500 4000 350 rrrrrrrrrrrrrrrrrr e 350
10 '|-|l|l|l|l|l|l|l|l|l|'|'|'|l|l|l|l|l|l|l|l|l|l|'|'|l|l|l|l|l|l|l|l|-|-|'|'|'|l_2000 :Legend:DataEditPlot(forTypeCurveAnaIysis)E ]
- Field Hi ] [ Barnett Field (North Texas) b
L;a‘:::tt?i:?i?;ﬁ::t?%:;s) 31800 B S:‘Tee" Ralremh woeu N:);as E
Sewell Ranch Well No.1 1 300 - ) 300
s - 1600 a C o
10 ] -~ o ’,’ -4
- 1400 & 250 LD 1280
R ] g r ((Pgi-Pgwd!qg) = 3.5 + 0.006 ta’bar\/,® .
a - 1200 = . e ]
é , ] .z '{._’“ 200 |- : /@ 1200
2 10 - 1000 g g r H Pid ]
& 4 o = o @ -
& 3 800 S 150 & 7150
] 600 T r ﬁ@% ]
E > - - ; i
10' Put ] g 100 ol : 1100
/ ® - 400 S L P i
] - 61"' 4
200 50 A5 , - 50
100 |I|l|l|l|||I|I|I|I|||I|l|l|l|l|l|I|I|I|||I|I|I|l|l|l|l|l|I|||I|I|I|I||:I|l|l|l|:o r : ]
0 500 1000 1500 2000 2500 3000 3500 4000 & FEFEFIrEl INETEETE APEFETIT EPEPETATS IPAAATE APEPETAT I I
t, Days 0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

Material Balance Pseudotime Function (t; ,,,), days [G = 1.1 BSCF (forced)]

® Pseudosteady-State Flow: Gas
B Must use "pseudo-functions™ to account for gas properties.
B Note very erratic rate and pressure profiles (liquid loading).
B Simple rate normalization also works well for gas case.
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Petroleum Engineering 324 — Well Performance
Exercise Problem 05 — Well Test "Strip Chart" Summary Plots

Assigned: 06 February 2009 — Due: 09 February 2009 [to be submitted in class] (Page 1 of 2)

Assignment Coversheet

(This sheet must be included with your work submission)

Required Academic Integrity Statement: (Texas A&M University Policy Statement)
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Given: You are given the two Cartesian coordinate plots which are commonly referred to as "Strip Chart" plots for
the history of a well test. These plots include only summary data, no analysis is performed, but you can orient all
"events" using such plots.

Required: You are to sketch a typical pressure drawdown/buildup test sequence on the plots given below, and to
label all of the pertinent features — including trends, specific pressures and/or rates, time scales, efc. as appropriate.
You must also sketch in the A¢ time scale for the pressure buildup test.

Rate Profile — Pressure Drawdown/Buildup Test Sequence
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Given: You are given the two Cartesian coordinate plots which are commonly referred to as "Strip Chart" plots for
the history of a well test. These plots include only summary data, no analysis is performed, but you can orient all
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"events" using such plots.

Required: You are to sketch a typical pressure drawdown/buildup test sequence on the plots given below, and to
label all of the pertinent features — including trends, specific pressures and/or rates, time scales, efc. as appropriate.

You must also sketch in the A¢ time scale for the pressure buildup test.

Flowrate, STB/D

Wellbore Pressure, psia

Rate Profile — Pressure Drawdown/Buildup Test Sequence
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Petroleum Engineering 324 — Well Performance
Quiz 06 — Wellbore Pressure Profile — Pressure Drawdown/Buildup Test Sequence
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You are to sketch a typical pressure profile at the wellbore during a pressure drawdown/buildup sequence on
the plot given below, and to label all of the pertinent features. You MUST also sketch in the Af time scale for
the pressure buildup test.

Wellbore Pressure Profile — Pressure Drawdown/Buildup Test Sequence
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Aggie Code of Honor: An Aggie does not lie, cheat, or steal or tolerate those who do.
Required Academic Integrity Statement: (Texas A&M University Policy on Academic Integrity)

"On my honor, as an Aggie, I have neither given nor received unauthorized aid on this academic work."

(your signature)
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Person on my right is:

Name:

You are to sketch a typical pressure profile at the wellbore during a pressure drawdown/buildup sequence on
the plot given below, and to label all of the pertinent features. You MUST also sketch in the Af time scale for
the pressure buildup test.

Wellbore Pressure Profile — Pressure Drawdown/Buildup Test Sequence
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Aggie Code of Honor: An Aggie does not lie, cheat, or steal or tolerate those who do.

Required Academic Integrity Statement: (Texas A&M University Policy on Academic Integrity)

"On my honor, as an Aggie, I have neither given nor received unauthorized aid on this academic work."

(your signature)






