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Abstract. A new concept of simulation modeling of dynamic systems is developed. The
basic notions and terms of the concept are outlined, as well as the principles of creating a
simulation model of a physical process. The proposed concept is applied to the problem of
modeling the process of developing a volatile oil formation operated by a rod pump in the
"pump-drill hole-formation" system. The developed computer simulation model, taking into
account the presence of the annular space and the fluid flow between the annular space and
the lifting pipe, is used to study the operation process. Full filling of the rod pump cylinder
does not always coincide with the maximum flow rate of the drill hole. The coincidence of
the maxima of filling the cylinder and pump delivery is a condition for the optimal mode.
The optimal mode can only be achieved by switching to the periodic mode of operation of
the pump. It is established that in order to switch to a periodic mode, a condition is neces-
sary when, at maximum flow, the maximum filling of the pump cylinder cannot be
achieved.

Key words: integrated modeling, simulation, imitational modeling, volatile oil, sucker-
rod pump, pump-well-reservoir system.

Introduction.

Let's get acquainted with the fundamental concepts and terms of the imitational mo-
deling theory for "Pump-well-reservoir" systems in the proposed concept, but first we need
to clarify the terms "computer modeling" and "imitational modeling" within the new con-
cept. In the ordinary way "Computer modeling" is the application (or, realization) of a
mathematical model on a computer. This basically means a computer implementation of
numerical methods over differential equations which describe physical processes [7]. There-
fore, before creating a computer model, it is necessary to have a mathematical model. As a
result of the application or implementation of equations describing certain physical process-
es we obtain simulator that simulates the process, i.e. "Imitates" the mathematical model on
the basis of which the simulator is built. We see the simulator has a more comprehensive
meaning than the model. In English, the term "simulation" is synonymous with "imitation".
However, the concept of imitation as we know it has a much broader meaning than simula-
tion. Within the framework of the new imitation concept is understood as a certain method-
ology for the mathematical description of a complex physical process that represents a dy-
namic system, by division the system into constituents and connection the latter with input
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and output parameters within an time quantum. Whereas the use of an imitational model of a
dynamic system in general, and the "pump-well-reservoir" system in particular, without a
computer is impossible (or, on practical grounds, it is meaningless), we often call it a com-
puter-imitational model.

In imitational modeling, the system is divided into separate primitive objects. In such a
case each object is interconnected by a causal relationship according to the system approach
methodology [1, 4 — 6, 12]. Each of these objects can return a result to the next object and
return some data generated as a result of an event occurring in this object to the previous
object. Data transmission by an object to the previous object is called feedback. Besides,
each object can be exposed to external actions, i.e. getting the data from the outside is called
control. Objects are characterized by some parameters that determine their local state (see
Fig. 1). Let us denote these parameters as state parameters of the object. Objects must be
described in order to enable process modeling.

Object description is the definition of mathematical relations between the object's state
parameters and time quantum.

Events inside objects happen simultaneously (synchronously), they are discredited in
compliance with the system time, which varies on the time quantum. At each time quantum,
there happen events that lead to state changes, i.e. state parameters values of the system ob-
jects and, therefore, the system itself in general (in terms of information science). The great-
er the number of system objects, the more accurate the model reflects the real physical pro-
cess, compared to a similar system with a smaller object. The division of a dynamic system
into a larger number of objects leads to objects’ simplicity, the model complexity and an
enhanced accuracy of the physical process imitation. Thus, fragmentation of the process can
bring the model closer to the real physical process.

In order to generalize the new imitational modeling concept, we tried to make a mathe-
matical formulation of the presented imitation concept, the results are illustrated in Fig. 1.
For comparison, a mathematical model is shown at the top, a generalized imitational model
is shown in the middle, and an approximate model of the pump-well-reservoir system is
shown at the bottom. Thus, while math modeling (see Fig. 1, upper diagram), the physical
process is represented by one object described by a differential equation or by a system con-
sisting of m number of differential equations controlled by a function u(¢) [9]. Analytical

or numerical solution of the system of differential equations y,, ,,...,,, under certain ini-
tial and boundary conditions for each of the equations of the system gives the object state
parameters y;,¥,,...,»,, for any time point ¢.

When imitational modeling, the identical system is represented as a system consisting of
¢ number of objects, each of which is described by its own systems of differential equa-
tions (diagram in the middle in Fig. 1): Object 1 — by equations y;,y,,...,7,,, Object 2 - by

equations z,,z,,...,z,, and Object & — by equations &;,05,..0; . Each object has event

ne
functions E|,E,,..E,. and (except for Object 1) can have feedback functions F,,F;,...,F,
with which within the time quantum Af the objects exchange information. It is possible
objects are controlled by functions u;,u,,...,u,. The information E, at the output of the last

5
object (in this case the Object &) is the value of the required function to the time ¢ = ZAt,
i=0
where s is the current value of the system time counter.
According to the above methodology, an approximate scheme of imitational modeling
for the pump-well-reservoir system has been compiled [10]. It is shown in Fig. 1 (lower

diagram), where p,, $,,€2,, g are differential equations of reservoir pressure, pore oil satura-
tion, total reservoir pore volume and the flow rate of oil influx, respectively; p,, — is bottom
hole pressure; g, — is pump rate; h, hy — are height of the liquid column in the well and
the height of the liquid column pumped by the plunger pump during the complete stroke
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cycle, respectively; p, g — are specific gravity of the reservoir liquid and gravity accelera-

tion; ¢q,, v — are well flow rate and crank rotation frequency, respectively; Ar — is time
quantum.
Diagram of the mathematical modeling conception
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Generalized diagram of the imitational modeling concept
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Fig. 1. Graphic illustration of the concepts of mathematical modeling and imitational modeling.

Summarizing the above, the essence of the proposed approach can be expressed as fol-
lows: The physical system is divided into some simple objects, described by their own dif-
ferential equations. The use of quantization (the concept of time within a given object is
lost) leads to the fact that in order to determine the current state (i.e., the current values of
state parameters) of objects, it is only necessary to determine the increment of the corre-
sponding function. And the time of the system counted with the time counter and “remem-
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bered” separately. Thus, the problem is reduced to determining the scale of the quantum
based on the resolution of the most sensitive object of the system.

The imitational model is essentially discrete and the internal state of its objects changes
synchronously. Therefore, the implementation of imitational models on high-efficiency par-
allel computing systems is natural and does not require non-standard actions, which opens
up wide opportunities for modeling the most complex physical processes, where standard
mathematical methods are powerless.

Imitational modeling of the “Pump-Lift-Annular space-Reservoir” system.

Based on the above principles of the proposed imitational modeling concept, the "pump-
well-reservoir" system, taking into consideration the flow between the annulus and the tub-
ing, can be schematically depicted as in Fig. 2. As the diagram shows, the "Well" object is
represented consisting of two objects — the "Annular space" and "Lift". Below, we will take
a detailed look at all the objects that make up the system separately.

Pump Lifi Annular space Reservoir
<I h dh dh ) D, :.f;;(P?SaQ,T)
d Ga = FGn Fta,V) d R N da |2, _ 1 9o |. _
ERE L e F L e
Bt = qye b5n2) | ARy N =9 p V0 I & = fa (5, 527)
2 » /=12, p.5.Q)

I ]

Fig. 2. Scheme of the dynamic system "Pump-Well-Reservoir", with availability of annular space,
based on the principles of the proposed imitational modeling concept.

§1. Description of the “Reservoir” object.

The results of [6] allows us to write out the equations for the non-steady-state radial
flow of light oils in the well drainage area based on a Binary model in the following form:

10 0 0
:g{r(ﬂ(l?, S)a—l:}Z—E[f(p, s)]; (1.1)
10 op 0
75|:r¢g(p’ S)E:| :_5[fg(p7 S)j|9 (12)
where
— kro(s) krg (S )pﬂc(p) k . 1
o) L(p)&(p) AGE <p)paj (P); %

k 1= e(p) 7
" (p’s){ () BI=c(P) AP k,(5)S(p) } : o

e (Pz(Py 4(P)By(P)

9= . pﬂC(p)} :
f(p,s) { Bo(p)+( S)Z(p)pat m(p)

| A=s)pBll-c(p)y(p)],  Sp)
So(p59) —{ PP +s 5, (p)}m(p)

115



Here, k,, is the relative phase permeabilities for the liquid and gas phases, respectively;
s is the pore saturation with the liquid phase; z, £ are the real gas factor and temperature
correction coefficient for the gas phase; ¢ is the content of hydrocarbon liquids in the gas
phase; 4, , 44, are the liquid and gas phase viscosities, respectively; B, is formation volume
factor; m is the current reservoir porosity; S is the amount of oil-dissolved gas;
Yo(P)
7¢(P)
sure p; p, 1s atmospheric pressure; k is current value of reservoir permeability; r is radi-

y = is the ratio of the specific weights of the liquid and gas phases at reservoir pres-

al coordinate and ¢ is time.

Equation (1.1) describes the motion of liquid hydrocarbons and potential vapors of
lighter oil components, and (1.2) — describes the motion of gas and vapors of lighter oil
components. To determine the oil production rate it is necessary to solve equation (1.1) un-
der the following boundary conditions [8, 11, 14]:

r=r,; p=p/); r=r,; p=p,() and t=0, p=p,. (1.3)

Here, we use the averaging method for the linearization of the equation. Let us intro-
duce the pseudo pressure A function in the following form:

H = [p(p, s)dp+const . (1.4)

If we average the reservoir pressure along the coordinate r, the right side of equation
(1.1) will depend only on time. With allowance for this, we equate the right part of equation
(1.1) with a certain function @(¢). Taking into account (1.4), we rewrite (1.1) in the follow-
ing form:

Lof o

S } =—d(t). (1.5)

=0

H=H,(t) and 6_H
a r=R,

r

Under boundary conditions r=R,; H=H,(t); r=r,

w

equation (1.5) has the following general solution:
2 R 2
~[Re (Zln—e—lj+r }+H6, (1.5%)
+7,

where from we can obtain the following expression for the gradient of the function H :

H = Hw_He

Rf(ZlnRe—l
I

w

_ 22
oH H,—H, (Re }"J 5

8_: 2 2
TR R ]y m T
2 7, 2

, where S,h,v are the ar-

r=r,

According to Darcy’s law, we have: g, = Sv=27zrh o1
"

ea of the drilled part of the reservoir, the reservoir thickness and influx rate. Given (1.5%),
we obtain the final form of the expression for the influx rate:

2
27zh(He—Hw)[l—sz ) .
. 2zh(H, - H
q, = or since i<<l’ then q,= M’ (16)
o 2 2 o R l
R 1 r, Re 1 e
In—¢——|1-—"% n 5
}”W 2 Re rw
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where R, r, — supply contour radius and well radius.

For practical application of (1.6), according to (1.4) a transition from pseudo depression
(H,— H,) to true depression (p, — p, ) is required. For this purpose, we investigated inte-

grand @(p, s) and found that it is well approximated by a logarithmic function in the form:
p=a In(p)-b", (1.7)

where p=p/p,, the coefficients ¢" and b are found from the boundary values of the
function ¢ .
The (H,-H,) — reservoir pressure graphs calculated by (1.4) using the trapezoid

method and the expression
Pe
| [« (@)~ ]dp, (18)
pW
were compared in order to evaluate the accuracy of the accepted approximation.
A curve comparison showed that an average difference between the curve values makes
0,5%. The initial reservoir pressure was 40,0 MPa. When the reservoir pressure drops below
10,0 MPa, the deviation starts to increase but does not exceed 8%.

With regard to the approximation (1.7), we integrate (1.4) within the limits [p,,,7,]
and get the expression (H, — H ) as follows:

H,~H,=pa | p, 0B, =P, =P, P, + D5, |- pob (P =B, (1.9)

where are the relations for calculating the coefficients ¢* and b"are obtained from (1.7),
given the corresponding boundary values ¢ in the following form:

a*:¢e_¢w; b*zq)@_q)wlnﬁe_we. (110)
InPe In—=
Py Py

Here, ¢,, ¢, , are ¢ values under pattern and bottom-hole pressures p, and p , re-

spectively; p, =Pp./Pos Py =P/ Po-
To calculate the instantaneous well rate value from (1.6) and (1.9), we get the expres-
sion in the following form:

27h | poa’ (P, NP, = Pe = BBy + B )~ pob (. =)

945 = :
ln&—l
r, 2

w

(1.11)

Considering (1.10), formula (1.11) allows us to calculate the oil flow rate (well stream)
at specific values of reservoir pressure p, bottom-hole pressure p —and saturation S . This

is the output parameter of the “Reservoir” object. It is generated by an entry of a new value
p,, from the object "Annular space " as a feedback, based on the "Reservoir" state changes.

§2. State of the "Reservoir" object.

State of the "Reservoir" object is determined by the current values of the pore pressure
p,» oil saturation s, and hydrocarbon saturated pore volume Q. A "Reservoir" object state

change leads to generation at the output ¢, . Below we get an algorithm to calculate the val-

ues of reservoir pressure, oil saturation, and the total reservoir pore volume. With this in
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view, we will use the material-balance equations of the liquid and gas phases of the hydro-
carbon system:

d[ s pBe(p)
S A R L V2 R o B 2.1
o dr{B(pf( ”z@)pJ @D
__d|\d=9)pBr,_ 4. S
g = dt{ Z(p)pm [1 c(p)}/]+SB(p)}Q. (2.2)

Based on equations system (2.1) and (2.2), we obtain a system of differential equations
describing temporal variation in reservoir pressure and oil saturation state:

9o_(ary +Gaty)—(arnats + nctg) = 2
dp Q0 Q dr 23
dt (as+ag)o, +(a; +og)a, ' .
—q"g + (a4 +0¢8)d—p+053 ;@
ds Q)0 dt Q dt (2.4)
dt ay .

Here oil production rate (g, ) is calculated by (11); total pore volume —

Q

E

Qp.t)=n(r,” —r, Yhm(p); Q=

0

o :(I_S)pﬁC(P)_S 1 o= ppc(p) B 1 ,
z2(p)pe  B(p) 2p)ry B

S0y ob S(p)__pB

[1-c(p) 7(P)]:

o= [I-cP7(P); a=

B(p) 2(P) Py B(p) z(p)pu
_q_a e |1 ,. _ |5 '.
os=(1 s){z(p)pat}, ag S|:B(p):|’ a5 S|:B(p):|’
ag=(1—s>{ pp [l—c(p)7(p)]};
Z(P)Pat

H(p) is viscosity ratio of liquid and gas phases; w(s) is the ratio of the relative phase per-
meabilities of the gas and liquid phases; G is the gas-oil ratio, defined by the following
expression:

_ S(p)
[1-c(p)7(p)]+—=
w(s). 2.5)

H(p)B(p)pp
102)
L, H(p)B(p)ppe(p)
w(s) 2(P)Pu

G=

As it's known a drop in pore pressure results in deformation of the reservoir rocks which
leads to a change in the reservoir porosity and permeability [3]. The formation deformation
can be elastic, elastic-viscous or viscous depending on the rheological properties of the
rocks. This paper considers an elastic formation. The changes in porosity and permeability
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under elastic deformation obey the exponential law and are determined by the following
expressions [2]:

m=m, exp[am (p—po)J and k =k, exp[ﬂk (P—Po)]-
Here ¢, and, p, are permeability and porosity change coefficients, respectively;
my, kg, m, k — are initial and current values of porosity and permeability, respectively; p,
is initial reservoir pressure. The porosity expression allows us to get:

Q :Qﬂoz exp[am(p—po)] and i—?= a,, CXP[am(P—Po)]%- (2.6)

The system of ordinary differential equations (2.3), (2.4) and (2.6) allows us to deter-
mine the change in the state of the "Reservoir" object p, s, QO for the next time quantum.

The latter leads to the generation of a new parameter ¢, in the output.

§3. Description of the "Well" object.
In the existence of an annulus the "Well" object is represented as consisting of two ob-
jects (see Fig. 2) — objects of the annular space and the lifting pipe.

The object "Annular space" can be described by the following differential equation:

dh 1
e CAORI A (3.1)

where ¢ is rate of fluid influx into the annulus, and ¢, is the rate of fluid flow from the
annulus to the lifting pipe. The object state is represented by parameter /, — height of the
liquid column in the annulus. The object returns parameter p , that is, the downhole pres-
sure created by the column of liquid with height }_, to the previous object (i.e., the "Reser-

voir" object). The parameter p  is defined by the expression

Py =P8, (3.2)

where p, g —is the specific gravity of the fluid and gravity acceleration, respectively.
The object "Lift" is described by the following differential equation:

dh 1
7;’:?[%—611\/]3 (3-3)

where g, is the pumping rate; r, is the radius of the lifting pipe. The object state is repre-
sented by a parameter /, — the height of the liquid column in the lifting pipe. (3.3) deter-

mines the change in the dynamic fluid level in the lift. Here, the height of liquid column
pumped in a time quantum Az can be determined by the following expression:

q
Ah, =—4- At 34
s (34)

(3.1) and (3.3) are the equations of the material balance between the "Annular space" and
the "Lift" objects, which are communicating vessels, where R is the reduced (effective)

annulus cross-section radius, the effective area of which is S =zR? and the rate of the lig-
uid flow from the annular space to the lifting pipe can be determined by the formula:

9q =S 2g(ha _hd) . (35)
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It is worth noting that formula (3.5) is rather simplified. In this case, we will use it as an
example. If necessary, you can obtain a more accurate equation of fluid flow from the annu-
lar space to the lift pipe for a specific case, taking into account fluid rheology, hydraulic
resistance, etc.

§4. Description of the "Pump" object.

Note that the pumping rate (¢, ) is determined depending on the pump type. For example,
the oil volume lifted by sicker-rod pump during the complete stroke cycle is as follows [8]:
4.1

V,=nr [hd —l~+Rp sinMNrj.

60-180

Here, the stroke speed N is measured in 1/min, and the time 7 is measured in seconds.
In (4.1), the third term expresses the position of the plunger relative to the pump suspension
point I under the static fluid level in the well.

Pumping rate during a time quantum:

Va
=-4 4.2
dq At (4.2)
And the height of pumped liquid column during the same time:
V.
Ahy =—% . 4.3)
7,

w

§5. Application of the conception.

With the application of the proposed concept to the above equations, a computer-imita-
tional model of the considered process was created. The algorithm of this model has been
illustrated (in the imitation modeling style) in Fig. 3. The user interface of the program is
demonstrated in Fig. 4 [13].

The existence of the annulus in the system had both a quantitative and a qualitative ef-
fect on the process parameters. Taking into consideration the annulus in the well and the
flow between the annulus and the lifting pipe made corrections to the pump performance.

The dependence of the pumping rate and the pump fillage on the stroke speed have been
investigated (Fig. 5). It was found that with an increase in stroke speed, the pumping rate
and the pump fillage increase up to a certain stroke speed, after which the pumping rate al-
most does not change, and the pump fillage decreases sharply. Besides, the peaks of the not-
ed parameters may not coincide in terms of the stroke speed, which will result in a decrease
in efficiency. It was also found that in order to eliminate the noted effect, thereby increasing
the pump efficiency, it is necessary to transfer the pump to intermittent mode.

Experiments executed on the developed model also showed that the pump should be
hanged as close to the static level as possible, in order to reduce the power consumption of
the pump. At the same time, the fluid influx should not be less than the pumping rate. More-
over, there is another condition that must be satisfied to maximize the flow rate. This is the
provision of the maximum flow rate with the minimum pumping speed. We also need to
satisfy the condition of the maximum pump efficiency - that is, to achieve the maximum
flow rate at the maximum pump fillage. As you can see, satisfying all the conditions togeth-
er is a non-trivial task.
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Input of initial data and Timer Initialization

Reservoir
Event: g, (1.11)

Object state: p, s, Q (2.3),(2.4),(2.6)

vV

\/ 90 /I\pw

Annular space
Event: p,, (3.2)

Object state: h,  (3.1)

V. NAh,
Lift
Event: Ah, (3.4)

Object state: hd 3.3)

Vg, Nany

Pump
Event: Aly (3.8)

Object state: g, (3.7)

N
3

r=t+A

Program exit

Fig. 3. Simplified flow chart of the imitation algorithm for the pump-well-
reservoir system. The numbers of equations and mathematical expressions are in
parentheses.
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Fig. 5. The pump delivery (red line, left ordinate in m3 / day) and pump cylinder filling
percentage (green line, right ordinate in percent) versus the pumping speed.

Conclusion.

A new imitational modeling concept is presented. It is demonstrated the application of
the concept in the example of the operation process of a pump-drill hole-reservoir system.
Some computer experiments are made and the application of the concept is demonstrated in
the example of the operation process of the pump-drill hole-reservoir system. The results
confirmed the adequacy of the new concept for imitational modeling of dynamic systems.

Computer experiments have established that the condition of the maximum pumping
rate at the minimum of the stroke speed is necessary, but not the only one for optimal good
operation, since the maximum of the pump filling is also required to meet the optimal oper-
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ating. It is also established that the pump filling does not always coincide with the maximum
pumping rate with the minimum stroke speed. In such cases, the optimal operating can only
be achieved by intermittent pumping.

PE3IOME. Po3BrHYTO HOBY KOHLIEMIIIO IMITAI[IIHOTO MOZEIIOBaHHS JUHAMIYHHUX cucTeM. Bukiasne-
HO OCHOBHI MOHATTS Ta TEPMiHH KOHLEIMLII, a TAKOX MPUHLMITK N0OYI0BH iMiTaliiHOT Mozeni (i3ndHOro
nponecy. 3aponoHOBaHa KOHIEMIIis 3aCTOCOBaHA [0 3aa4i MOJIEIIOBAaHH HPOIIeCy PO3POOKH IIIacTa JIer-
Kol HaTH 3a JIOMOMOTOI0 IITAHTOBOI IOMITM B CHCTeMi "NoOMma-cBepioBHHa-uacT”". Po3pobieHa kom-
I’ I0TepHO-IMITalifHa MOJIENb 3 ypaxXyBaHHSM HasBHOCTI MDKTpPYOHOrO MPOCTOPY Ta MOTOKY PiJUHH MiX
MDKTPpYOHHM HPOCTOPOM 1 iTHOMHOIO TPYOOK BUKOPHCTOBYETHCS ISl JOCIIIKSHHS MPOIIECy eKCIUTyaTaril
cucremu. IToBHe 3aIOBHEHHs LUIIHpA LIITAHTOBOI MOMIIM HE 3aB)KAHU 30ira€Thcs 3 MaKCUMAJIbHOIO BUTpa-
TOIO CBEPJIOBMHH. YMOBOIO ONTHMAJIBHOIO PEXUMY € 30ir MAaKCUMYMIB 3allOBHEHHs LUATIHAPA Ta Iojadi
noMny. ONTHMANBHOTO PEXXUMY MOXHA JOCATTH JIMIIE IUIIXOM IEepexXoqy Ha IepioAMIHHI PeXUM POOOTH
noMnu. BeTaHoBIEHO, 10 [T IEpeXoy Ha MEPioIUYHUN PEKUM MOTPiIOHA YMOBA, KOJIM MIPU MaKCUMAIbHIi
BUTpATi He MOke OyTH OCATHYTO MAKCUMAaJIbHOTO HAIOBHEHHS LMIIIHPA TIOMITH.

KJIFOUOBI CJIOBA: iHTerpoBane MOJEIIOBAHHS, KOMIT IOTEPHA CUMYJIALIS, IMITAIliiiHE MOJEINO-
BaHHJ, JIeTKa Ha()Ta, IITAaHT0BAa TIOMIIA, CUCTEMa "MOMIIa-CBEpUIOBHHA-TLIACT".
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