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Abstract

This paper deals with the evaluation of reliability measures of oxygen plant supply system for hospitals. The
oxygen supply system from the oxygen plant to the patient consists of six subsystems, namely sterilizing filter,
oxygen booster pump, oxygen supply units, oxygen flow meter, gas mixer, and ventilator. The subsystem ‘oxygen
supply unit’ contains two identical units: one is operative and other keep in cold standby. The distribution of
failure times of each subsystem is taken as exponential, while the distribution of repair times of each subsystem
is considered arbitrary. Supplementary variable technique and Laplace transform are used to evaluate the
reliability, availability, mean time to failure, and profit of the oxygen plant supply system. The numerical results
of the reliability measures and profit function are also obtained by taking particular values of the various
parameters and repair cost.
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1. Introduction

Oxygen is an essential medicine used in various healthcare contexts to treat multiple conditions,
including traumatic injuries, heart failure, asthma, pneumonia, maternity and pediatric care. The urgency of
delivering oxygen supplies has escalated due to the unprecedented global demand, which has significantly
increased with the COVID-19 pandemic. The COVID-19 pandemic revealed scarcity of medical oxygen which
indicated weakness in the healthcare systems of many developing countries.

To confront these challenges, oxygen cylinders were used to increase the oxygen level as an attempt to improve
the condition and aid the recovery of a patient. However, these heavy oxygen cylinders must be transported from
industries or markets to hospitals in the heavy vehicles and may be time consuming as well as costly. Hospitals
incur significant expenses in transporting the medical oxygen cylinders to ensure a consistent and reliable oxygen
supply.

A medical oxygen gas plant can solve this problem as it is installed within hospital premises to produce continuous
oxygen supply to the patients. Oxygen plants can produce oxygen on-site and reduce the reliance on the external
suppliers which ensuring consistent and reliable solution of the problem. This also fulfills the oxygen’s demand,
reducing risk and improve patients’ safety in the hospitals. That too leads the cost cutting and enhances availability
and profitability. Through Reliability analysis, we can find out how to increase the availability and profitability
of the complex system. These measures might help management figure out the impact of increasing or decreasing
system or subsystem failure or repair rates. It is not always possible to rule out the possibility of any system or
subsystem failing since these failures might sometimes be inherent. Cox [1] introduced the effective
supplementary variable technique for studying non-Markovian systems for assessing the system's availability and
reliability.

Reliability analysis have been carried out by several researchers for most of industrial systems. Kumar et al. [2]
used the supplementary variable approach to study the role of reliability advancements on the sugar industry's
refining system. A thermal power plant's steam and power generation systems' availability discussed by Arora
and Kumar [3].Wang and Chiu [4] performed a cost-benefit study on availability systems incorporating warm
standby units. The study of reliability models for systems with both internal and external redundancy were
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proposed by Zhang et al. [5]. Kumar et al. [6] studied the deterioration of the units following repair in a system
that was redundant with a single standby. Shakuntla et al. [7] discussed the reliability of polytube manufacturing
plant. Suleiman et al. [8] assessed a complex thermal power plant's performance stochastically. Kadyan et al. [9]
presented a single-unit reliability model with arbitrary distributions and diverse meteorological circumstances.
The reliability measures of a solar photovoltaic system consisting of subsystems connected in series were
evaluated using the supplemental variable technique described by Kumar et al. [10]. Kadyan and Kumar [11]
discussed feeding system of the sugar industry. Availability of a butter oil production system was evaluated using
a mathematical model studied by Mehta et al. [12]. Kumar and Kadyan [13] discussed reliability modelling and
failure mechanism of distillery plan. The condensed milk production system in a milk plant was studied by Kumari
et al. [14] using the supplementary variable technique. Saini et al. [15] discussed the performance analysis of
continuous casting system in steel industry. Gayathri [16] used a supplementary variable technique to evaluate
the availability and reliability of a cement-producing plant. Maihulla et al. [17] analyzed reliability and availability
of an industrial system with two subsystems arranged in series-parallel.

A few researchers analyzed the reliability of the healthcare system such as Sagayaraj [18] determined the
reliability of the healthcare system using a fault-tree analysis approach. Vidya and Vijaya [19] discussed the
reliability analysis in healthcare imaging applications. Abd Rahman et al. [20] reviewed the critical device
reliability assessment in healthcare services. Yousofnrjad and Es’haghi [21] evaluated the reliability of a medical
oxygen supply system by fault tree analysis based on intuitionistic fuzzy sets.

A systematic review of the literature suggests that hardly a researcher discusses reliability measures related to the
oxygen plant supply system. Therefore, this study is an attempt to fill a gap. This study discusses reliability
modelling and studies the failure mechanism of oxygen plant supply systems using the supplementary variable
technique. We have incorporated a standby unit to improve the efficiency of the system and ensure continuous
supply.

The subsequent sections of this paper are organized as follows: Section 2, the system is described, together with
the model's assumptions, state specifications, and notations associated to the suggested system model. Section 3
describes the model analysis used for determining several system performance metrics, including profit, mean
time to system failure (MTSF), system availability, and system reliability, while Section 4 presents a numerical
study. Section 5 presents the findings and a discussion of the special cases that include the availability of the
system and the profit analysis of the users. Finally, Section 6 concludes this investigation by exploring potential
prospects.

2. System Description/working, Assumptions and Notations

In an oxygen plant supply system, an oxygen plant generates 99% pure O2, and then a sterilizing filter
helps avoid micro-bacterial particles from the oxygen gas. Then, the oxygen booster pump increases the oxygen
pressure and flows to the oxygen supply unit, where the oxygen supply unit has one direct oxygen supply unit to
the hospital and a second unit as a cold standby. When the direct supply fails, the standby units immediately
supply the oxygen. Then, the oxygen flow meter regulates oxygen flow, and it helps to flow oxygen normally to
patients. A gas mixer is used blend oxygen and air, to deliver a specific concentration of oxygen to a patient,
ensuring the correct oxygen levels for their needs. After that, ventilator is used to support over the breathing
process by delivering oxygen-rich air to the lungs. As described, the oxygen plant supply system contains six
subsystems (Figure 1), and the descriptions of the subsystems are as follows:
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Figure 1. Process flow diagram of medical oxygen plant supply system

Sterilizing filter (SF): Subsystem SF is used to stop micro-bacterial particles and impurities of pure
oxygen gas from oxygen plant. If the subsystem SF fails, the entire system will completely fail.

Oxygen booster pump (OB): Subsystem OB works to increase oxygen pressure and flow to supply units
for hospitalised patients. The system will fail completely, if the subsystem OB fails to work.

Oxygen supply (0S) units: Subsystem OS consists with two units: one unit is working, and the second
unit is kept on cold standby. If one unit supplies oxygen to a patient fails, the second backup unit works
immediately. If both the units of subsubsytem OS fail, then the system will fail completely.

Oxygen flow (OF) meter: Subsystem OF meter regulates and measures oxygen flow, helping us monitor
oxygen absorption status. If subsystem OF fails, the entire system will fail.

Gas mixer (GM): Subsystem GM mixes air and pure oxygen gas from the plant in a gas mixer chamber
and supplies it to the patient. Failure of subsystem GM causes the complete failure of the system.
Ventilator (V): Subsystem V is used to supply oxygen to patients who are unable to inhale it. A ventilator
is a lifesaving device for any patient. If subsystem V fails, the system will fail completely.

2.1 Assumptions

1.
2.
3.
4.
5.

Initially, all the system units have good condition and work efficiently.
Repairmen always available for instant repair.

The units of system work as new after their repair.

There is no simultaneous failure between the subsystems.

Failure time distribution of subsystems of oxygen supply system is taken as exponential while repair
time distribution is arbitrary

2.2 State-specification

S0/S81: The plant is in good condition and working during initial state/working in good condition because
of cold standby unit is in operative mode.

S, /S7: The plant fails due to the failure of sterilizing filter/fails due to the failure of sterilizing filter even
cold standby unit of subsystem oxygen supply unit is in working state.

S3/8g: The plant fails due to the failure of booster pump /fails due to the oxygen booster pump even
standby unit of subsystem oxygen supply unit is in working mode.

S4/S10: The plant fails due to the failure of subsystem oxygen flow meter/fails due to the oxygen flow
meter even standby unit of subsystem oxygen supply unit is in working state.

S5/S11: The plant fails due to the failure of gas mixer/fails due to the failure of gas mixer even standby
unit of the oxygen supply unit is in state of working.

S¢/S12: The plant fails due to the failure of ventilator/fails due to the failure of ventilator even standby
unit of the oxygen supply unit is in operative mode.
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Sg9: The plant fails due to the failure of direct oxygen supply unit and cold standby unit.

2.3 Notations
SF,0B,05;,0S,,0F,GM,V: Subsystem unit as sterilizing filter/oxygen booster pump/
oxygen supply unit/ oxygen supply unit (standby unit) /
oxygen flow meter / gas mixer / ventilator, respectively.

SF,0B,0S,,0S,,0F,GM,V: Failed units of sterilizing filter / oxygen booster pump/
oxygen supply unit/oxygen supply unit (standby unit)/
oxygen flow meter / gas mixer / ventilator, respectively.

Qsp, Aop, Aps, Ao, Agy, Ay :Failure rate of sterilizing filter / oxygen booster pump/
oxygen supply unit/ oxygen flow meter / gas mixer/

ventilator respectively.

Bsr (), Bog (%), Bos (x), Bor (), Bem (x), By (x): Repair rate of sterilizing filter / Oxygen
booster pump/ Oxygen supply unit/ oxygen flow meter/
gas mixer / ventilator respectively.
po (t): Probability density that system is operating with full capacity
in initial state 0.

p; (x, t)At: The probability of the system being in the i‘" state at
time t and having an elapsed repair time x, where
i= 12,..12.

p(s): Laplace transformation of function p(t).
s : Laplace transform variable.

3. Model analysis

The system model has six units: a sterilizing filter, oxygen booster pump, oxygen supply unit, oxygen
flow meter, gas mixer, and ventilator in the oxygen plant supply system. The repairman is always available for
instant system repair, and only one failure is allowed at a time between the subsystems. The system consists of
thirteen states (S, to S;,). Initially, the system is working at full capacity without any failure but if any unit fails,
it is called a failure state (S,to S;,). At the initial state S, where six units are in working condition but these six
units can be failed in state S; to state Sg and every units have their failure rate (@) and repair rates (f) and
repairman is always available for repair these failed units with the time. But oxygen supply units fails in state S,
one standby unit comes immediately in working state S; and repaireman repairs this unit during stanby unit is
working. Same as above state, six units are working with standby unit in state S;and these unit can also be failed
in state S to state S;, and same as above units have their failure rate and repair rate. The failed unit is repaired
instant at a time without stopping production during repair and when primary oxygen supply unit is repaired, it
will work again with the state Syin the model and production will always continuing. Based on all assumptions
and notations, the transition diagram of all states of the oxygen plant supply system, namely operating and failed
states, is shown in Figure 2.

3.1 Mathematical Modeling and Analysis of the oxygen Plant supply system

Based on this transition diagram (Figure 2) of the oxygen plant supply system, the following set of difference-
differential equations can be formulated by using the supplementary variable technique as follows:
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Figure 2 Transition diagram of the oxygen plat supply system
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% + asp + Qpp + Aos + Aor + gy + av] po(t) = fooo Bsr (X)p2 (x, t)dx + fooo Bor (x)ps(x, t)dx +
Iy, Bos )y (x, )dx + [)° Bor ()pa(x, t)dx + [, Bw ()ps(x, )dx + [ By (x)ps(x, £)dx
(D
% + da_x + asp + App + Aps + Ao + Ay + ay + 305(@] p1(x,t) = Bsp(X)p;(x,t) + Bop(X)ps(x, t) +
Bos(X)pe(x,t) + Bor(X)p10(x, 1) + Bem(OP11(x, 1) + Br(0)p12(x, 1) + apspo(t)

)
% + ;_x + ﬁSF(X)] p2(x,t) = agepo(t) ©)
a , @
w1 ot hos (X)] p3(x,t) = apppo(t) @
d d
prisemiey ﬂOF(X)] Pa(x,t) = aprpo(t) ©)
d d
T =T ﬂGM(X)] ps(x,t) = agupo(t) ©
a d —
T =T IBV(?C)] Pe(x,t) = aypo(t) @
% + % + IBSF(X)] p7(x,t) = aspp1(x,t) ®)
a , @
2T 2+ Pos (x)] pg(x,t) = apppi(x,t) ®
a , @
Friur ﬁos(X)] Po(x,t) = aosp1(x,t) (1
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[% + ;_x + Bor (x)] Pro(X,t) = aorp: (x,t) D

[% + ;—x + ﬁGM(x)] P11(%,t) = agupi(x,t) (12)

a2, 9

[E tnT ﬁV(X)] Pi2(x,t) = aypi(x,t) (13)

Initial conditions,

po(0) =1

pi(t) =0, wherei=1,2, ...,12.} (14)

Boundary conditions,

p1(0,8) = apspo(t); p2(0,t) = agepo(t); p3(0,t) = apppo(t);  Pa(0,t) = agrpo(t)
ps(0,t) = aguPo(t);  pe(0,t) = aypo(t); p7(0,t) = asep;(t);  pg(0,t) = appp:(t) (15)
Po(0,t) = apsp1(t); P10(0,t) = agrpi(t); P11(0,1) = agup1(t); P12(0,t) = ayp,(t)

Eq. (1) is a linear first-order differential equation, while Eqs. (2)-(13) are linear partial differential equations. The
set of Egs. (1)-(13), along with the initial condition (14) and boundary condition (15), are referred to as Chapman
Kolmogorov difference differential equations. By applying the Laplace transformation to these equations, we can
obtain the probabilities p;(s), where i ranges from 0 to 12.

(s + asp + app + aps + dop + dou + ay)po(s) =1+ fooo Bse (X)pa(x, s)dx + fow Bos (x)p3(x,s)dx +
Iy Bos (ps (e, $)dx + [, Bor COpaCx, )dx + [ Ben (OO (x, $)dx + [ By ()P (x, s)dx
(16)

{dd_x + S+ asp + app + Aps + Aop + Ay + Ay + Bos(x)} p1(x,5) = Bsr(X)p;(x,8) + Bop(X)ps(x,s) +
Bos(X)pe(x,5) + Bor(X)P10(x,5) + Bem(X)p11(x,8) + By (0)p12(x,5) + aospo(s)

(17)
[+ 5+ Bor )] p2(x,9) = agepo (s) (18)

[+ 5 + Bos ()] ps(x,9) = @ospo(s) 19)
[+ 5+ Bor ()] P () = worpo(s) 20)
[+ 5+ Bon @] ps(x,9) = agupo(s) @n
[+ 5+ Br )] po( ) = avpo(s) @2)

[+ 5+ Bsr ()] P20 5) = asepa (x,) @3)
[+ 5+ Bos )] Pax,5) = @0y (x,5) @4
[+ 5+ Bos(0)] po (2, 5) = o (x,5) (25)
[+ 5+ Bor (0] P10 (2, 5) = @oepr (x,5) (26)
[+ 5+ Bam (0] 211 (. 5) = agupr (x,5) @7)
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[;_x ts+ ﬁV(x)] P12(x,5) = ayp;(x,s) 28)

Laplace of boundary conditions

p1(0,8) = apspo(s); p2(0,5) = asepo(s); p3(0,s) = QOBPO(S)\
P4(0,5) = agppo(s); ps(0,5) = agupo(s); pe(0,s) = ano(S)} (29)
p7(0,5) = aspp,(s); ps(0,5) = appp:(s); Ps(0,8) = apsp1(s)
P10(0,5) = aprp;1(s); p11(0,5) = agp,(s); P12(0,5) = ayp;(s)
po(s) =
1 1+ fooo Bse (X)p(x, s)dx + fow Bos (X)p3(x, s)dx + fow Bos (x)p, (x,s)dx +

Stasptaoptaostaortacmutay fooo Bor (x)pa(x, s)dx + fow Bam (x)ps (x, s)dx + fooo By (xX)ps(x, s)dx]
(30)

pi(s) = [ e (asrraon+aostaor+acuarthostix (g, p, (5) + [ [Bsr (XIpy (,5) + Bos (Ipax,5) +
Bos(X)pg(x,5) + Bor (X)P10(x, 8) + Bem (X)p11(x, 5) +

By (P12 (%, )] ef:o(s+a5p+a03+a05+aop+aGM+aV+Bog(x))dx} dx 31)
Pa(s) = asrpo(s) J;” e o (AT 1 4 7 oo or (I ey (32)
Ps(s) = aoppo(s) Jy €™ o TForI (1 4 7 oo ¢+ ontI drydx (3)
Pa(s) = oppo(s) ;7 e™Io (HPor(Ib (1 4 [0 ol 4 Por(I iy (34)
P(s) = agupo(s) f; e o CHPaMAx (1 4 (2 Iy (HBam0I Gy (35)
Pe(s) = aypo(s) Jy eI VI (1 4 [ T iy (36)
pr(s) = J; e IO (qrp, (6) + [} ageps (x, s)elo PO dye (37)
pa(s) = J; el P (qpup, (5) + )7 aoupy (x, 5)eo HFor 0 dxya (38)
pa(s) = [y el TSI fagep, () + 7 aospa(s) el PO dxyx (39)
Pio(s) = J el ~HPorO (o, () + [} agepy (x,5) el HFor axyd (40)
Pu(s) = J; el PO fagp (5) + [ agupi (x,5) el MO axyax  (41)
Pia(s) = [ el PO fayp () 4 [ ayp (x, )l VO dxydx (42)

It is noticing that

Po(S) + P1(8) + p2(s) + p3(s) +pa(s) +0s5(s) +p6(s) +p7(s) +psg(s) +Po(s) +DP1o(s) +p1:(s) +
Pia(s) = + (43)

3.2 Evaluation of Laplace transformation of Up and Down state probabilities

The Laplace transforms of the probabilities that the system is in the Up state (i. e. good) and the Down state (i. e.
failed) are as stated:

Pup(S) = Po(s) + p1(s)
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Pup (s)
. 1+ [ Bor CIpaCes)dx + | Bop COps )+ [ fos COpyCx s +
0 0 0

S+ agp + apg + aps + agr + gy + Ay

f Bor (Ops (x, s)dx + f Bew (Ops(x, )dx + f By (pe(x, s)da]
0 0 0
+
J- e~ lo (stasr +aop+aos+aortagu tay +hos(Ndx {aospo(s) + J. [Bse ()P (x, ) + Bop (X)ps (x, 5)
0 0

+ Bos(X)po(x,5) + Bor (X)P10(x, 5) + Bem ()P11(x, 5)

+ By (X)p12(x, 8)] efow(5+065F+a03+aos+a0F+aGM+av+ﬁos(x))dx} dox

Paown () = D2(8) + p3(s) +pa(s) +ps5(s) +ps(s) +p7(s) +ps(s) +Po(s) +p1o(s) +P11(5)
+ p12(5)

3.3 Reliability of the system

The reliability (R(t)) of a systempertains to the probability that the system will function efficiently within a
specified period. The differential-difference equations for the system reliability are given by

d
[E + agr + Qop + Aps + Aor + agy + ay] po(t) = 0 (44)

[% + agp + aop + Aos + Aor + Agy + ay] p1(t) = apspo(t) (45)
Taking Laplace transforms of Egs. (44) and (45), we get

[s + asp + agp + aps + apr + agu + ay] po(s) =1 (46)

[s + asp + app + aps + aor + agy + ay] p1(s) = apspo(s) (47)
The solution of Egs. (46)-(47) are given as

1

Po(s) = (stasp+apgp+aps+aor+agm+ay) (48)

_ aos
pl(S) - (5+asp+a03+a03+a0F+aGM+aV)2 (49)
R(s) = po(s) + pi(s)

R(s) = ! + %os (50)

(s+asp+app+aps+aport+agm+ay) (s+asp+a03+a05+aop+aGM+aV)2
Taking inverse Laplace transform of Eq. (50), we get

R(t) = apstexp (—(asp + app + Aps + Aop + gy + ay)t) + exp (—(asp + app + aps + or + Aoy +
ay)t) (51)

3.4 Mean time to Failure of System

Mean time to system failure (MTTF) is defined as the expected time for which the system is in operation before
it completely fails. The MTTF is defined as:

MTTF = j R(t) dt
0

MTTF = f (aost eXp (—((XSF + (XOB + (XOS + CZOF + CZGM + av)t) + eXp (—((ZSF + (ZOB + 0(05 + aop
0

+ agy + ay)t) dt
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MTTF = ! + %05 (52)

(asptaoptaopstaortacm+ay) (asp+app+aps+aortagy+ay)?
3.5 Particular case

To show the importance of results and characterize the behavior of availability and profit of the oxygen plant
supply system, we assume there pair times are exponentially distributed. For this particular case system of Egs.
(1) - (28) reduces as follows:

d
= T @kt @op + Qos + Aor + Agm + av] Po(t) = Bsep2(t) + Bops () + Bospi(t) + Borpa(t) +

Banps(t) + Bups(t) (53)
2+ tgp + Qop + o5 + Top + Agy + @y + Bos(X)| 1 (8) = Bsppr () + PosPa(t) + Posbo(t) +
BorPro(t) + BouPia(t) + Buia(t) + osto(t) (54)
5+ Bse| 2 (®) = asemo(t) (55)
|55+ Bos | Ps(®) = @ospo(®) (56)
|55+ Bor| Pa(®) = @orpo(®) (57)
2+ Bou| ps(®) = aoupo(®) (58)
5+ 8] ps(® = avpo(®) (59)
5+ Bse|p(®) = agemr(®) (60)
|5+ Bos|pa(®) = @ospi(®) (61)
|5+ Bos|pe(®) = aospr(®) (62)
|5+ Bor| p1o(®) = a0 (D) (63)
|5+ Bow| p12(®) = aaupr () (64)
[+ Br|p(® = avpi(®) (65)

Initial Conditions,
po(0) =1; p;(t) =0, where i= 1,2,..,12
In a hospital, oxygen plant supply system is expected to operate at full capacity for long period of time, that is

why the steady states availability of the system is calculated by taking % =0ast— 0, p;(t) = p; in every
equation from (53) to (65). After that, we obtained the subsequent set of steady- state probabilities;

_ aos p . _ ASsF p . _ 0B p . — %rp.
1= 5 2= o = - 4= o
p Bos ¥’ p Bsr Ps Bos *’ p Bor
aGm @ p asF aos %0B %05 p
Ps Bem Ps [ P7 Bsr Bos~ Ps Bos Bos (66)
_ aosaos p . _ QOFa0s p . _ aGM oS p . _ ayagps
Po = ————=P; Pio= 7 -7 Fo» P11 = 5 - Fos Pi2= 5 P
Bos Bos Bor Bos Bem Bos Bv Bos

Using normalizing condition Y!=4% p; = 1, we get
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11“05“” 0B , @0s , %OF 4, %GM , Avy1-1
=n+a+ )(BSF+B +ﬁos+BOF+ﬂGM+ﬁv)] (67)

3.6 Availability of the system

The long run Availability of system (A4,) of the oxygen plant supply system is given as:

Ay, = po + 1
Qos
A, = (1 + —)p
Y Bos
Azldosllaosasp aoB | ®0s | AOF | AGM , AVyN7-1 68
v ( + )[ +(+ )(ﬁSF+ﬁOB+ﬁos+ﬁ0F+ﬁGM+ﬁV)] (68)
3.7 Profit Analysis

Hospital requires running the oxygen plant all the time for patients, it should profitable because of opportunity to
sell excess oxygen to externally, tax benefit & subsidies, cost for repair the units and pay for labor of plant and as
well as for hospital. Profit incurred to the considered oxygen plant supply system model for distinct value of
subsystems failure and repair rates in steady state is obtained using Eq. (68) as:

Profit = KlA" - CR

Profit = KI[(l + %) [1 + (1 +@) (“i+“ﬂ+@+ﬂ+“c—“+ﬂ)]_l] — Cq (69)

Bos/ \Bsr ~ Bop Bos PBor Bem  Bv

Where A, is steady state availbility of oxygen plant supply system, K; is overall revenue of uptime per unit;
andCgis overall repair cost of the oxygen plant supply system units.

4. Numerical Analysis

The numerical results are computed for reliability, availability, and expected profit of oxygen plant
supply system. Numerical results are presented in Tables from 1 to 5.

Table 1: Effect of failure rate of oxygen supply unit (a,s) on Reliability (R(t)) of the oxygen plant supply

system
asp = 0.001, app = 0.002, apr = 0.004, a;y = 0.003, a, = 0.001
Time (t) aps=0.001 aps=0.002 aps=0.003 aos=0.004
2 0.97824 0.97823 0.97822 0.97821
4 0.95695 0.95692 0.95689 0.95683
6 0.93611 0.93606 0.93598 0.93587
8 0.91573 0.91564 0.91550 0.91530
10 0.89579 0.89566 0.89544 0.89514
12 0.87628 0.87609 0.87579 0.87536
14 0.85719 0.85694 0.85654 0.85598
16 0.83851 0.83820 0.83768 0.83697
18 0.82024 0.81985 0.81922 0.81834
20 0.80236 0.80189 0.80113 0.80008
Table 2: Effect of failure rates of subsystems on the oxygen supply system’s Availability
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Bsr = 0.1, Bop = 0.2, Bps = 0.3, Bor = 0.2, By = 0.15,5, = 0.1
asp = 0.001| agr=10.002 | asz =0.00] | aszp = 0.001,| asz = 0.001| asz = 0.001
tos apop = 0.002| app=0.002 | app=0.003 | ¢y = 0.002] ayz = 0.002| ayz = 0.002
aor = 0.004| apr=0.004 | apr =0.004 | agr = 0.009 ayr = 0.004| ayr = 0.004
l agy = 0.003| a;y=0.003 | agy=0.003 | agy = 0.003| asy=0.004 | a;, = 0.003
ay = 0.001 | a,=0.001 ay=0.001 | ay =0.001 | ay = 0.001 | a;=0.002
0.001 0.93457 0.92592 0.93022 0.93022 0.92878 0.92592
0.002 0.93454 0.92589 0.93019 0.93019 0.92875 0.92589
0.003 0.93449 0.92584 0.93015 0.93015 0.92871 0.92584
0.004 0.93443 0.92578 0.93008 0.93008 0.92864 0.92578
0.005 0.93434 0.92569 0.92999 0.92999 0.92856 0.92569
0.006 0.93424 0.92559 0.92989 0.92989 0.92845 0.92559
0.007 0.93412 0.92547 0.92977 0.92977 0.92833 0.92547
0.008 0.93397 0.92533 0.92963 0.92963 0.92819 0.92533
0.009 0.93382 0.92518 0.92948 0.92948 0.92804 0.92518
0.010 0.93364 0.92501 0.92930 0.92930 0.92787 0.92501

0.938 -

0.936 -

0.934 4 %

0552 1 —— ag = 0.001, a5, = 0.002, gy = 0.004, 0,y = 0.003,a, = 0.001
% 03371 —a— agp = 0.002,a,; = 0.002,00; =0.004, ag, = 0.003,a;, = 0.001
é oo | ' " ) T — e = 0.001, 0055 = 0.003, a1y, = 0.004, oy, = 0.003, &, = 0.001

0.926 H—}M—D—D‘H agp = 0.001, 055 = 0.002, agp = 0.005, a5, = 0.003,a, = 0.001

0924

0522 4

092

0.001

0.002

0.003

0.004 0005

0.006

0.007 0.008

Failure rate of oxygen supply unit

0.008

0.01

—— b = 0,001,055 = 0.002, 0gp = 0.004, agyy = 0.004, 0, = 0.001

—o—ogp = 0.001, a5 = 0.002,ag; = 0.004, ag,, = 0.003,a, = 0.002

Figure 3: Effect of failure rates of subsystem on availability of oxygen plant supply system
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Table 3: Effect of failure rates of subsystems on profit of oxygen supply system

Bsr = 0.1, Bog = 0.2, Bos = 0.3, Bor = 0.2, By = 0.15,8, = 0.1,K; = 5000, Cz = 500
asp=0.001 agr=0.002 asp=0.001 asp=0.001 asp=0.001 asp=0.001
s app=0.002 app=0.002 | agp=0.003 app=0.002 app=0.002 app=0.002
aor=0.004 apr=0.004 | app=0.004 aor=0.005 aor=0.004 aor=0.004
l agu=0.003 | agy=0.003 | agy=0.003 agu=0.003 | agy=0.004 acu=0.003
ay=0.001 ay=0.001 ay=0.001 ay=0.001 ay=0.001 ay=0.002
0.001 4172.85 4129.6 4151.1 41511 4143.9 4129.6
0.002 4172.7 4129.45 4150.95 4150.95 4143.75 412945
0.003 4172.45 4129.2 4150.75 4150.75 4143.55 4129.2
0.004 4172.15 4128.9 4150.4 4150.4 4143.2 4128.9
0.005 4171.7 4128.45 4149.95 4149.95 4142.8 4128.45
0.006 4171.2 4127.95 4149.45 414945 4142.25 4127.95
0.007 4170.6 4127.35 4148.85 4148.85 4141.65 4127.35
0.008 4169.85 4126.65 4148.15 4148.15 4140.95 4126.65
0.009 4169.1 41259 4147.4 41474 4140.2 41259
0.010 4168.2 4125.05 4146.5 4146.5 4139.35 4125.05
4180
4170 ¢ * ¢ _'_‘_"—‘—'—0—-—-—‘_____,____ﬂ
4160
—— g = 0.001, g = 0.002, 0y = 0.004, agy, = 0.003,a, = 0.001
. He - _ —a- gy = 0.002, p; = 0.002,¢p; = 0.004, aigy, = 0.003, e, = 0.001
E 4o ) T e tgp = 0.001, 055 = 0.003, a5 = 0.004, cicy, = 0.003, a, = 0.001
4130 D_D_O‘D_}_D‘“‘D—-n__a agp = 0.001, 055 = 0.002, ag = 0.005, g, = 0.003,0, = 0.001
1120 gy = 0.001, 055 = 0.002, g = 0.004, gy = 0.004,cr, = 0.001
10 ~o iy = 0.001, 0g = 0.002, g = 0.004, gy, = 0.003,ay = 0.002
4100
0001 0002 0003 0004 0005 Q006 0007 0008 0009
Failure rate of oxygen supply unit
Figure 4: Effect of failure rates of subsystem on profit of oxygen plant supply system
Table 4 Effect of repair rates of subsystems on the oxygen supply system’s Availability.
asp = 0.001, app = 0.002, aps = 0.001, apr = 0.004, sy = 0.003, a, = 0.001
Bos Bsr=0.1 Bsr=0.15 Bsr=0.1 Bsr=0.1 Bsr=0.1 Bsr=0.1
Bop=0.2 Bop=0.2 Bop=0.25 Bop=0.2 Bop=0.2 Bop=0.2
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ﬁOF:O.ZS ﬁOF:OZS ﬁOF:025 BOF=0'35 ﬁOF:025 [)’OF:()ZS
ﬂVZOl ﬁvzo.l ﬁV:OI ﬂVZOI ﬂVZO.l BV=0'2
0.1 0.93799 0.94094 0.93976 0.94204 0.94509 0.94242
0.15 0.93805 0.94099 0.93981 0.94209 0.94514 0.94247
0.2 0.93806 0.94101 0.93983 0.94210 0.94516 0.94248
0.25 0.93807 0.94102 0.93984 0.94211 0.94517 0.94249
0.3 0.93808 0.94102 0.93984 0.94212 0.94517 0.94250
0.35 0.93808 0.94102 0.93984 0.94212 0.94517 0.94250
0.4 0.93808 0.94102 0.93984 0.94212 0.94517 0.94250
0.45 0.93808 0.94102 0.93985 0.94212 0.94518 0.94250
0.5 0.93808 0.94103 0.93985 0.94212 0.94518 0.94250
0.55 0.93808 0.94103 0.93985 0.94212 0.94518 0.94250
0.948 -
0947 -
0946 -
0945 { H— * “ V
0544 -
0943 -
2o | E—r—*¢ ¢ - — v - - o —— P = 0.1, Bog = 0.2, for = 0.25, By = 0.15,y = 0.1
E 0041 - o - - - - - - - a2 — BSF =0. 15,ﬁ03 = 0.2,,80;» = U'ZSJﬁGM = 015,,8;: =0.1
E 084 4 L - —— fsr = 0.1, Bop = 0.25, Bor = 0.25, fey = 0.15,y = 0.1
0938 A ﬁSF = 0.1,[}03 = O'ZJﬁOF = 0.35,3&” = 015,,8;; =01
0838 | e e fop = 0.1, Bop = 0.2, fop = 0.25, By = 0.25, By = 0.1
05571 = Psr = 0.1, Bop = 0.2, for = 0.25, Bgy = 0.15, By = 0.2
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0934
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Figure 5: Effect of failure rates of subsystem on availability of oxygen plant supply system
Table 5: Effect of repair rates of subsystems on profit of oxygen supply system
dsp = 0001, Qop = 0002, Aos = 0001, dor = 0004, Aoy = 0003, ay = 0001K1 = 5000, CR
=500
BSF=0'1 BSF=0'15 BSF:()'I BSFZO‘I ﬁSF:O'l ﬁSF:O‘l
BOS ,80320.2 ,30320.2 BOB=0'25 ﬁOB:O'Z ﬁOB:O'Z [)’OB=0.2
,801:20.25 ﬁOF:025 ﬁOF:025 B0F=0'35 ,[)’OF=025 ﬁOF:025
szo.l BV:O'l BV:O'l ﬁVZO.l ﬁVZO.l BV=0'2
0.1 4189.95 4204.7 4198.8 4210.2 422545 4212.1
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0.15 4190.25 4204.95 4199.05 421045 4225.7 4212.35
0.2 4190.3 4205.05 4199.15 4210.5 4225.8 42124
0.25 4190.35 4205.1 4199.2 4210.55 4225.85 4212.45
0.3 41904 4205.1 4199.2 4210.6 4225.85 4212.5
0.35 4190.4 4205.1 4199.2 4210.6 4225.85 4212.5
0.4 4190.4 4205.1 4199.2 4210.6 4225.85 4212.5
0.45 4190.4 4205.1 4199.25 4210.6 4225.9 4212.5
0.5 4190.4 4205.15 4199.25 4210.6 4225.9 4212.5
0.55 4190.4 4205.15 4199.25 4210.6 42259 42125

Profit

4230

4325
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4210
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4200
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Bsr = 0.1, Bop = 0.25, Bpr = 0.25, ¢y = 0.15,, = 0.1
Bsg = 0.1, g = 0.2, Bop = 0.35, gy = 0.15, 8, = 0.1

T i - 3 - g 3 A
) s ——Per = 0.1, fop = 0.2, for = 0.25, B = 0.25,5, = 0.1
19 —— B = 0.1, Bog = 0.2, Bor = 0.25, B = 0.15, By = 0.2
4190 — +* + * *
4185
4180
01 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

Repair rate of oxygen supply unit

Figure 6: Effect of repair rates of subsystems on profit of oxygen supply system

5. Results and Discussion

The Table 1 reveal the effect of the failure rate of oxygen supply units (@s) on system reliability. It can
be observed that the reliability of the system decreases with the increase in failure rates of oxygen supply unit
over a certain time.

Tables 2 and 3 demonstrate how the availability and profit of the oxygen plant supply system are affected by the
failure rates of the subsystem. It is observed that availability and profit of the oxygen plant supply system decrease
with the increase of failure rates of the subsystems-SF, OB, 0S,OF,GM, and V. The analysis carried out reveals
that the effect of failure rates of subsystems SF,GM,and V are more as compared to the failure rates of
subsystems- OB and OF. The failure rates of subsystems SF and V reduces from 0.002 to 0.001 the availability
increases 0.93% and profit increases 1%. Similarly, on reducing the failure rate of gas mixer from 0.004 to 0.003
the availability increases 0.6% and profit increases 0.7%. And, on reducing the failure rate of oxygen booster
pump from 0.003 to 0.002 and oxygen flow meter from 0.005 to 0.004 the availability increases 0.5% and profit
increases 0.5%. It is found that reducing the failure rate of sterilizing filter, ventilator and gas mixer unit can more
improve the system availability and profit.

Tables 4 and 5 show the effect of repair rates of subsystems on availability and profit of the oxygen plant supply
system. On increasing of repair rate oxygen supply unit increases little bit availability and profit of system but we
can see after 0.3 the availability and profit comes same and on increasing the repair rate of gas mixer from 0.15
to 0.25 the availability increases 0.75% and profit increases 0.85%. And, on increasing the repair rate of ventilator
from 0.1 to 0.2 the availability increases 0.5% and profit increases 0.5%. And on increasing 0.05 repair rate of

Received: August 06, 2025 987




International Journal of Applied Mathematics

Volume 38 No. 11s 2025,
ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)

oxygen flow meter and oxygen booster pump, the availability and profit of system increase less than 0.5%. It is
observed that increasing the repair rate of gas mixer unit and ventilator can improve the availability and profit of
system.

6. Conclusion

In the present paper, we have discussed the reliability, availability and profit of oxygen pant supply
system for hospitals with standby unit. It is can be observed from Table 1 that reliability of the system little bit
decreases with the increase of failure rate of subsystem oxygen supply unit. The failure rate of the subsystem of
oxygen pant supply system is considered to be followed by exponential distribution. The results for availability
and profit are presented in Tables 2 to 5.
The effect of failure rate of subsystem of oxygen plant supply system on availability and profit of has been
examined for different values of various parameters and cost. It is observed that availability and profit of the
oxygen supply system increase with the decreasing the failure rates of the subsystemsterilizing filter, ventilator
and gas mixer unit. However, the effect of failure rate of subsystem sterilizing filter, ventilator and gas mixer
unitis much more in availability and profit as compared to another subsystem. Therefore, there is need to control
the failure rates of subsystem sterilizing filter, ventilator and gas mixer unit in order to make oxygen plant supply
system more available and profitable for use.
However, the effect of repair rate of subsystem gas mixer unit and ventilator is much more in availability and
profit as compared to another subsystem. Therefore, there is need to control the repair rates of subsystem gas
mixer and ventilator in order to make oxygen plant supply system more available and profitable for use.
Hence, the study reveals that oxygen plant supply system can be made more available and profitable if hospital
pays more attention of repair rate of gas mixer and ventilator and control the failure rates of sterilizing filter,
ventilator and gas mixer unit.

Data Availability Statement: NA
Conflicts of Interest: The authors declare no conflicts of interest.
Appendix A

In a system that becomes time-dependent for either the repair rate or the failure rate, or both, the Markovian
characteristic is lost, and future events depend on both the present and the past. These occurrences are referred to
as non-Markovian events. In order to transform the system from non-Markovian to Markovian, a new variable
called supplemental variable (x) is introduced.
From derivation of Egs. (1)-(13), Assuming failure rates of the system are exponential and repair rates are
arbitrary. By applying supplementary variable technique, we develop the following differential-difference
equations associated with the state transition diagram (Fig 2) of the system at times (t +At),

Py(t)(t + At) = [1 — agp At — apg At — apg At — agpAt — agy At — ay At]Py(t) +

Jy Bse COPy(x, )dx At + [ Bop (0)P3(x, )dx At + [ Bos (X)Py (x, )dx At +

Jy Bor ()Pu(x, t)dx At + [, Boa (X)PsCx, )dx At + [ By (x)Ps(x, )dx At + 0(AL)

. Py(0)(t+ At) — Py(0)
lim
At—oo At

= [~asr — app — s — Aor — +agy — ay]Py(t) + f Bsr (x)P,(x, t)dx
0

+ f Bos (P, (x, Ddx + f Bos )Py (x, t)dx + f Bor (P (x, D)dx

0(At)

+ fo Bey () Ps(x, t)dx + fo By (x)Pg(x,t)dx + AltiinwA—t
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d [ee] [oe]
Epo(t) = [—asr — app — @os — Aor — tagy — ay]Py(t) + f Bsr (X)P, (x, t)dx + J. Bop (X)P3(x,t)dx
0 0

+ f Bos (P, (x, D)dx + f Bor ()P (x, O)dx + f Bem ()Ps(x, D)dx
+ foo[?v (X)Pg(x, t)dx

% + asp + Qop + Aos + Aor + Ay + av] Py(t) = fooo Bse ()P, (x, t)dx + fooo Bos (x)P3(x, t)dx +
Iy Bos )Py (x, D)dx + [° Bor ()P, (x, D)dx + [ Bow (x)PsCx, )dx + 7 By (x)Ps(x, t)dx

Appendix B

Solution of partial differential Eqgs. (17-26). For illustration let us consider Equation (17)

d
{_ + S + aSF + aOB + 0(05 + CZOF + aGM + (ZV + ﬁos(x)} Pl(x, S)

dx
= Bsp(X)P;(x,8) + Bop(x)Ps(x,8) + Bos(x)Ps(x,8) + Bor(x)P1o(x,s)
+ Bom(X)P11(x,5) + By(x)Pi2(x,8) + agsPo(s)

After taking Initial and boundary condition
P,(0) =1, Py(x,00=0, P(0,5) = agsPy(s)

This is first order linear partial differential equation and solved this using initial and Laplace boundary
conditions. The equation is

d
—Pi(x,5) + (s + asp + apg + Aps + Aor + Agy + ay + Bos(x)) Py(x,s)

dx
= Bsr(X)P7(x,8) + Bop(x)Ps(x,8) + Bos(x)Ps(x,5) + Bor(x)P1o(x,s)
+ Bom(X)P11(x,5) + By(x)Pi3(x,8) + agsPy(s)

Apply the Laplace Transform to each term in the equation
L {‘”’d—f)} = 5P, (s) — P,(0,s) and take L{P,(x.5)} = P,(s)

SPi(s) — P1(0,s) + (s + agp + agp + @ps + aor + agy + ay + fos(x)) Py (s)
= Bsr (X)P7(x,8) + Bop(x)Ps(x,5) + Bos(x)Po(x,5) + Bor(x)P1o(x,s)
+ Bem () P11 (x,5) + By(x)Pi2(x,8) + agsPo(s)

The solution of this equation is

oo

P (s) = f el (s+asr+aop+aostaop+agu tay +hos()ax J [Bse (X)P7(x,5) + Bop (x)Pg(x, 5) + Bos(X)Po(x,5)
0 0

+ Bor(x)P1o(x,s) + Beu (X)Py1(x, 5)
+ By ()P, (x,5)] ef;o(s+aSF+“OB+aOS+“0F+aGM+“V+ﬁ0$(x)dx]dx + apsPy(s)[1

© (oo}
+ f efo (S+a5F+a03+aos+d0F+acm+av+Bos(X)dx]dx
0

Similarly, we can solve other Egs. (18)- (28).
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