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Fuzzy differential equations have been gaining popularity in recent years. Traditional
heat transfer models often rely on precise input parameters; however, real-world scenar-
ios frequently involve uncertainty and imprecision. With advancements in mathematical
modeling, the heat transfer increasingly used to address real-world problems. This pa-
per presents a one-dimensional steady-state fuzzy heat transfer problem. To solve this
problem, the fuzzy Runge-Kutta Cash-Karp of the fourth-order method is employed,
demonstrating its effectiveness. The results are then compared to analytical solutions,
revealing that the approximate solutions closely align with the analytical ones.

Keywords: fuzzy Runge—Kutta Cash—Karp; steady-state heat conduction problem; fuzzy
differential equation.
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1. Introduction

The theory of fuzzy sets, introduced by Zadeh, addresses ambiguity and uncertainty within mathe-
matical models, facilitating a better understanding of real-world phenomena. Differential equations,
a type of mathematical model, are commonly used to represent various real-world scenarios. By in-
corporating fuzzy quantities in place of uncertain and imprecise classical quantities, fuzzy differential
equations (FDEs) are formed [1]. Recently, the application of FDEs has grown significantly, finding
utility in diverse fields such as mathematical physics, engineering, and medicine.

Numerous studies have explored fuzzy heat transfer and its applications. To enhance understanding,
several of these studies have been reviewed. Jameel, Anakira, Alomari, Hashim, and Momani [2]
introduced the Optimal Homotopy Asymptotic Method (OHAM) to approximate the solution of the
Fuzzy Heat Equation (FHE). This method was chosen for its ability to compute the solution as an
infinite series. Since this was the first time the authors applied OHAM to solve the FHE, their findings
demonstrate that it converges to an analytical solution with reduced computational effort. Zureigat
and Ismail [3] explored the use of the Forward Time Centered Space (FTCS) method to solve the
FHE, analyzing the results with two different types of fuzzifications. To address the problem, they
proposed two defuzzification approaches. Their findings showed that the second defuzzification method
produced a smaller fuzzy number area compared to the first.

Tapaswini, Chakraverty, and Nieto [4] applied the Galerkin method to address heat transfer in an
aluminum pin—fin from a wall surface with constant temperature. Relevant parameters were identified,
and the results obtained using the proposed method were compared with those of Bede [5] and Seshu [6]
for uncertain temperatures, considering quadratic, cubic, and quartic solutions. The findings for the
test problems were found to be very close to the analytical solutions, demonstrating that the Galerkin
method is capable of handling nth—order FDEs. In 2020, Mahardika and Haryani [7]| investigated the
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time required for different tested metals to reach equilibrium temperature. Since each metal has a
unique thermal conductivity, the time to reach equilibrium varies accordingly. The results indicate
that metals with higher thermal conductivity reach equilibrium faster.

Imprecise measurements, fluctuating boundary conditions, or intrinsic material heterogeneity are
some of the common sources of uncertainty in real-world heat transfer problems. For example, mi-
crostructural irregularities may cause a material’s thermal conductivity to slightly change between
areas, while ambient noise and inaccurate sensors may skew temperature measurements. Due to their
inability to fully capture these uncertainties, traditional deterministic models may produce forecasts
that are less accurate or inaccurate. In order to account for these uncertainties, fuzzy modeling of-
fers a versatile and reliable framework, enabling a more accurate and insightful examination of heat
conduction processes.

Therefore, in this study, a classical topic in heat transfer theory which is steady-state heat conduc-
tion in a one-dimensional solid rod is investigated. An uniform rod with constant thermal character-
istics is used in the physical context, and heat moves along its length as a result of a set boundary
temperature. To make analysis easier, it is assumed that heat transfer only happens by conduction
and that the rod does not generate any heat inside. The objective of this study is to find out how the
temperature is distributed along the rod under uncertainty condition. Fuzzy mathematics is used to
handle such uncertainty in order to improve the model’s realism and applicability, particularly when
the exact temperature is ambiguous or inaccurate.

The paper starts by introducing the concept of one-dimensional steady-state heat conduction prob-
lem, followed by a numerical example where the Fuzzy Runge-Kutta Cash—-Karp of the fourth—order
method (FRKCK4) is applied to solve a one-dimensional steady-state heat conduction problem. The
results are presented in both tables and figures, with the conclusions provided at the end of the paper.

2. The proposed method

This section presents the one-dimensional steady-state heat conduction problem. The model used in
this study assumes a steady-state temperature gradient and is a simplified example of heat conduc-
tion. The purpose of this assumption is to make the analysis easier and to provide a basis for using
the suggested fuzzy numerical method. It is important to note that this model does not represent
the general form of heat conduction equations, such as the classical second-order partial differential
equation commonly employed in systems that are variation. Instead, this strategy is used to emphasise
how well the technique can manage uncertainty in physical parameters.

Considering the Fourier law of heat conduction with the temperature on the left surface being tg
and the right surface being ¢y, let the total amount of heat flow, @ be as follows [§]:

Alto —tr)T

Q x — (1)
The sign ‘o<’ is replaced by the sign ‘=" and a constant k, Eq. (1) is written as:
At —tp)T
Q=1 y i (2)

where k is the thermal conductivity coefficient, A is the cross—sectional area, 7 is the time allowing
heat flow, and d is the length of the metal rod.

In order to simplify Eq. (2), a steady-state heat conduction regime is assumed, in which the tempera-
ture at each point along the rod remains constant over time. With this assumption, the time-dependent
(1) of the basic heat conduction equation is removed. The heat flux, ¢ is introduced, which represents
the sense of the intensity of heat conduction. Using the heat flux, ¢ = %, Eq. (2) becomes

_ (to—t1)
q= kTa (3)

and the whole attention focuses on spatial variations in temperature, resulting in the formulation of

Eq. (4):
q te) ~tl+ Ar) _ tla + Az) — t(a) (4)
Az o Ax .
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The negative sign indicates that ¢ decreases as x increases. The idea of a derivative as the limit of
a difference quotient is used to transform the discrete form in Eq. (4) to the continuous formulation in
Eq. (5). The derivative of temperature with respect to position is the difference quotient as the spatial

interval Az — 0: (2 + Az) — 1(2)
o B t(r + Ax) —t(x o
o) = Jim |- EEED — 5)

where Eq. (5) represents the mathematical expression of Fourier Law of Heat Conduction in the z-
direction. The formulation of one-dimensional steady-state heat conduction is:

{ t’(:v>=—%, to <z <tr, (©)
t(0) = to.

In general, inaccuracies consistently affect the measurement of the solid surface temperature at
time to, making it difficult to obtain precise readings. By applying the fuzzy setting in Eq. (6), the
one-dimensional steady-state heat conduction becomes fuzzy, allowing for more accurate modelling
under uncertain conditions,

Q
T’ = 7 to <z <t )
(x) LA’ 0xT L (7)
T(0) =Tp.
Applying the theory of FDE (see Theorem 1 [9]), Eq. (7) can be expressed as:
2,(33,04) = T 711 2(0704) = i(]v
) 0 ®)
t(z,a) = LA t(0, ) = to.
By implementing the FRKCK4 [10], Eq. (8) can be approximated as follows:
Hona) = t(on )+ A 22 ma) £ T8y 135
i Q) = 20 )70 S0 97648\ Y T ggagg M Y T Frgge T @
14336M5 T, 4m6 T, )
_ - 2825 18575 13525
t(x; ; =t Iz A ——m Iz M iy ——m iy
(@i, 0) = Hzi, @) + $<27648m1($ @)+ Jeaga 8@ @) + goggma(ri @)
n 277_(‘ )_1_1_(‘ )
14336m5 Zi, 4m6 Ty, &) |,
where
__Q
T kA
= &
1 kAa
Q 1
=——" +-A
Y
Q1
Mo A + gAxml,
o Q 3 9
Mg = g T AT T AT,
. Q 3 _ 9 _
M3 = A + EA:ETTH + EAZBTI’LQ,
QO 3 9 6
my = =77 + EAwml - EAwmz + gAxmg,
my = —% + %A:Eml — %AJEWQ + gAl’mg,
Q 11 5 70 35
my = “TA 5—4Aa:m1 + §Axm2 — 2—7Axm3 + 2—7Axm4,
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B o 11 5 0. 35

A SAwiy — A 29N
ms A 5 rmy + T Mo 57 xm3+27 T My,

QO 1631 75 575 44275 253

— " o O Ag 20 A 20 A
Mo = =34 7 552067 M T 51020 M T 1359 AT IS T 170502~ U T 006 0T s
B O 1631 . __ 175 575 44275 253

__ @ 1631 oA 20 Ap 2220 A 290 A
6= T2 A T h5206 0 T T 12T 2 T 13500 2T T 110502 07 M T Jogg S S

The next section presents numerical example using the proposed method.

3. Numerical example

This section presents a numerical example to demonstrate the capability of the FRKCK4. Consider
a metal rod with a cross-sectional area, A = 1005 mm? and length, z = 0.3m. Its circumference is
thermally insulated and one end of the rod is exposed to a heat source, ) = 12J. The rod material’s
thermal conductivity is determined by & = 114kW /m-°C [8]. Through the substitution of the provided
data into Eq. (8), we obtain

12
T(z) = — 0<x<0.3,
(@) = ~ 1711005 x 07y ’ (9)
T(0,) = (45 4+ 5, 55 — ba), 0<a <1
Equation (9) is translated into the FDEs as follows:
12
t = - B < 0. )
tw) 114(1005 < 10-5)° Osos03
t'(z)=—
() = ~11271005 x 105y (10)
t(0,a) = 45 + 5a,
t(0,) = 55 — ba, 0<a<l.
The analytical solution is:
-~ 12
t = — — t
) = (55 = 50) = 7005 x 109
= 12
t(z,a) = (55 — ba) —

t.
114(1005 x 10-6)

With the application of the FRKCK4, Eq. (10) is evaluated using step size Az = 0.003, N = 100,
and the solutions are corrected to 17 significant figures. Table 1 provides a comparison between the
analytical and approximate solutions derived using the FRKCK4 method.

Table 1. The comparisons of analytical and approximate solutions of FRKCK4 at x = 0.15.

«

£(0.15,a)

7(0.15, a)

t(0.15, o)

7(0.15, a)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

29.289080911233309
29.789080911233309
30.289080911233309
30.789080911233309
31.289080911233309
31.789080911233309
32.289080911233313
32.789080911233313
33.289080911233313
33.789080911233313
34.289080911233313

39.289080911233313
38.789080911233313
38.289080911233313
37.789080911233313
37.289080911233313
36.789080911233313
36.289080911233313
35.789080911233313
35.289080911233313
34.789080911233313
34.289080911233313

29.289080911233327
29.789080911233327
30.289080911233327
30.789080911233327
31.289080911233327
31.789080911233327
32.289080911233327
32.789080911233327
33.289080911233327
33.789080911233327
34.289080911233327

39.289080911233327
38.789080911233327
38.289080911233327
37.789080911233327
37.289080911233327
36.789080911233327
36.289080911233327
35.789080911233327
35.289080911233327
34.789080911233327
34.289080911233327

Table 1 compares the analytical and numerical solutions of FRKCK4 at = =

0.15. The table

showed that the FRKCK4 and analytical solutions are comparable, suggesting that FRKCK4 can
handle the one-dimensional steady-state heat conduction problem. Figure 1 illustrates the analytical
and approximate solutions of FRKCK4. As seen in the figure, the temperature distribution decreases
as the length of the metal rod increases.
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Fig. 1. The analytical solution (left) and approximate solution of FRKCK4 (right).

4. Conclusion

The FRKCK4 method was proposed to demonstrate its effectiveness in solving one-dimensional steady-
state heat conduction problem. The results show that FRKCK4 effectively handles uncertainties in
temperature variations by providing approximate solutions that closely align with analytical ones. By
using fuzzy variables, it models vague and imprecise data, providing a range of possible outcomes
rather than exact values. This leads to more accurate predictions and robust designs, especially in
complex systems with uncertain conditions. Therefore, by applying FRKCK4, it can estimate the
one-dimensional steady-state heat conduction rates in complex systems where traditional methods
struggle due to uncertain boundary conditions. As a result, this method holds potential for extension
to higher-order applications in the future.
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HeuiTtke leceane pOSB FIBaHHﬂ O,EI,HOBIAMIpHOI CTaLI,IOHapHOI
3a,u,aL|| TEI'IJ'IOI'IpOBI,D,HOCTI 3 NOCTIRHUM I'pa,EI,IGHTOM

Xycin H. 3.1, Axman M. 3.12, Aziz H. X. A}, JTayx B. C. B.!, Hop X. M.

L Inemumym inoicenepnoi mamemamuxu, Yrisepcumem Manatisii Ilepaic,
02600 Apay, Hepaic, Manraiizis
2 Qaxyavmem npuxsadnux nayk ma mexnonozit, Yuisepcumem Tyn Xycetin Onn Manatisia,
86400 Ilapim Padorca Bamy Iaxam, Howcoxop Hapys Tazim, Maratisis

Heuitki qudepenrianabai piBasAHHS HAOyBaIOTDH MOMYJIAPHOCTI B ocTaHHi poku. Tpaaurtiitai
MOJIeJIi TerJonepeadi YacTo MOKJIAIAI0ThC Ha TOYHI BXIJIHI MapaMeTpH; OJIHAK CIleHAPil
pPeaJIbHOTO CBITY YaCcTO BKJIIOYAIOTh HEBU3HAYEHICTh TA HETOYHICTh. 3 PO3BUTKOM MATe-
MaTUIHOTO MOJIE/TIOBAHHS TEIJIONEPeatia BCe YaCTille BUKOPUCTOBYETHCS JIJIsl BUPIIIICHHS
peanbHUX pobseM. Y 1i#f cTaTTi mpecTaB/IeHa OJHOBUMIPHA CTAIlIOHAPHA 33,1298 HETITKO1
Termonepeaadi. /s i1 po3s’sa3anus 3actocoBano HediTkuit metosn Pynre-Kyrtu Kerma—
Kapma gerBeproro mopsinky, mo gaeMoHCTpYe #oro edektuBHicTh. OTpuMaHi pe3ysibTaTu
[TOTIM TOPIBHIOIOTHCS 3 AHAJITHIHIME PO3B’ sI3KaMU, IIOKA3Y 09N, 10 HAOJINKEH] PO3B’I3KH
TiCHO Y3TO/KYIOTHCS 3 AHAJITUIHUMI.

Kntouosi cnosa: newimxuti memod Pynze—Kymma Kewa—Kapna; 3adaua crmayionaprot
MENAONPOGIOHOCTT; Hewimke JuPeperuiasvhe Pi6HAHH.
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