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Abstract

The two-dimensional transient heat conduction through a thermal insulation of temperature dependent thermal
properties is investigated numerically using the FVM. It is assumed that this insulating material is initially at a uniform
temperature. Then, it is suddenly subjected at its inner surface with a step change in temperature and subjected at its
outer surface with a natural convection boundary condition associated with a periodic change in ambient temperature
and heat flux of solar radiation. Two thermal insulation materials were selected. The fully implicit time scheme is
selected to represent the time discretization. The arithmetic mean thermal conductivity is chosen to be the value of the
approximated thermal conductivity at the interface between adjacent control volumes. A temperature dependent specific
heat capacity proposed by a 4™ Degree polynomial is fitted. A good agreement is obtained when the predicted results

are compared with those obtained from the analytical solution.

Keywords: Perlite, Finite Volume, numerical, implicit, conductivity.

1. Introduction

The performance of air separation plants and
storage tanks for cryogenic liquids and liquefied
hydrocarbons  depends majorly on the
characteristics of its thermal insulating materials.
Most of these thermal insulations operate under
atmospheric or medium vacuum pressure and it
use Perlite (a loose granulated material of
volcanic glass origin heated at 850-900 C° to
vaporize the high water content that is trapped in
its structure and allowing its volume to be porous
and expanded up to 7-16 times its original
volume). A common property of all cryogenic
thermal insulating materials is that it operates
under high temperature deference between
atmospheric air and cryogenic fluid temperatures.
Therefore, filling it inside a vacuumed leak tight
annular space separating the atmosphere from
cryogenic fluid vessels is necessary to avoid the

drop in its efficiency due to the penetration and
freeze of water vapor and carbon dioxide.

The sudden filling of an empty cryogenic
liquid storage tank initially at atmospheric
temperature with a cryogenic liquid at its
saturation temperature will initiate a sudden high
temperature difference between the terminals of
the annular space containing the thermal
insulating material. This high temperature
difference is behind the dependence of thermal
conductivity and specific heat capacity of the
thermal insulation material on its temperature. In
addition, it will initiate a potential for the
evaporation of cryogenic liquid due to the
transient heat transfer inside the cryogenic liquid
storage tank. This energy loss is of a great
economic interest especially when the size of
cryogenic liquid storage tank is relatively big.

Reference [1] presented an analytical double-
series solution for transient heat conduction in
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polar coordinates (2-D cylindrical) for multi-layer
domain in the radial direction with spatially non-
uniform but time-independent volumetric heat
sources. Inhomogeneous boundary conditions of
the third kind are applied in the direction
perpendicular to the layers. Only homogeneous
boundary conditions of the first or second kind are
applicable on @ = constant surfaces.

Reference [2] have used the PAK-T software
package, which is based on the finite element
method using the Galerkin approach to solve the
non-linear  transient  two-dimensional  heat
conduction through an insulation wall of tank for
transportation of liquid aluminum. The objective
was to optimize, under certain boundary
conditions, the thickness of the insulation material
which its thermal properties is a temperature
dependent.

Reference [3] presented an analytical series
solution for transient boundary-value problem of
heat conduction in r—@spherical coordinates.
The proposed solution is applicable in spherical
cone, hemisphere, spherical wedge or full sphere.
Spatially non-uniform, (only r and @ -dependent),

time independent volumetric heat sources may be
present in the layers. Inhomogeneous, time
independent, & -dependent boundary conditions
of the first, second or third kind may be applied
on the inner and outer radial boundaries, and only
homogenous boundary conditions of the first or
second kind may be applied on the @ -direction
boundary surfaces.

Reference [4] has investigated analytically the
unsteady heat conduction in composite fiber
winded cylindrical shape laminates. This solution
is valid for the most generalized boundary
conditions that combine the effects of conduction,
convection and radiation both inside and outside
the cylindrical composite laminates. The Laplace
transformation has been used to change the
problem domain from time into frequency. An
appropriate Fourier transformation has been
derived using the Sturm-Liouville theorem. Due
to the difficulty of applying the inverse Laplace
transformation, the Meromorphic function method
is utilized to find the transient temperature
distribution in laminate.

Reference [5] has used the cylindrical
coordinates and Reference [6] has used the
spherical coordinates. Both references has used
the Kirchhoff’s transformation to  solve
analytically the non-linear partial differential
equation of transient heat conduction through a
hollow cylindrical or spherical thermal insulation
material of a thermal conductivity temperature
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dependent property proposed by an available
empirical function. It is assumed that this
insulating material is initially at a uniform
temperature. Then, it is suddenly subjected at its
inner radius with a step change in temperature.
Four thermal insulation materials were selected.
An identical analytical solution was achieved
when comparing the results of temperature
distribution with available analytical solution for
the same four case studies that assume a constant
thermal conductivity. It is found that the
characteristics of the thermal insulation material
and the pressure value between its particles have a
major effect on the rate of heat transfer and
temperature profile.

In this paper, the two-dimensional, body-fitted
coordinate, non-linear partial differential equation
of transient heat conduction through a thermal
insulation material of a thermal conductivity
temperature dependent property proposed by an

available empirical functionlk=a+bT¢), [7],
and of a temperature dependent specific heat
capacity property proposed by a 4™ Degree
polynomial fit will be investigated numerically
using the FVM. This insulating material is
initially at a uniform temperature (Ti ) Then, it is
suddenly subjected at its inner surface with a
constant temperature(T, ), (T, <T;) and subjected
at its outer surface with a natural convection heat
transfer boundary condition associated with a
periodic change in ambient temperature (T,,) and
heat flux of solar radiation. Two thermal
insulation materials will be selected, [7], each of
outside radius of(lm). The first is Perlite of

thickness (800mm) with a characteristic mean
particle diameter of (dm :0.5mm) and density of
(p=64kg/m3) at (105 Pa) atmospheric pressure.
The second is Perlite of thickness (200mm)with a
characteristic mean particle diameter of
(d,, =0.5mm) and density of (p:50kg/m3) ata
gas pressure (S 0.1Pa). The fully implicit time

scheme will be selected to represent the time
discretization. The arithmetic mean thermal
conductivity will be chosen to be the value of the
approximated thermal conductivity at the interface
between adjacent control volumes. To validate the
predicted one-dimensional results, both profiles of
the temperature and the rate of heat transfer will
be compared with the one-dimensional analytical
close form solution, [5], which assumes that only
the thermal conductivity of thermal insulation
material is a temperature dependant property.
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2. Finite Volume Model
2.1. Grid Generation

In the Finite Volume Method, the first step is
to divide the domain into a number of discrete

control volumes; (Nr) for One-Dimensional

domain and (N,N,) for Two-Dimensional

domain. A general nodal point is identified by P.
In One-Dimensional domain, the nodes to the
west and east of P are identified by W and E
respectively. The west side boundary of the
control volume is referred to by ‘w’ and the east
side of the control volume is referred by ‘e’,
Figure (1). In Two-Dimensional domain, the
nodes to the west, east, bottom and top of P are
identified by W, E, B and Top respectively. The
side boundaries of the control volume is referred
to by; ‘w’, ‘e’, ‘b’ and ‘top’ for the west, east,
bottom and top sides respectively, Figure (2). The
time domain is divided into a number of time
steps of size At. Variables at the previous time
level are indicated by the superscript (o, Old). In
contrast, the variables at the new time level are
not superscripted [8].

Control volume boundaries

2.2. Initial and Boundary Conditions of 1-D
Model

Consider a hollow cylindrical thermal
insulation material of temperature dependent
thermal conductivity proposed by an available
empirical function k:a+bT°), [7], and of a
temperature dependent specific heat capacity
property proposed by a 4™ Degree polynomial fit
and of inside radius (R, ), outside radius(R, =1m)

and of infinitesimal thickness Az . This insulating
material is initially at a uniform temperature

(T, =300K ). The boundary condition at (r =R, )
is suddenly subjected with a constant temperature
(T, =77K) while it is kept at the value of the
initial temperature at(R2 =1m). No convection or

radiation heat transfer at the boundaries and no
internal heat generation, as shown in Figure (3).

Nodes

Control volume

Fig. 2. Two-Dimensional control volume.

80



Mishaal Abdulameer

Al-Khwarizmi Engineering Journal, VVol. 10, No. 3, P.P. 78- 94 (2014)

T.=300K

T,=71K | |

h A

R,=1m

Fig. 3. Initial and boundary conditions of one-dimensional model.
(1) Perlite in air, (R1=O.2m,dm :0.5mm,p=64kg/m3).
(2) Perlite—vacuum, (Rl=0.8m,dm :0.5mm,p:50kg/m3).

2.3. Discretization of 1-D model

The governing One-Dimensional energy
equation is:
or 10 oT
T)—==—|rk(T)— |,R{ <r<R
)2 =12 (T | rysr<r,
..()
Multiply Equation (1) by (dV.dt),

(dV =r.d@.dr.dz) and then integrate over the
control volume faces, yields;

t+At e ntop

| ”j(r.de.dr.dz.dt)pc(T)%—I:

t wsb

t+At e ntop 10 oT
! Vjvg {(r.de.dr.dz.dt)FE(rk(T)Ej

Using fully implicit scheme;

Table 1,

Discretization parameters of one dimensional model.

pC(T)rp Ar(Tp -T8)=

HftKrk(T)%)e —(rk(T)aa—IjW}dt (2

t

Each of the boundary conditions is substituted
into Equation (2). Then divide each of the
resulting equation by Atand rearrange yields:

apr = aETE + aV\/TW + agTF? + SU .. (3)

ap =ag +ay +ap —Sp
PC(T)rp Ar
At

Since uniform control volumes with size Ar are
used. Hence, Ar =(R, —R,)/N,
Where (a,,a;, S,,S, ) are listed in Table (1).

ap =

Zone awy ag
Internal nodes rywky (T) rekq(T)
Ar Ar
West Boundary 0 reke(T)
Ar
East Boundary rywkyw (T) 0

Ar

Sp S,
0 0
ryky (T) ryky(T)
Ar/2 Ar/2  °
_ reke(T) reke (T) _
Ar/2 Ar/2 !
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2.4. Initial and boundary conditions of 2-D
model.

Consider a Two-Dimensional model of liquid
nitrogen cylindrical storage tank of a hemispherical
dish head. This storage tank is covered with a
hollow cylindrical thermal insulation material of
temperature  dependent thermal conductivity
proposed by an available empirical function
(k =a+ bTC), [7], and of a temperature dependent
specific heat capacity property proposed by a 4"
Degree polynomial fit and of inside radius(Rl),

outside radius (R2 :1m). This insulating material
is initially at a uniform temperature (T, =300K).
The boundary condition at (r:Rl) is suddenly

subjected with a constant temperature (T0 =77 K),

as illustrated in Figure (4), and subjected at its
outer surface with a natural convection heat
transfer boundary condition associated with a

periodic change in ambient temperature (T, ), as

shown in Figure (5), and heat flux of incident solar
radiation, as show in Figure (6). The value of the
free convection heat transfer coefficient between
ambient air and the outer surface of the storage

tank is (h, =5 W /m2.K ), [9], with no internal heat

generation. The modeling of periodic change in
ambient temperature and the transient heat flux of
incident solar radiation due to movement of the
sum from sunrise at (Time=6:00) to sunset at
(Time=18:00) are given as follows:

Zﬂ(Time—lz)}
24

T, =T, +(T —Tm)co{
T .. =300K , T. =280K

and Tm:w , Time:ﬁ)ﬂz

0 , 0<Time<6
g =1qco 27 (Time-6) 6<Time<12
24
0 12<Time< 24
0 , 0<Time<6
g = qcos{%} , 6<Time<18

0 ,18<Time< 24

0 , 0<Time<12
Oy = qsin{W} , 12<Time<18

0 , 18<Time< 24

2.5. Discretization of 2-D model

The governing Two-Dimensional energy
equation is:
or 190 or
T)—==—|rk(T)=— |+
pC( )8t rar( ( )8rj
...(4)
e
074 0z

Since the physical domain is non-uniform.
Therefore, a transformation from physical domain
(r, z directions) to computational domain (& , ¢
directions) is introduced. A two dimensional body
fitted coordinate system is used. The jacobian of
transformation is defined as follows, [10]:

] e T
= =l 2,-2:¥
1 1, TR
or or 0z 0z
where: r; =— Ir=—,Z;=— , 7y =—
a5 0¢ o0& oc

Substituting the jacobian of transformation into
Equation (4) and rearrange, yields:

J pC(T)ﬁ = E[J a k(T)ﬁ}

ot of FE
%(J a, k(T)Z—H +
%[J blk(T)%j+ )
)
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2 L2 . . 0¢ 0¢

=& + , Where: & =—= &, =—=

1 Gar é:z gr or é:z o1

2 2 . . ¢ ¢

a, =+ . where: =2 (, ==

2 gr gz gr or gz o1
blzé:r gr_égz 42

Multiply ~— Equation  (5) by  (dv.dt),

(dV=d&.dn.d¢) and then integrate over the
control volume faces, yields;

t+At e ntop

[[ [ (@.an.ac.apa pem)Z -

Y S

(=8

0 Gl
(dg.dn.dg“.dt)—g(J 8 k(T)agJ

ﬁj dé.dn.d¢ .dt) [J a, k(T) j
t

i
fif
fife

de.dp.de.dt) (Jbl (%j

8 GT

8§
Using fully implicit scheme;

1 pC(T) acagaclr, -T¢)-

( )GT

t+AL o7 ]
j Ja,dndck %) [Jaldndgk( )EJW dt+

dt+

| Jazdgdgk(T)Z
),

-| Ja,dedek(T) j

ijldndgk ] Ib, dnd¢k(T) ”dn

T[[Jbldédgk J[Jbldfdg ”

--(6)
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Each of the boundary conditions is substituted into
Equation (6). Then divide each of the resulting
equation by Atand rearrange yields:

apr :aETE +awTW +

T T.+alro+s, 7
aroplTop taglg taplp +9y

ap :aE +aW +a-|-0p+aB +ag —Sp

g0 _IPCMASAL
9 _
At
1-(Ry/Ry)
Nr

AE = . AC=1/IN, , Ap=1

Where (aw g 8185 ,SP,SU) are listed in
Table (2).

2.6. Solver

Equations (3) and (7) are solved using the
TDMA, [8].

3. Thermal Conductivity

The dependence of thermal conductivity on
temperature is suggested by the empirical function
(k =a+bT°), [7]. The values of (a,b,c) for the
two selected thermal insulation materials are given
in Table (3). This empirical function is valid in a
temperature range of (77 — 400K ).

4. Specific Heat Capacity

Each of the two selected thermal insulation
materials is originally made from Quartz glass.
Therefore, the temperature dependence of specific
heat capacity of Quartz glass for a temperature
range of (77—300K) is given in Table (4), [11],
and its relation with temperature is represented
using a 4" Degree polynomial fit as shown in
Table (5).
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5. Results and Discussion

5.1. 1-D model

The One-Dimensional model with the chosen
values of initial and boundary conditions is shown
in Figure (3).

The first step to validate the numerical solution
is to choose the grid and time sizes that are
adequate for obtaining the minimum error of
results. This task is accomplished through a Gird
Independency Test GIT. Two thermal insulation
materials were selected, [7]. The first is Perlite of

thickness (800mm) with a characteristic mean
particle diameter of (d,, =0.5mm) and density of
(p=64kg/m3) at (105 Pa) atmospheric pressure,
it is associated with a grid size of N, =50. The
second is Perlite of thickness (200mm)with a
characteristic  mean  particle  diameter  of
(dm :O.5mm) and density of (p=50kg/m3) at a
gas pressure (<0.1Pa) and it is associated with a
grid size of N, =100.

At =10 min is chosen, as shown in Figure (7).

The arithmetic mean thermal conductivity is
chosen to be the value of the approximated thermal
conductivity at the interface between adjacent
control volumes, as estimated in Table (6).

Figure (8) shows a good agreement when the
numerical results of temperature distribution and
the rate of heat transfer, for the two selected
thermal insulation materials, are compared with
the analytical results at time intervals of
t=3,6,12,18,24and 72hr, using a fully
implicit time scheme.

Figure (8) clarify that the characteristics of the
thermal insulation material and the pressure value
between its particles have a major effect on the rate
of heat transfer and consequently the temperature
profile. For instance, the dominant heat transfer

mode when choosing Perlite at (105 Pa)

atmospheric pressure is by heat conduction of the
interstitial gas between the particles, whereas the
heat transfer by radiation is negligible. When the
pressure within a thermal insulation material is
lowered to a value, the percentage of heat transfer
by heat conduction of the interstitial gas between

A time step of
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the particles becomes negligibly small when
compared with the percentage heat transfer by
radiation and conduction over the bulk material.
The gas pressure, at which this is reached, depends
on the characteristic diameter of the thermal
insulation material. A gas pressure of (<0.1Pa) is
sufficient for Perlite with a characteristic mean
particle diameter of (d,, =0.5mm).

5.2. 2-D model

The Two-Dimensional model with the chosen
values of initial and boundary conditions is shown
in Figures (4), (5) and (6) respectively. This Two
thermal insulation materials were selected, [7]. The
first is Perlite of thickness (800mm) with a
characteristic mean  particle  diameter of
(d, =0.5mm) and density of (p=64kg/m°) at
(105 Pa) atmospheric pressure. The second is
Perlite of thickness (200mm)with a characteristic
mean particle diameter of (dm :O.5mm) and
density of (p=50kg/m3) at a gas pressure
(S 0.1Pa). The arithmetic mean thermal

conductivity is chosen to be the value of the
approximated thermal conductivity at the interface
between adjacent control volumes, as estimated in
Table (6). In order to obtaining the minimum error
of results, a grid size of (25X200) is used to model
the domain of the two selected thermal insulation
materials with a time step size of At =10min, as
shown in Figure (9).

Figures (10) and (11) shows the predicted
numerical results of temperature distribution and
the rate of heat transfer, for the two selected
thermal insulation materials, at time intervals of
t =3,6,12,18,24and 45hr .The fully implicit

time scheme is selected to represent the time
discretization.

It is assumed that the convergence value is
(0.001), which is estimated on the basis of the
difference between the predicted values of
temperature in two successive iterations.
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Table 2,

Discretization parameters of two dimensional model.

Zone ag ay arop ag Sp S,
Internal Jacke(r) I AL ky(T) 3 A& kiop(T ) I ask(T) 0 0
nodes a1 by {1+i} a2+b1 az bl}
A§ AL | AE AL | A A¢ ] LA A
Surface IO ke(T) 0 JAéktop( ) Jagky(T) SIACKG(T)  IACKy(T)
(BCDEFGH) o b 2 b ] Y a y |
s A AG | AC iy AEL2 AEI2|°
Lower 0 JAL ky(T) I Adkiop(T) JAgkb(T) “JaAlh, JaAlh, T,
Dish 2, by (2 by ] a b
(JON) {A_fﬁ} A g 3 Ag’}
East 0 I AL ky(T) JAE ktop ) JAEKy(T) ~J aAlhy J ag AL
S(Llilrlt/zla)ce {1 by } {az by } (ho oo + )
AS AL M Aif Ag AL
Top Dish 0 3 AL ky(T) 3 A kiop(T) I asky(T) “JaAlh, I aal
(MLK) ET Tay by ] T } (ho Too +at)
v A Ag | 8¢ e
West 0 JAng( ) J Akiop(T ) JAgkb(T) ~J a Ay Ja AL
S;JrKface a b b o, b (ho Too + )
(JK) LAS AL | AS A¢ ] | A A§
Face AB JAL ke(T) IA¢ k(T ) J Akiop(T) 0 0 0
-ﬂ+i_ a s g + bl}
A& A LAS A LA A
Face HI JACke (T) IAG ky (1) 0 JAEky(T) 0 0
al b]' al + — bl ] a_2 + &
Ag’ AL | LAS A ] AS AS
Corner A 0 J AL ky(T) J Akiop(T) 0 —JaAlh, JaAlh,T,
{1+i} L
AS AG | AL AL
Corner B JALk(T) 0 J Akiop(T) 0 —J AL ky(T) I AL ky(T)
a b (2 b ] a &
A AL A A | Aé12] agi2]°
Corner H I AL ke(T) 0 0 I AEky(T) ~J AL ky(T) I AL ky(T)
{iJri} b N |
A AL AR | Ag12 | agi2]°
Corner | 0 JAC ky(T) 0 IAskp(T) ~Ja,Ach, Ja, ACh T,
2, b {a—2+i}
AE NS A Ag
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Table 3,
Empirical function for the selected thermal insulation materials, [7].

Empirical function (k=a+bT"), W/mK)

Insulating material

a b C

Perlite in air

_ 3 _ _ 105
p=64kg/m",dy =0.5mm p=10"Pa g, 143 1.165x107% 10
Perlite - vacuum

_ 3 _
p=50kg/m=,dy =0.5mm p=<01Pa g1y, 19 34757 %1072 3678
Table 4,
Specific heat capacity of Quartz glass, [11].
T (K) 50 100 150 200 250 300
C (kj/kg.K) 0.095 0.21 0.41 0.54 0.65 0.745

Table 5,
Polynomial fit of specific heat capacity for Quartz glass.

4
T)=>BT" , (§/kgK)
n=0

o B P, Ps PBa
2.16667x10™ —6.485582x10° 9.92778x10° -3.9926x10” 5.333x10™°
Table (6)

Interblock nonlinear thermal conductivity.

Thermal conductivity Arithmetic mean

k(T) [ke (T)+ ke (T))/ 2

K, (T) ks (T)+ Ky (T))/ 2

Kk, (T) [ke (T)+ kg (T)]/2

ktop(T) I.kP T)+ Top J/2
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Fig. 6. Change of incident solar radiation on the wall

) o o surfaces of the storage tank in a typical day.
Fig. 4. Initial and boundary conditions of two-

dimensional model.
(1) Perlite in air, (R1:O.2m,dm =0.5mm, p=64kg /m3).

(2) Perlite—vacuum, (R1 =0.8m,d,,=0.5mm, p=50kg /m3).
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Fig. 7. GIT test of one-dimensional model.

Fig. 5. Change of atmospheric temperature during a
typical day.
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r, [m] (b) Perlite - vacuum (d,=0.5 mm, p=50 kg/m?)
(a) Perlite in air (d_,=0.5 mm, p=64 kg/m?)

(1) Temperature

75 1 | 1 | 1 | 1 | 1 40 1 | 1 | 1 | 1 | 1
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! | ' | ' | v | ' 075 L] 085 08 095 1
o 02 0.4 06 08 1 r, [m]

r, [m] (b) Perlite - vacuum (d_=0.5 mm, p=50 kg/m?)
(a) Perlite in air (d ,=0.5 mm, p=64 kg/m?)

(2) Heat transfer.
Fig. 8. Time history of predicted results for one-dimensional model.

(i) Solid line: Analytical solution, [5]
(ii) Dashed line: Numerical solution FVM [Present work].
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Fig. 9. Two dimensional model, (Grid resolution =25X200).
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Fig. 10. Time history of predicted results for two-dimensional model, insulation material: Perlite in air (d,=0.5
mm, p=64 kg/m®).
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Fig. 11. Time history of predicted results for two-dimensional model, insulation material: Perlite - vacuum
(dw=0.5 mm, p=50 kg/m°).
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6. Conclusions

It is found that the characteristics of the thermal
insulation material and the pressure value between
its particles have a major effect on the rate of heat
transfer and temperature profile. The dominant
mode of heat transfer when choosing a specific
thermal insulation material at atmospheric pressure
is by heat conduction of the interstitial gas between
its particles, whereas the heat transfer by radiation
is negligible. When the pressure within a thermal
insulation material is lowered to a vacuum level,
the percentage of heat transfer by heat conduction
of the interstitial gas between its particles becomes
negligibly small when compared with the
percentage heat transfer by radiation and
conduction over the bulk material.

On the other hand, a maximum increase of
about (80 K) is observed when comparing the
temperature value of the thermal insulation
material at the projected area of the outer surface
of the Two-Dimensional model that is facing the
moving source of the incident solar radiation with
that of the One-Dimensional model. This increase
in the temperature is due to the presence of the
incident solar radiation and the natural convection
heat transfer boundary condition that is associated
with a periodic change in ambient temperature.

In general, the optimum selection of thermal
insulating material for a specific cylindrical storage
tank of liquefied cryogenic fluid is that with a
minimum heat leakage (minimum boil off rate of
cryogenic fluid), a minimum amount of insulating
material (minimum cost) and a maximum storage
capacity of the storage tank (minimum thickness of
the thermal insulating material). This optimum
selection is accomplished when choosing the

Perlite of density (p=50kg/m3) at a gas pressure
(<0.1Pa) when compared with Perlite of density
(p =64kg / m3) at (105 Pa) atmospheric pressure.
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Nomenclature

(@3

ImMe Qo ocme
@

-
o

Constant

Bottom

Constant

Constant

Specific heat Capacity, ki/kg.K
Particle diameter, mm

East

Height, m

Free convection heat transfer
coefficient, W/m2.K

Thermal conductivity, W/m.K
Number of control volumes
North

Heat flux of incident solar radiation,
W/m?

Distance along the r-direction, m
South

Inner radius, m

Outer radius, m

Temperature, K

Time, hr

Top

Top

Time, second

West

Distance along the z-direction, m
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Greek symbols

A Change in magnitude
P Density, kg/m®

3 -direction
C

C—direction
Subscripts
i Initial
m Mean

max  Maximum value
min Minimum value
0 Inner surface

o Ambient air

Superscripts

0 Old

Abbreviation

FVM Finite Volume Method
GIT Grid Independency Test
TDMA  Tri-Diagonal Matrix Algorithm
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