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Abstract The inherent irreversibility and thermal stability

in a long hollow cylinder with temperature-dependent internal

heating and asymmetric convective cooling at both inner and

outer surfaces is investigated. Analytical solution is obtained

for the governing equation and the expressions for the tem-

perature field, thermal stability criterion, volumetric entropy

generation number, and irreversibility distribution ratio are

presented. With certain combinations of the heat transfer

parameters, entropy generation rates can be minimized.

List of symbols

a Temperature heat generation parameter

Bi1 Inner surface Biot number

Bi2 Outer surface Biot number

h1 Inner surface heat transfer coefficient

h2 Outer surface heat transfer coefficient

k Constant thermal conductivity

L Length of the solid cylinder

Q Internal heat generation parameter

_qr Reference heat generation

R Non-dimensional radial coordinate

r1 Inner radius

r2 Outside radius

r Radial coordinate

_S
000 Volumetric rate of entropy generation

T Temperature

Tr Reference temperature

T1 Inner surface temperature

T2 Outer surface temperature

Greek symbols

a Heat generation constant

k Temperature asymmetry parameter

h Nondimensional temperature

q Ratio of the outer and inner cylinder surface radius

X Temperature difference parameter

1 Introduction

The problem of heat conduction in a hollow cylinder

with internal heat generation is of fundamental impor-

tance in many engineering applications. These include

heat transfer gauges, thermal insulations, metal casting,

thermal control of space vehicles, combustion chamber

liners, blading and casing of gas turbines, etc. [1, 2]. For

instance, the reduction of structural damage caused by

aerodynamic heating in space vehicles has been given an

increasing amount of study. In order to protect these heat

conducting devices, a variety of design methods have

been used in practice; these include, the use of heat

sinks, of transpiration cooling and of mass-transfer

cooling. However, in majority of real processes, internal

heat generation depends significantly on temperature.

Thus, in hardening of a number of structural materials,

hydration of various cement substances takes place,

accompanied by heat liberation. With increase in tem-

perature the intensity of the hydration reaction increases,

so that heat of liberation also increases.
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Moreover, the elementary analysis of one-dimensional

steady state conduction in a solid of different geometry

with constant and uniform internal heat generation can be

found in many heat transfer textbooks [3, 4]. Pemberton

and Parker [5] considered a hollow cylinder of finite length

with uniform internal heat generation and reported ana-

lytical and finite difference solutions for the maximum

temperature in the cylinder for a set of eleven boundary

conditions, all involving either a constant temperature or a

constant or zero flux. Their work did include a convective

boundary condition. The temperature distribution for the

case of temperature dependent heat generation in a solid

cylinder with fixed outside surface temperature has been

provided by Gebhart [6] and Aziz [7] who also give the

stability criterion for the temperatures in the cylinder to

remain bounded.

The studies on thermodynamic irreversibility find its

importance in determining the exergy loss in the process in

preserving the quality of energy [8, 9]. Most of the exergy

analysis is nowadays conducted on the system level

development by evaluating the exergy values and changes

of component input and output stream and energy inter-

actions. While this can indeed identify the exergy

destruction in a system component, it does not deliver the

detailed information about the specific process phenomena,

often space dependent, which causes the exergy changes or

irreversibilities [10]. Many studies have been published to

assess the sources of irreversibility in components and

systems. Khan et al. [11] analyzed the minimization of the

entropy generation of a tube banks in cross flow. Bautista

et al. [12] investigated the unsteady entropy generation rate

due to an instantaneous internal heat generation in a solid

slab. Their results revealed that a direct relationship exists

between the basic heat transfer mechanics: heat conduc-

tion, heat convection and internal heat generation. Other

applications of second law analysis can be found in refer-

ences [13, 14].

The objective of this study is to investigate the heat

conduction process and entropy generation in an asym-

metrically cooled, one-dimensional hollow cylinder expe-

riencing internal heat generation that is a linear function of

temperature. The thermal stability criterion is discussed.

Results for the temperature distribution, the location of

maximum temperature, local rate of entropy generation,

and the total entropy generated in the slab are presented

illustrating the effects of heat generation parameters, a

temperature difference parameter, and the Biot numbers

characterizing the convection processes on the inner and

outer surfaces of the hollow cylinder. In the following

sections, the problem is formulated, analysed and solved.

The results are presented graphically and discussed

quantitatively.

2 Energy analysis

Consider a hollow cylinder of inside radius r1, outside

radius r2, length L having a uniform and constant thermal

conductivity k (Fig. 1).

The cylinder contains a heat source whose strength is a

linear function of temperature T as follows.

_qðTÞ ¼ _qr½1þ aðT � TrÞ�; ð1Þ

where _qr and a are constants. This can be the case in many

self heating materials under oxidation reaction. The inside

surface of the cylinder r = r1 is cooled by a convection

process characterized by the coolant temperature T1 and

heat transfer coefficient h1. The outer surface of the

cylinder is cooled by a convection process characterized by

the coolant temperature T2 and heat transfer coefficient h2.

The one- dimensional steady heat conduction equation is

1

r

d

dr
r

dT

dr

� �
þ _qr½1þ aðT � TrÞ�

k
¼ 0: ð2Þ

The boundary conditions are

k
dT

dr

����
r¼r1

¼ h1ðT jr¼r1
�T1Þ; ð3Þ

�k
dT

dr

����
r¼r2

¼ h2ðT jr¼r2
�T2Þ: ð4Þ

The problem can be rendered dimensionless by defining

h ¼ T � Tr

T1 � Tr
; R ¼ r

r1

; Bi1 ¼
h1r1

k
; Bi2 ¼

h2r1

k
; k ¼ T2 � Tr

T1 � Tr
;

Q ¼ _qrr
2
1

kðT1 � TrÞ
; a ¼ aðT1 � TrÞ; q ¼ r2

r1

; ð5Þ

where the reference temperature Tr is choosing such that

Tr \ T1. Equations 1–3 now become

1

R

d

dR
R
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Fig. 1 Sketch of the physical model
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with

dh
dR
¼ Bi1ðh� 1Þ at R ¼ 1; ð7Þ

dh
dR
¼ �Bi2ðh� kÞ at R ¼ q ð8Þ

It is evident that h is a function of R, q, Q, a, Bi1, k and Bi2.

It would be particularly interesting to study how the

location of maximum temperature in the hollow cylinder

is affected by parameters Q, a, Bi1, q and Bi2. Equation 6

is a simple second order linear non-homogenous ordinary

differential equation. Its exact solution is given as

hðRÞ ¼ AJ0ðMRÞ þ BY0ðMRÞ � 1

a
; ð9Þ

where J0, Y0 are Bessel functions of first kind and second

kind of order zero respectively, M ¼
ffiffiffiffiffiffi
Qa
p

, A and B are

constants to be determined from the boundary conditions in

Eqs. 7, 8. Using a computer algebra package like MAPLE

[15], the values of A and B can be easily obtained as

A ¼ �ðBaðMY1ðMÞ þ Bi1Y0ðMÞÞ � Bi1 � aBi1Þ
aðMJ1ðMÞ þ Bi1J0ðMÞÞ

; ð10Þ

and

It is important to note that the temperature field solution in

Eqs. 9–11 only valid for a [ 0 and Q [ 0. However, when

a = 0 the problem corresponds to the case of constant

internal heat generation and Eq. 6 then reduces to

d=dR Rdh=dRð Þ ¼ �QR, its solution with respect to the

boundary conditions in Eqs. 7, 8 becomes

hðR; Q [ 0; a ¼ 0Þ ¼ 1

4ðBi1 þ Bi2q lnðqÞBi1 þ Bi2qÞ
� �QR2Bi1

�
� QR2Bi2q lnðqÞBi1 � QR2Bi2qþ 2q lnðRÞBi2Q

� q lnðRÞBi2Bi1Q� 4q lnðRÞBi2Bi1 þ 2q2 lnðRÞBi1Q

þ q3 lnðRÞBi1Bi2Qþ 4q lnðRÞBi1Bi2kþ 2Qq2 � 2Q

þ Bi1Qþ 4Bi1 þ Bi2q
3Q� 2Bi2q lnðqÞQ

þBi2q lnðqÞBi1Qþ 4Bi2q lnðqÞBi1 þ 4Bi2qkÞ ð12Þ

When Q = 0, the solution in Eq. 12 reduces to that of

temperature field in a hollow cylinder without internal heat

generation and is given by

hðR;Q ¼ 0Þ ¼ 1

Bi1 þ Bi2q lnðqÞBi1 þ Bi2q
�q lnðRÞBi2Bi1ð

þ q lnðRÞBi1Bi2kþ Bi1 þ Bi2q lnðqÞBi1 þ Bi2qkÞ ð13Þ

The location of maximum temperature in the hollow cyl-

inder can be obtained by differentiating Eqs. 9–13 with

respect to R and setting the derivative to zero.

3 Thermal stability criterion

For the temperatures in the hollow cylinder to remain

finite, the denominator of Eqs. 10, 11 should not vanish.

The imposition of this restriction leads to the following

thermal stability criterion;

J1ðMÞ
J0ðMÞ

6¼ �Bi1

M
; ð14Þ

and

�M2J1ðMqÞY1ðMÞ�Bi1MJ1ðMqÞY0ðMÞþM2J1ðMÞY1ðMqÞ
þBi1MY1ðMqÞJ0ðMÞþBi2MJ0ðMqÞY1ðMÞþBi1Bi2J0ðMqÞY0ðMÞ:
�Bi2MJ1ðMÞY0ðMqÞ�Bi1Bi2J0ðMÞY0ðMqÞ 6¼0 ð15Þ

Equations 14, 15 indicate that the finiteness of temperature

within the hollow cylinder depends not only on the heat

generation parameters but also on the dimensions of the

cylinder and its thermal conductivity as well as the

parameters characterizing the convection processes.

Moreover, it is interesting to note that the thermal stability

criterion within the hollow cylinder without internal heat

generation or with constant internal heat generation as

highlighted in Eqs. 12, 13 is given by

Bi2qð1þ Bi1 lnðqÞÞ 6¼ �Bi1; ð16Þ

B ¼ �

MBi1J1ðMqÞ þMBi1aJ1ðMqÞ � Bi1Bi2J0ðMqÞ � Bi1Bi2aJ0ðMqÞ
þMBi2J1ðMÞ þ Bi1Bi2J0ðMÞ þMBi2kaJ1ðMÞ þ Bi1Bi2kaJ0ðMÞ

að�M2J1ðMqÞY1ðMÞ � Bi1MJ1ðMqÞY0ðMÞ þM2J1ðMÞY1ðMqÞ
þ Bi1MY1ðMqÞJ0ðMÞ þ Bi2MJ0ðMqÞY1ðMÞ þ Bi1Bi2J0ðMqÞY0ðMÞ
� Bi2MJ1ðMÞY0ðMqÞ � Bi1Bi2J0ðMÞY0ðMqÞÞ

ð11Þ
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and it depends only on the asymmetric convective cooling

parameters and the ratio of inner and outer surface radius

parameter. In this case, it is noteworthy that Eq. 16 is always

satisfied and the temperature within the hollow cylinder

remain finite whenever Bi1 [ 0, Bi2 [ 0 and q[ 1.

4 Entropy analysis

The study of entropy generation in conductive and con-

vective heat transfer processes has assumed considerable

importance since the pioneering work of Bejan [8]. Since

then numerous papers have studied entropy generation in

heat transfer processes of which references [9–14] are a

representative sample. On the other hand, studies of

entropy generation in pure conduction processes have been

very limited. It was therefore felt important to perform

such calculations for the present problem. The volumetric

rate of entropy generation _S000 at any location in a cylinder

with internal heat generation is given by [13]

_S
000 ¼ k

T2
r

dT

dr

� �2

þ _q

Tr
; ð17Þ

which may be integrated from r = r1 to r = r2 to give the

total entropy generated in the hollow cylinder as follows.

_S ¼
Zr2

r1

_S
000

2pLrdr: ð18Þ

We express Eqs. 17 and 18 in dimensionless form as

Ns ¼ r2
1T2

r
_S
00

kðT1 � TrÞ2
¼ dh

dR

� �2

þQ

X
1þ ahð Þ; ð19Þ

NT ¼
T2

r
_S

2pLkðT1 � TrÞ2
¼
Zq

1

NsRdR; ð20Þ

where X ¼ ðT1 � TrÞ=Tr is the temperature difference

parameter. In Eq. 19, the first term due to temperature

gradient can be assigned as N1 and the second term due to

internal heat generation as N2, i.e.

N1 ¼
dh
dR

� �2

; N2 ¼
Q

X
1þ ahð Þ: ð21Þ

The first term in Eq. 21 represent the entropy transport due

to heat transfer at the boundaries of the slab and the second

term due to internal heat generation. In order to have an

idea whether internal heat generation dominates over heat

transfer irreversibility or vice versa, we define the irre-

versibility distribution ratio as U = N1/N2. Internal heat

generation dominates for 0 B U \ 1 and heat transfer

dominates when U [ 1. The contribution of both heat

transfer and internal heat generation to entropy production

are equal when U = 1.

5 Results and discussion

In this section, the numerical results for various physically

relevant values of the embedded parameters controlling the

thermal system under investigation are presented in Tables

(1, 2) and graphically in Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,

12, 13, 14, 15, 16 and 17. These results validate the

analytical expression obtained earlier in the Sects. (2–4).

5.1 Maximum temperature location

From a practical perspective, the knowledge of how the

location R of the maximum temperature is affected by the

various parameters is important. This information for R is

provided in Table 1 for a fixed value of Bi2 = 1 and for

various combination values of parameters a, k, Q, and Bi1.

Table 2 provides the data for R illustrating the influence of Bi2
for a = 0.1, k = 0.1, Q = 1 and Bi1 = ?. As Bi2 increases,

R decreases which means the location of the maximum tem-

perature moves closer to the inside surface of the cylinder.

5.2 Effect of various parameters on temperature

distribution

The effect of parameter a on the temperature distribution

in the hollow cylinder is shown in Fig. 2 for identical

Biot numbers on inside and outside of the cylinder i.e.

Bi1 = Bi2 = 1 and temperature asymmetry parameter k =

0.1. The parameter a is a measure of the strength of

Table 1 Computations showing the values of R at which dh/dR = 0

for different parameter values (Bi2 = 1, q = 1.5)

a k Q Bi1 R

1.0 0.1 1.0 1.0 1.037

1.2 0.1 1.0 1.0 1.063

1.4 0.1 1.0 1.0 1.085

1.6 0.1 1.0 1.0 1.105

1.0 0.5 1.0 1.0 1.140

1.0 1.0 1.0 1.0 1.228

1.0 1.2 1.0 1.0 1.255

1.0 0.1 2.0 1.0 1.169

1.0 0.1 3.0 1.0 1.211

1.0 0.1 4.0 1.0 1.232

1.0 0.1 1.0 2.0 1.045

1.0 0.1 1.0 10 1.055

1.0 0.1 1.0 100 1.057

1.0 0.1 1.0 ? 1.058
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temperature dependency of heat generation. As the

parameter a increases, the temperature in the cylinder gets

elevated throughout and the maximum temperature occurs

on the inside surface of the cylinder (R = 1.0). However,

for a = 1, the location of the maximum temperature shifts

to R = 1.037 as can be seen in Table 1. Because k = 0.1,

most of the heat is dissipated from the outer surface as can

be seen from the larger temperature gradients at the outside

surface (R = 1.5). In Fig. 3, we illustrate how the tem-

perature asymmetry parameter k affects the temperature

distribution in the cylinder for Bi1 = Bi2 = 1, a = 0.1 and

Q = 1. As k increases from 0.1 to 2, the location of the

maximum temperature shifts away from the inside surface

of the cylinder and towards the outside surface due to

increased cooling on the outer surface. For the solid curve,

T2 is much lower than T1 and consequently more heat

escapes from the outside surface of the cylinder compared

with the heat loss from its inside surface. The circled curve

Table 2 Computations showing the values of R at which dh/dR = 0,

(a = 1, q = 1.5, k = 0.1, Q = 1, Bi1 = ?)

Bi2 R

0.1 1.448

0.2 1.398

0.3 1.349

0.4 1.302

0.5 1.257

0.6 1.214

0.7 1.172

0.8 1.133

0.9 1.094

1.0 1.0578

Fig. 2 Temperature profile: Bi1 = 1; Bi2 = 1; k = 0.1; Q = 1;

q = 1.5

Fig. 3 Temperature profile: Bi1 = 1; Bi2 = 1; a = 0.1; Q = 1;

q = 1.5

Fig. 4 Temperature profile: Bi1 = 1; Bi2 = 1; a = 0.1; k = 0.1;

q = 1.5

Fig. 5 Temperature profile: Q = 1; Bi1 = 1; a = 0.1; k = 0.1;

q = 1.5

Fig. 6 Entropy generation rate: X = 1; Q = 1; Bi1 = 1; a = 0.1;

k = 0.1; q = 1.5
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represents symmetrical cooling and the heat losses from the

inside and outside surfaces are equal. For the ??? curve,

T1 is much lower than T2 and hence most of the heat dis-

sipation occurs through the inside surface of the cylinder.

The same observation applies to the dotted curve. Figure 4

illustrates the temperature profiles in the cylinder for

parametric values of Q for Bi1 = Bi2 = 1, a = 0.1,

q = 1.5 and k = 0. The explanation offered for Fig. 3 is

also applicable here. Figure 5 displays the temperature

Fig. 7 Entropy generation rate: X = 1; Bi1 = 1; Bi2 = 1; a = 0.1;

k = 0.1; q = 1.5

Fig. 8 Entropy generation rate: X = 1; Bi1 = 1; Bi2 = 1; a = 0.1;

Q = 1; q = 1.5

Fig. 9 Entropy generation rate: X = 1; Bi1 = 1; Bi2 = 1; k = 0.1;

Q = 1; q = 1.5

Fig. 10 Total entropy generation: X = 1; Bi1 = 1; k = 0.1; Q = 1;

q = 1.5

Fig. 11 Total entropy generation: X = 1; Q = 1; a = 0.1; k = 0.1;

q = 1.5

Fig. 12 Total entropy generation: X = 1; Bi1 = 1; a = 0.1; Q = 1;

q = 1.5
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profiles in the cylinder for four values of Bi2 with other

parameters fixed at a = 0.1, k = 0.1, Bi1 = 1, and Q = 1.

As expected, the effect of increasing Bi2 (which means

increasing the heat transfer coefficient h1) is to lower the

temperature levels throughout the cylinder. Despite the fact

that h1 is equal or greater than h2, heat flows from the

inside surface to the outside surface because T2 is much

lower than T1 in view of k = 0.1.

5.3 Effect of various parameters on local entropy

generation rate

The entropy generation is a measure of irreversibility of a

process and its minimization ensures that the thermal sys-

tem operates with minimum destruction of useful energy or

available work [8]. From the complex nature of the total

entropy generation expression i.e., Eq. 21, it is not possible

to obtain the point of minimum entropy generation ana-

lytically. Figure 6 shows the local entropy generation rate

for parametric value of Bi2. For each value of Bi2, the

minimum entropy generation rate which occurs at the

inside surface increases as Bi2 increases. Figure 7 shows

the local entropy generation rate for parametric values of

Q. For Q = 0.1 (low internal heat generation), the entropy

generation rate decreases in the radial direction but the

trend is reversed for higher values Q. The effect of tem-

perature asymmetry parameter k on the entropy generation

rate is illustrated in Fig. 8. The entropy generation rate

increases monotonically as R increases whenever coolant

temperatures asymmetry is high (i.e. k = 0.1). However,

Fig. 13 Total entropy generation: X = 1; Bi1 = 1; a = 0.1; k = 0.1;

q = 1.5

Fig. 14 Total entropy generation: X = 1; Bi1 = 1; a = 0.1; k = 0.1;

Q = 1

Fig. 15 Irreversibility ratio: X = 1; Bi1 = 1; Bi2 = 1; a = 0.1;

k = 0.1; q = 1.5

Fig. 16 Irreversibility ratio: X = 1; Bi1 = 1; Q = 1; a = 0.1;

k = 0.1; q = 1.5

Fig. 17 Irreversibility ratio: X = 1; Bi1 = 1; Bi2 = 1; Q = 1;

k = 0.1; q = 1.5
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for identical coolant temperatures i.e. k = 1, the entropy

generation rate decreases as R increases, reaches a mini-

mum at R & 1.23 and then increases. The same pattern is

exhibited for k = 1.5 but the minimum entropy generation

rate now occurs at occurs R & 1.4. For k = 2, the point of

minimum entropy generation rate virtually coincides with

the outside surface. The curves for k = 1, k = 1.5, and

k = 2 overlap in the region from R = 1.39 to 1.5. Figure 9

shows how the parameter a affects the entropy generation

rate. Each curve shows the entropy generation increases

monotonically as R increases. This is due to the fact that

the heat flow is essentially towards the outside surface

driven by the larger magnitude of the temperature gradients

in the radial direction.

5.4 Effect of various parameters on total entropy

generation

Generally, the entropy production mainly results from the

combined effect of internal heat generation and the

asymmetric convective transfer at both the inner and

the outer surfaces of the hollow cylinder. Figure 10 gives

the total entropy generation in the cylinder as a function of

Bi2 for different values of parameter a. In each case, the

total entropy generation decreases rapidly as Bi2 increases

and attains an asymptotic value. However, total entropy

generation in the system increases with increases values of

parameter a. In Fig. 11 the parameter on the curves is Bi1.

In each case, the total entropy decreases, reaches a mini-

mum value at Bi2 = 0.4, and then increases towards an

asymptotic value. The curves in Fig. 12, which delineate

the effect of coolant temperature asymmetry, exhibit

interesting pattern for k = 1, 1.5, 2.0. At k = 0.1, the total

entropy generation decreases rapidly as Bi2 increases,

attains a minimum value at Bi2 & 0.3 and then increases as

Bi2 is further increased. The curve for k = 1 exhibits the

same behaviour except that the minimum entropy value

now occurs at Bi2 & 3. For k = 1.5, the point of minimum

entropy generation is hardly discernible. Unlike the cases

discussed so far, the total entropy rate for k = 2 increases

with the increase in Bi2 but quickly approaches an

asymptotic value. Figure 13 illustrates the effect of varying

the heat generation parameter Q on the total entropy gen-

eration. A distinct point of minimum entropy generation is

noticeable in each of the four curves shown. Figure 14

shows how the total entropy generation rates is affected by

the radius ratio q (=r2/r1) of the cylinder. As q is increased,

it results in higher total entropy generation rates at all

values of Bi2. As in Fig. 13, each curve exhibits a distinct

point of minimum total entropy generation rate.

Figures 10, 11, 12, 13, 14 show clearly that for certain

combinations of thermal parameters; the total entropy

generation in the hollow cylinder with asymmetrical

cooling conditions is minimized, thereby enhancing the

efficiency of the system. Moreover, hollow cylindrical

structures are common to the skylines of metropolises and

rural areas: silos, cooling towers, rotundas and highway

tunnels. Their life-span and service-worthiness are impor-

tant to the livelihood of the residents and depend largely on

the amount of entropy generated in the structure. Inasmuch

as the entropy generation in the structures is critically tied

to their boundary conditions and thermal parameters, any

inadvertent changes from the designed-for condition can

certainly alter the life span of these structures. Further-

more, this information can be usefully employed to design

minimum entropy generation [8] cooling systems for heat

removal from engineering components of hollow cylin-

drical shapes that experience temperature dependent heat

generation.

5.5 Effect of various parameters on irreversibility

distribution ratio

The irreversibility distribution ratio between the entropy

generated by the temperature gradient and the internal heat

generation across the hollow cylinder are displayed in

Figs. 15, 16 and 17. It is interesting to note that internal

heat generation irreversibility dominates almost the entire

cylinder. However, the dominant effect of internal heat

generation irreversibility is more pronounced towards the

inner surface of the hollow cylinder. The dominant effect

of heat transfer irreversibility is only becomes apparent at

the outer surface of the hollow cylinder with decreasing

values of Q and increasing values of parameter a, Bi2.

6 Conclusion

An analytical solution has been derived for a hollow

cylinder with temperature dependent heat generation with

asymmetric convective cooling on the inside and the outside

of the cylinder. Based on the solution, a thermal stability

criterion has been established which ensures that the tem-

peratures in the cylinder remain finite. Data have been

provided to determine the radial location where the maxi-

mum temperature occurs in the cylinder. Local and total

entropy generation rates have been reported for a range

of values of heat generation parameters as well as the

parameters characterizing the convection processes.

The internal heat generation irreversibility dominates

almost the entire slab. For a given cylinder geometry and

heat generation characteristics, it is shown that a minimum

entropy generation system can be designed with the proper

choice of cooling parameters. Moreover, the performance

and optimum design of this material is enhanced by the

ability to identify clearly the source and location of entropy
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generation for minimization purpose. In addition, the

present paper considers asymmetric convective boundary

conditions at the two surfaces of the hollow cylinder and

develops a new thermal stability criterion which is not

available elsewhere.
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