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Abstract. This paper presents the mathematical expressions for calculating the
temperatures between the layers of a plan, tubular or spherical composite, by natural or
forced conduction and convection or under the influence of stationary heat flow. Here
there are taken into account two possibilities of contact between the layers: one is the
perfect contact or the other acknowledges the existence of casual imperfections. The
expressions also take into consideration the influence of added protection on the wall
surface or the possible deposits of solids materials that can occur during the operation of
the structure.
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1.INTRODUCTION

At this moment of time there is an increasingly stringent need of finding cheaper and more reliable replacements
for materials used in the industrial equipment areas (process industries [1-5], aerospace [6-9], above ground or
underwater transport industry [10-12], military industry [13-15], medical domain [16, 17] etc.) due to the
economical crises but also because our material resources are limited. These replacements have to take into
consideration the functional parameters which are increasing in intensity more and more but also that the
working environment is sometimes very aggressive. It is expected of these new materials to have a higher
bearing capacity while reducing the masse of the structure. In this category of materials the laminated
composites and plated structures have an important place due to their success in complying with the above
requirements.

In operation in this type of structures thermal processes occur and they can create extra loadings on the system.
In this case, it is important to know the temperatures developed during operation between the layers of the
material in either perfect or imperfect contact between layers. This paper addresses, in the current context, the
thermal transfer determined through convection and conduction in plane, tubular or spherical layered walls.
Among this study the case of added protection or random deposits it is also analyzed because of the negative
impact it has on the heat transfer through the wall.
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Here, this method offers the possibility of deciding the geometry of the layers, the number of layers and the
nature of the chosen material for the specific layer to determine the inside temperature and also the outside
temperature of the wall. Another way of studying these materials is by knowing the inside temperature and the
thermal flow value for a specific layered wall and then to determine the outside wall temperature or the

temperature of the outside environment convenient for the given technological process.

2. EXPRESSIONS OF THE TEMPERATURES BETWEEN LAYERS

The practical situations show that the mono-or multilayer walls are subjected on the inner and outer surface to
the influence of convection. The convection coefficients, on the warm side, « ;,and on the cold side, o, will

be introduced in the mathematical expressions.

Knowing that T, , T ., are the temperatures near the wall, on each side of the limit layers (from the warm and
the cold zone), in stationary regime, the expressions for the temperatures can be deduced from the wall surfaces.

2.1. Plane wall
2. 1. 1. Monolayer plane wall — Figure 1a
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Fig. 1. Thermal transfer in a plane wall: a - monolayer wall; b - multilayer wall.

For a wall with & thickness and A thermal conductivity, unprotected and without industrial deposits, with
T , temperature at the inner surface, respectively T , at the outer surface, we can write the following:

qpp:ai~(Ti—Tl):ae~(T2—Te):%-(Tl—Tz):kl-(Tl—Tz):kl-AT 1)
or:
T,-T, T,-T, T,-T, T, -T, T.-T,
L A ES RO S S @
o A o, o, A a,

by using the proportions property. The wall surfaces temperatures are derived as:
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2. 1. 2. Multilayer plane wall, without imperfections between layers — Figure 1b
For such a wall, with close (perfect) contact between the n layers, with 5J. thicknesses and AJ. thermal

conductivities, similar to the previous case, we can write:

q.pp:Ti_leTl_Tl,Z :T1,2_T2,3 _ “:Tj—l,j _Tj,j+l _
e, 81/ 2, 8,/ 2, S/ A @)
_Tnfl,n -T, T,-T, T,-T,
S,/A,  lla, R,

where T ;and T , are the characteristic temperatures of the wall, so , based on the proportions property, it can be
established that:
Re, =(L/a)+ 2 (6,/4;)+(1/a,) (5)

i-1

The following correspondence can be easily distinguished [23]:
ai:j’sll/ésll;ae:ﬂ’sIZ/&sIZ (6)

where A.,,, 4,,, [19 - 26] represent the thermal conductivity coefficients of the fluid/fluids of the limit

layers from the inside (1) and the outside (2) of the wall; 6 ,,, J ,, - are the thicknesses/widths of the limit
layers, which are characterized by free /natural convection or forced convection, on one side or on both sides.

The equalities (11) provide an opportunity to assess the intermediary surface temperatures, T ;and T, being
known values then:

T, = 1——1 'Ti+—l T, (1)
Ry, a Ry,
1)
T,,=T, - L (T, -T.) )]
h ' ﬂ*1'5RT2
S
T, =T, ——2—(T,-T,); je{t, -, n-1 ©)
B+l -1 j’j'mTZ
Tn,n+1:T2: L T+ 1= L T, (10)
Ry, a, Ry,

2 .1. 3. Multilayer plane wall, with imperfections between layers
In the case of imperfections existing between the layers of the wall, the equality (12) becomes:



Journal of Engineering Studies and Research — VVolume 19 (2013) No. 3 47

ERTS:L+ZHZQ+L+ iﬂf{m— (11)

and when there are additional deposits on the initial wall surfaces then:

1 L0, 1 <
Re,=—+) L+ —+ DR+ R, +Ry, +R .+ Ry, (12)
a; Ay a4
Re Ry R,e Ry Ry, being the thermal resistances of the area with imperfections, of the

protections to the inside and the outside, but also the thermal resistances of the deposits;
1<m, < ( n-— l), m . represents the number of imperfections found in the wall.

< < hre,'+hr,i,'+1 .
ZERC’J':Z }y J ’zmp:mp,i"—mp,e:épi/lpi"'5p6/iee (13)
i=1 i=1 i+t
Zmd:md,i—’_md,e:&di/ldi—i_5de/lde (14)
with: h, ., —the maximum size of the roughness on the outer surface of the layer j; h, ;, , —the

maximum size of the roughness from the inner surface of the layer j +1; A - the thermal conductivity

A, - the thermal

j,j+1

of the area with imperfections; & 0 , . - the thicknesses of the protection layers; 4

pi? pi?
conductivities of the protection layers; 6 ,,, J 4, - the thicknesses of the deposited layers; 1,,, 1,, - the

thermal conductivities of the deposited layers.

Note: The equalities (7) - (10) can also be used in the case of imperfections between layers or protection layers
and/or deposits, in which case R ; , the total thermal resistance is replaced with R ; or R ,.

2. 2. Tubular/cylindrical wall
2. 2. 1. Monolayer tubular/cylindrical wall — Figure 2a

Taking into account the equality of the thermal power, q ., [ W /m1 in the layers where the convection
occurs and on the thickness of the monolayer cylindrical wall, we can write [27]:

. Ti_Tl T1_T2 T2_Te Ti_Te
Qpc = 1 = 1 d 1 - R 15
.n =& I T5
rayd,, 274 d, oo ed,
where:
S S S . (16)
rayd, 2-7m-A d;, 7ma,d,

d, and d , representing the inner and the outer diameter of the sphere.

The temperatures at the inner and the outer surface level of the wall are dependent onthe T ; and T  (assumed
as known) so then their expressions are:



Journal of Engineering Studies and Research — VVolume 19 (2013) No. 3 48

an

(18)

a) b)

Fig. 2. Thermal transfer in cylindrical or spherical wall: a — monolayer wall; b — multilayer wall.

2. 2. 2. Multilayer tubular/cylindrical wall - Figure 2b, without imperfections between layers
For this type of wall, subjected to the action of a stationary thermal field and characterized by T ; interior

temperature and T , the exterior temperature of the environment, the thermal power can be estimated by the

equalities:
oo Tu_T1 _ T1_T1,2 T12 T23 _ _
b L 1 ~Ind“_ L lee
Toad;, 2., d;, 2-m-A, d,,
:TJ"LJ'_TJ"J'+1 == Tosn=To = T.-T. :T‘_Te (19)
1 e 1 d., 1 R,
In In
277,'2,J dij 2'71"/ln in ﬂaeden
with:
n d .
T (20)
roapd;, [Ti2m-A d,;, ma.d,

keeping the significance of the previous notations, | indicates the number of the component layer of the wall
(d,,=d,;d,, =d,, represents the inner diameter/ the outer diameter of the wall).
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Equality (19), knowing T, and T, temperatures, provides the surface temperatures values available at the
separating level of the layers, as follows:

To=ftr——— T ——T, (21)
meod Ry meapd s Reg
2-w-A
Ti,=T,- - '(Ti_Te) (22)
R ln —=2
il
2-w-L. )
TJ.,MzTJ,LJ.——d’e_.(Ti—Te); je{l -, n-1} (23)
Rien—=
i]
Ty =T AT (T,-T.) (24)
n-1,n n-2,n-1 d ) i e
R, oIn -0y
i(n-1)
T, =Ty, - —2 2t (1,27,)= 1 T+|1- L T, (25)
S en ﬂ'ae'den T6 T aeden Té6
Rieln q

2. 2. 3. Multilayered tubular/cylindrical wall, with imperfections between layers
Assuming the existence of some imperfections (1 <m, < ( n-— l)) between the component layers of the

wall, and the presence of deposits or protection on the free surfaces of wall, the equality (20) is adapted
accordingly:

1 o1 d.; 1
— -In + I
roapd;,  Ti2meA d . 7-o.-d

ij e en

Ry, =
(26)
+ DR R R+ R+ Ry,
i=1
maintaining the same meanings for the notations. The equalities (21) - (25) can be used to evaluate the
temperatures between layers, where R ; . will be replaced with R, .. Because R, ( R, itis observed

that the temperatures between layers, in case of imperfections, have lower values than those when the wall have
an perfect contact.

2. 3. Spherical wall
2. 3. 1. Monolayer spherical wall — Figure 2a, without protections and/or deposits

For a hollow sphere with d; inner diameter and d ., outer diameter, subjected to the action of a stationary
thermal field and taking into consideration the effects of the limit layers from inside and outside, where
convection appears, with T, and T, enclosures temperatures, assumed known, the continuity of thermal
transfer can be expressed by the following equalities[15]:
qps:TiIle 1T1_dT2d :Tlee :Ti—Te @7
e Vi Ry
oo, d? 2-r-A d;d, mood?
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with:

1 1 1 d,-d, 1
Ry, =—- .t ' 28
e ﬂ(ai~di2+2~l d,-d, +ae~d§j )

From (27), the expressions for calculating the temperatures in the wall surfaces can be established:

T, = 1—+~Ti++¢e (29)
Toa;diRog Toa;diRo,

T2:+~Ti+ 1—+~Te (30)
ﬂ.ae.de'mTS ﬂ'ae'de'mTB

2. 3. 2. Monolayer spherical wall, with protections and/or deposits, without imperfections
As a result of the existence of some protection layers or deposits in the wall, the R ; ; thermal resistance is

changed accordingly:

_ 1 + 5di + |
_l_ 5pi de_di 599
AR Ayi(di=6,)d, ! z-ﬂu-di.de+2.;Lpe.(o|e+5pe)-o|e+ 31
5de 1
+ + 5
I Z.Ade.(de+5pe).(de+5pe+5de) ae'(de+5pe+5de) |

and the intermediary temperatures are:

e m|te : ? T : —T.
ﬂai.(dl_5pi 5di) .ng ﬂai'(dl_épl 5di) 'ERTQ
84
Tom =T (T =T 33
dpi id Z.H.Adi.(dl 5pi)(d|_5pi_5di)'m1—g( i e) ( )
1)
Te ) g AT =T 34
1 dpi Z_ﬂ,lpi.(di_gpi)_di_ng( i e) (34)
d,—-d
TemTm ddom, it 35
2 1 2'ﬂ'l.di'de'm1-g( i e) ( )
T :T — 5pe (T_T ) (36)
dpe 2 znlpe'de‘(de+5pe)'m79 i e
Tea=Tape By '(Ti_Te) (37)
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where T, ,, T ., are the temperatures at the inner surface, respectively at the outer of the deposits, and the
temperatures between deposits and protections, at interior T and at exterior T

given by (33) and (34).

have the significances

dpi dpe?’

2. 3. 3. Multilayered spherical wall — Figure 2b, without protections and/or deposits, without imperfections
Accepting T ; interior enclosure temperature and T , exterior enclosure, for a spherical multilayer wall, then
the total thermal resistance is:

1 1 1 & d;—dy 1
R == ——+ = : L+ 38
T10 P (ai.diZ 2 jZ::1 j’j'dij'dej ae.ng (38)
so the intermediary temperatures between layers have the expressions:
T, = 1—+~Ti++¢e (39)
meod iRy, meopd iRy,
d,,—-d,
T1,2:T1_ = I '(Ti _Te); (40)
2-m-Apdid  Regg
T T de; — i, (T, -T.); i=2 1 (41)
.’.+: _7’_— . i_ e;J:’n_
P e ed pd Ry
d, —d
T,=T,., - — (Ti_Te):

(42)

consideringthat d ;, = d,
2. 3. 4. Multilayer spherical wall, with protections and/or deposits, with imperfections

Maintaining the continuity of the thermal flow between layers, the temperatures in these areas have the
expressions:

TL-T - L @)
d ai'(dn =8, =04 ) Rrn
5di

T = (T -T 44
dpi id Zﬂldl(dl—(sp, 5di)'(d,_5p,)'ﬁ-|—11( i e) ( )
T1:T01_poi 5pl (Ti_Te) (45)

2. Agdi(dy =68 ,,) Ry

........................ d _d
T =T, .- R (T, =T, j=Ln-1 (46)
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T :T :T — e n T _T 47
n,n+1 2 n-1,n Z‘E‘An‘de‘din‘mTll ( i e) ( )
o
T =T, - pe (T.-T 48
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5de
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where the total thermal resistance is:
_ . ) N ) _
) n d  —-d..
+ Opi + ¢ I Ope +
2'j’pi'(di_é}pi)'di i=1 2'j’j'dij'dej Z'Ape'(de+5pE)'de
Rip=— 5 (50)
de 1
+ + >+
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m; h. .. +h, ..
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Note: By adequate estimations — not taking into account the roughness or the thickness of the protections and/or
the deposits - data can be found out in the previous paragraphs.

3. CONCLUSIONS

This paper, addressing structures made of layered composites, but also other types of structures (for example
plated structures), show the adequate method for determining the temperatures between layers in the presence of
convection and conduction. The mathematical expressions take into account monolayer and multilayer walls,
which are plane, tubular and spherical shaped. Also, there are given details both for perfect constructions, perfect
contact between layers, but also for constructions that have imperfections between layers or protections and/or
functional deposits. In this study the imperfections between the protection layers and/or those which are
deposited in operation and the wall are not taken into consideration, because they have reduced thicknesses
compared to the thickness of the base layers. As a result, their influences on the temperature fields are
insignificant. The results obtained allow appropriate adjustments, when practical situations ask such influences.
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