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ROBERT PASTUSZKO*

Temperature field in two-layer fins immersed
in boiling water

Kielce University of Technology, Chair of Thermodynamics and Fluid Mechanics,
Al Tysiaclecia P.P. 7, PL - 25-314 Kielce, Poland

Abstract

The steady, two-dimensional temperature field for a two-layer fin, composed of copper core
wnd porous covering, filled with boiling water was calculated. Simplified one-dimensional model
was also presented. Fin parameters were: height — 10 mm, thickness — 3 mm, porosity —
0 %, capillary-porous structure (CPS) layer thickness — 0.6 mm. The modified finite difference
r=thod was described. The heat transfer coefficient was assumed to vary with a power-law-type

rmula. Temperature distribution in the fin vertical section was determined experimentally
with a thermovision camera. A reasonable degree of congruence was found to exist between the
weoretical and the experimental results.

{eywords: Two-layer fins; Porous structure; Nucleate boiling

Nomenclature
- constant —  thermal resistance, K/W
~PS — capillary-porous structure — space between fins, mm

R
S
— pore diameter, mm JE — temperature, K
—  thickness, m/s? w — fin width, mm
— gravity , mm T — coordinate
— fin height, mm y — coordinate
— index count of grid lines «a —  heat transfer coefficient, W/m?K
in z direction é —  thickness, mm
A

— index count of grid lines x — node distance in z direction

in y direction Ay - node distance in y direction
m —  fin parameter, m™* AT - excess temperature, K
N — number of fins e —  excess temperature, K

*E-mail address: tmprp@tu.kielce.pl
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Q — heat transfer rate, W A — thermal conductivity, W/mK
q — heat flux density, W/m? II —  porosity

— perimeter, m ;

Subscripts

b - base Cu —  copper (core)
e — effective if — inter-fin
l - liquid m —  mean
n — exponent por — porous layer
sat - saturation sk —  skeleton
N — direction (north) S — direction (south)
E — direction (east) w — direction (west)

1 Introduction

The application of a two-layer fin composed of a copper core covered with
a capillary-porous layer, made of sintered copper wires, leads to a significant
increase in the transferred heat flux and heat transfer coefficients in the whole
range of nucleate boiling for water, ethanol and freon 113 [1]. An attempt was
made to determine experimentally the temperature distribution in a two-layer
fin, which was compared with numerical calculations. Thermovision camera was
used to determine isotherms in the fin vertical section. The special set-up allowed
the measurement of temperature field on one isolated fin side surface, which did
not come in contact with boiling water.

2 Experimental set-up

The diagram of the experimental set-up for the determination of boiling

curves and temperature distribution in the fin section was presented in Fig.1.
In order to measure the temperature distributions along the fin with a

thermovision camera, it was necessary to make a special module (Fig. 2), being
a modified version of the basic module for determination of boiling curves (de-
scribed in section 2). The most important change was the application of textile
laminate sleeve, Fig. 2 (1), between the finned sample (2) and teflon separa-
tor (6). The fin and sleeve contact surface was sealed with an adhesive layer.
The solution presented above offers the possibility of thermal radiation intensity
measurement on the external surface of the fin section. The fin profile surface
was additionally covered with a thin adhesive layer which limited heat losses and
prevented the liquid leakage out of the porous layer.

The best thermographs were obtained by covering the open side of the fin
with a thin layer of cement (0.5 mm).
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“igure 1. Temperature measurement and power supply system: 1—IR camera; 2 — teflon casing;
3 — compensating leads; 4 computer with APCI-3200 board; 5 — ice point reference
cell; 6 — insulation; 7 — glass vessel; 8 — boiling liquid; 9 — investigated sample; 10 —
copper bar with cartridge heater; 11 — condenser; 12 — wattmeter; 13 — temperature
excess signalling module; 14 = fuses and the power shutting off system, controlled by
the signal from (13); 15 — autotransformer.

“zure 2. Elements of the module for thermovision investigation: 1 — textile laminate sleeve,
2 — fin with capillary-porous covering, 3 — heating cylinder, 4 — ceramic sleeve, 5 —
insulation, 6 — teflon separator, 7 — glass vessel, 8 — boiling liquid.
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3 Fin sample

Measurements of temperature distribution and boiling curves were taken
a vertical rectangular fin (on fin array), covered with capillary-porous struct
(CPS), Fig.3 [1]. The CPS layer was manufactured with cut fine copper w:
(diameter 0.05 mm, length 3 mm), sintered in reducing atmosphere (of hydro:
and nitrogen) to one another and to the copper base. The CPS covering -
characterised by the lack of closed pores, therefore the whole space of the por
structure was totally permeable. Porosity of the layer (II) was 60%, and
thickness (gpor) 0.6 mm. The fin dimensions were: h = 10 mm, § = 3 &
$ = 5 mm.

Figure 3. Finned sample view (before CPS covering) and its dimensions.

However in the presented experiment the modified version of the above *
module was used (Fig. 2).

4 (General simplifing assumptions

General simplifying assumptions with respect to one- and two-dimens
heat conduction in a fin are to be found in literature [1-5]:

e the thermal properties of the core and CPS layer (specific heat, conc
vity) are constant,
e there is no heat source in the fin,

e the temperature of the surrounding boiling fluid is constant and «
saturation temperature Tsq,

e the base temperature is uniform,
e the core and CPS layer materials are homogeneous

e fin thickness (6) and CPS thickness (gpor) are constant,
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e the CPS porosity on the face of fins and spaces between fins remains con-
stant

5 Overall thermal resistance

In order to calculate the apparent thermal conductivity A, for a compound
fn, the following thermal resistances were introduced (Fig. 4): porous layer
Rpor), fin core (Rcy) and overall thermal resistance of the three layer sand-
wich, e.g. CPS + core + CPS (R,):

h h £l h O

fEf AR e E A R iy
)\GQgporw’ s Acu 0w o Al 29p6r = 0)w

Rpor =

For parallel thermal resistances:

1 1 1
Rm RpOT RCu '

b e

Figure 4. Fin vertical section — coordinate system for two-dimensional analysis.

The dependence for apparent thermal conductivity for the core and the porous
layer, obtained from Egs. (1) and (2), takes the form:

o )\Cu(S o 2)‘egpor

== 3
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Effective capillary-porous covering thermal conductivity is obtained as follows
Ae = 1IN + Ask

and skeleton thermal conductivity can be expressed from the chart shown
Fig. 5.

80
70

60 \
. 2

E
R \
i
(s 30 }\'sk = 1545’4e-7,61-1 ...........

20

RN
10 B
0 b,
03 0.4 05 06 07 0.8 09
I

Figure 5. Dependence of skeleton thermal conductivity on CPS porosity.

6 One-dimensional model — simplified analitycal so!
tions for a constant heat transfer coefficient

Additional simplifying assumptions:
e constant temperature in the fin cross-section,

e constant heat transfer coefficient along the fin height.

Thermal conduction equation

The differential equation for one dimensional heat conduction in a rectans
fin is:

d%6 9
@~
where: 0 =T — Tyot, m? = et :
Assuming  + 2,0 << w, we obtain:
2 2w
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For a fin covered with a capillary-porous layer of gpor thickness, the formula (6)

takes the following form:

m? =

)\m(6 + 29]307") :

2a (7)

Boundary conditions and solutions for insulated and not insulated

fin tip

Table 1 presents the boundary conditions and temperature distributions for

= very well known analytical solution.

Table 1. Boundary conditions and temperature distribution for 1D model

insulated fin tip — without heat transfer
through the tip

not insulated fin tip — heat transfer
through the tip

By, 18t —=10y

I la—= 1y aty =0,

arT dT
.@—O,aty-h 2 /\md—y-—a(T—Tsat),aty—-h
o
cosh[m(h — y)] cosh[m(h — y)] — = sinh[m(h — y)]
O =0p————= 0:=104 L
cosh(mh) cosh(mh) + sinh(mh)

m

where: 0y = Tp — Toue

7 Two-dimensional solution with variable heat trans-

fer coefficient

Additional assumptions:

e variable local heat transfer coefficient along the fin is specified by the de-
pendence: o = C(T — Tgqt)" !, where T denoted local temperature along

the fin height (y),

e at the fin end, on its frontal surface, heat is transferred by convection,

e two-dimensional, steady state of conduction.
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Determination of thermal conductivity

Depending on the horizontal coordinate (z), thermal conductivity of fin with CF
layer assumed the following values:

Aoy at 0§_$<%,

A= § Xm wzg,

e at $<z< S+ gpor
Determination of C and n constants

Data for nucleate pool boiling for fins with CPS covering were reported in [1.
power law correlation for heat flux density derived from these data has the for

g=CAal™

where n = 1.3...1.5 for boiling water (CPS parameters: II = 60%, gpo-
0.6 mm). Value of C was calculated for measured heat flux and superheatins
the base of fins.

" Boundary conditions

Boundary conditions are presented below (Table 2). Figs. 4 and 6 show
coordinate system for two-dimensional heat conduction in the fin with po:
covering.

Table 2. Insulated fin tip — without heat transfer through the tip

X y |
0 T="T
0<z< g + 9por
oT
h —Aa—y = Ol(T = Tsat)
QT
0 _— =
ox ¢
0<y<h
) oT
5 + 9por —AE‘ = a(T = Tsat)
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Numerical solution (control volume method [6])

The steady, two-dimensional temperature field in the fin is described by the
_aplace equation together with the corresponding boundary conditions:

2 2
i A 2L = (0 (10)
gr® " 0y?

The modified finite difference numerical method was applied. The Laplace
quation was replaced with analogous equations of energy conservation for each
dentified control volume around the node (i, ), while taking into account the
ariability of heat transfer coefficient o along the fin [1-3]. In order to con-
truct heat balance equations, seven characteristic nodes along the fin vertical
reight were chosen (Figs. 6 and 7). Qun,Qs, Qr, Qw denote heat transfer rates
ransferred to the closed thermodynamic system from four directions. When the
ontrol volumes (AV = AzAyw) are small enough, each temperature gradient is
‘pproximately equal to the temperature difference between two nodes in contact,
iivided by the distance between these nodes.

For the control volume AV (closed system) under steady state conditions
vithout internal heat sources we have:

QN +Qs+ Qe+ Qw =0. (11)
A
vt g Ipor.
3
AT
\I Gy °
‘ . \Z'J
|
| 3 5
I O T
|
} ‘7‘ | X
\ . —
|
i

Figure 6. Location of nodes.
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8 Heat balance equations and temperature calcul:
tions at individual nodes

Index i is used in the range of = coordinate and index j is used in the ra
of y coordinate.
Internal node — core of fin (1), porous covering (1'), (Figs. 6, 7)

Forvat 0<z'< g + gpor, and at x # %, and for j at 0 < y < h the followic
obtained:

QN = )‘Ti1j+i_Ti’j Az w, QE s2 Tl—H ]_TLJ AyUJ,
Qs = >\ _Tz I Azw, Qw = )\L—L—Ayw

where

Ao sor—u <
A=

Xey for x>

) and A\ = II)\; + g (from the Eq. 4)

IS NS

After substitution of the above formula into (11) and taking the assum
Axz = Ay, the temperature in the node equals to:

I
Tij = Z(Ti—l,j L g hThgea b B g )

Frontal surface node — core and covering contact (3), (Figs. 6, 7

For i at = §/2 and for j at y = h the following is obtained:

Tiv1 —T55-A
QN = —a(Tij — Tsat) Az w, Qp = Ae- 'ZH'A]@" i3 2y w,
Qs =Xm ___L—.lAmw szAcu__LiH_Qﬂw_

After substitution into Eq. (11) and taking the assumption Az = A:
C(Tij — Teat)™ ! as well as A, =2 +’\e , we get the following equation:

2O — Lo s P 2 A B = Al P e X (T 5+
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=y ¥ Q

i1 @ iy ® 1) i1 @

o [% P ros PG Ta ] 0% ] G e
Qg Q Qs
Tij-1 ij-1 ij-1
Ax Ax
Il
L+
QN
i | @[T Ty i
J ji l+1/<>f ij+1
Qw Q QN
Qg 1) Ir @ e
i1 @, i il
R i
Ax ij-1
J 2
ij+1
______ A%
0 )
Qﬂ ij | Qdit1j <
} Qs ij+1
J-1 Q,
Ax
i1 @ >
Qu, W ' Qdi+t
i
i1
Ax
|

Figure 7. Seven characteristic nodes in the two-layer fin section.
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Corner node (4), (Figs. 6, 7)

For i at z = 6/2 + gpor and for j at y = h , we obtain:

Qn _a(T 1,j — sat)Ag w, Q= "‘a(Tu Tsat)%}iwa
Qs =ity Gy =Ny Sy,

After substitution into Eq. (11) and taking the assumption Az = Ay as
as o =C(1; i+ wat)" !, we obtain the equation in the form:

A
C(T;j — Teat)"Az + AeTi 5 = _QE(T"L—LJ' +Tij-1)

Node on the lateral surface (5), (Figs. 6, 7)

For i at = 6/2 + gpor and for j at gpor <Y < h, we get:
§

Qn = Tuatt=li ey, Qp = —o(Tij — Tsar) Ay W,

T Ti—1,;—Ti
Qs = Xe __g_l__z_ww’ Qw = )\e_z_lgz_uAyw_

After substitution of Eq. 20 into Eg. (11) and taking.the assumption
Az = Ay as well as a = C(Tij — Tsat)"™ 1 we receive the equation in the

A
C(T;,; — Toat)" Az + 22 T35 = 26 (T j41 + 2Ti1,5 + Tijj-1)

Internal node — core and cover contact (6), (Figs. 6, 7)

For i at z = §/2 and for j at gpor <y < h, we obtain:

T; Tiv1,i=Ti,4
QN-—)\m—Wil——liAmw, QE=/\eﬁg——’—‘1Ayw,

T i—1—T; T
Q= )\mﬁﬂle—-'lA:c w, Qw =Ac —LL—ﬂ-Ayw.

After substitution into (11) and taking the assumption Az = Ay as v
Am — )‘1—“;&, we come to:

(2Am + Ae + Acu)Tij = Mm(Tij1 + Tijj—1) + AeTit1; + AeuTi-1,j
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Internal corner (7), (Figs. 6, 7)

for i at x = 0/2 + gpor and for j at y = gpor, the following is obtained:

Qn =X _ZILtAl;_TiAwa S a(TiJ ¥ Tsat)AQ w, Qs =Ae '—J:ZE/-—JLAxw (22)

Tiva,—=Ti g0 A
Qp = AT By — o(Ty 5 — Tour) Bw, Qw = A =10l Ay,

After substitution of Eq. (22) into Eq. (11) and taking the assumption that
Az = Ay as well as.a = C(T j — Tsat)" ™1, we receive the equation in the form:

A
O(T5 j — Tons)" BB RO ?E(Ti,j—f—l T Toh - 207 50, (23)

9 Comparison of calculation results and experimental
data

Figure 8 presents the temperature dependence on the distance from the fin
base along the fin %ixis (z = 0), for a one-dimensional and two-dimensional model
exponent n = 1.3 in the equation o; = C(T; — Tsat)" 1), in comparison with the
results of measurements (along vertical line in Fig. 10c).

108

~ «  EXPERIMENTAL DATA (FROM IR CAMERA)
107 ¢ o = = = MODEL 1D (not insulated tip)
% N\ MODEL 1D (insulated tip)
106 1 N, s MODEL2D

105
104 -

&' 103 |

<

- 102
101 -
100 -

99 -
98

97

0 1 2 3 4 5 6 4 8 9 10
y [mm]

Figure 8. Comparison of calculation results of temperature distribution (model 1D and 2D) with
experimental data for water boiling, base heat flux density g, =~ 220kW /m?.

Figure 9 presents the results of calculations of temperature distribution in the
in in accordance with the two-dimensional model for the heat flux density at fin
hase g, &~ 220 kW/m?. Figure 10 shows three thermographs: left for the extreme
in, middle and right — for the centre fin.

For the sake of calculations, it was assumed that the node distance is Az =
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R

Figure 9. Calculated temperature distributions for boiling of water on the fin surface w*
porous covering, two-dimensional model, n = 1.3, C' = 14500 (without correctio=

Figure 10. Examples of thermographs (without correction) for boiling of water on the fir «
with a porous covering, base heat flux density g, = 220 kW /m?; A. extrem=
centre fin — isotherms differences 0.8°C, C. centre fin — isotherms differences -
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Ay = 0.1 mm, number of iterations: 50000. The corrected temperature distribu-
ion given in the Fig. 8 takes into account the covering of the exposed fin profile
vith a thin layer of cement. The thermovision camera was calibrated with refer-
nce to the temperature at 2 mm from the base, determined due to thermocouple
eading extrapolation.

The following thermal parameters: Ag,, = 380 W/mK, \; = 0.68 W/mK,
\sk = 17 W/mK, Ty = 106.7°C, C = 14500, n = 1.3 were introduced into the
alculation procedure for the fin transferring heat to boiling water.

It can be assumed that the differences between calculated temperature (model
D) and the experimental data, at ¥ > 2 mm, do not exceed the thermocouple
eading error limit (approx. 1 K). The largest temperature differences between
his model and the experimental data, at y < 2 mm, exceed ~ 2 K.

Temperature distribution measurements in the fin, which transfers heat to
he boiling liquid, is based on the assumption that the temperature field in the
ateral fin corresponds to the temperature field inside the fin, of the section h x 4.
'he hypothesis can be regarded correct at the following assumptions:

e one- or two-dimensional temperature distribution can be assumed for a fin,
? therefore, temperature fields are the same in the subsequent sections h x ¢
in the fin width,

e heat losses due to convection and radiation from the exposed fin surface are
small so can be neglected,

e it is possible to ignore the influence of the sleeve (no. 1, Fig. 2), which
reduces the area of boiling liquid contact with the fin lateral surface,

o the thickness of the cement layer spread over fin exposed profile is so small
that it can be neglected.

The accuracy of temperature measurements with AGEMA series 900 LW
hermovision camera amounts to 1 K. The error can be reduced to 0.25 K
vhen additional calibration with a thermocouple is carried out, yet the above-
nentioned assumptions might not be satisfied, so the temperature determination
wror is estimated to be 1 K.

The accuracy of computation with a numerical method depends mainly on
2e proper selection of constant C' and index n in Eq. (9). Temperature compu-
ation error as regards this method is estimated to be 0.2 K.

If the results of temperature distribution measurements are assumed to be
=liable, the divergence from numerical computation results might result from
. different (more complex) distribution of heat transfer coefficient along the fin
weight than the one applied to computation.
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10 Conclusions

e Application of the temperature dependent heat transfer coefficient to the
two-dimensional numerical solution allows more accurate determination of
the temperature field in a two-layer fin releasing heat to the boiling liquid.

e Calculation accuracy depends on the correct determination of the constant
C and exponent n in the relation describing the boiling curve ¢ = CAT™

e Due to the fact that one side (surface) of the fin does not have contact
with the boiling liquid, an additional correction to the temperature field
determined with the thermovision camera is required.
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