DEM Heat Transfer

DEPARTAMENTO A Exam 1 — Problem 2
DE ENGENHARIA MECANICA
TECNICO LISBOA January 20, 2021 (11h30)

Consider an experimental campaign designed to evaluate the performance of an innovative solar receiver.
The solar receiver is composed by a rectangular duct — within which a fluid circulates — that is placed
horizontally as shown in the figure (see left inset). The experiments were conducted in a demo-site near
Evora (location with high beam radiation intensity potential). In all experiments, concentrated solar
radiation (solar radiation reflected and augmented by optical concentration devices (reflectors) placed
on the ground) reached Surface 1-ext (external surface of Wall 1 — see the top-right inset) of the receiver
with a uniform irradiation. Surface l-ext is diffuse, opaque, and selective with a spectral reflectivity,
px, provided in the figure — see the bottom-right inset. Walls 3 and 4 (vertical walls) are adiabatic.
All receiver external surfaces are surrounded by air at 20°C and only Surface 1-ext is surrounded by
quiescent air. Consider the duct width (a) and height (b) equal to 0.4m and 0.05m, respectively, and
the duct length (¢) much higher than the duct width, i.e., ¢ >> a — see the dimensions in the figure
top-right inset. Neglect the following: (i) end (vertical side wall) effects for convection and radiation
heat transfer calculations; (ii) receiver wall thicknesses and wall thermal resistances; and (iii) radiative
emission losses (long-wave radiative heat transfer) from the irradiated receiver surface — Surface 1-ext.
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(a) (2.0 v.) With a particular solar insolation, a concentrated solar irradiation value equal to 20 kW m 2
is measured on Surface l-ext. In such conditions, determine the absorbed solar heat flux.

Solution:

According to the figure, the spectral reflectivity distribution for Surface 1-ext is given in Equation

(1)

px1 =015 0< A< 0.31pm
pr =14 pr2 =005 0.31 <A< 1.90um (1)
px3 =090 1.90pm < X < oo
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The total reflectivity is calculated according to Equation .
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The fractions Fy_,y, and Fj_,), are obtained from Table 12.2 (“Fundamentals of Heat and Mass
Transfer”, 7th) considering AT = 0.31 x 5800 = 1798 pmK and A7 = 1.90 x 5800 = 11020 pumK,
respectively. Consequently, Fy_,, = 0.039341 and Fpy_,», = 0.93189.

Replacing the variables in Equation , the total reflectivity for Surface 1-ext when exposed to
the concentrated solar irradiation is obtained — see Equation .

p = pPrx1Fooa a2 (Fosn, — Foosay) + a3 (1= Fosy,) ©
p=0.15 x 0.039341 + 0.05 x (0.93189 — 0.039341) + 0.9 x (1 — 0.93189) & (3)
p~0.112

Since Surface 1-ext is opaque, the corresponding total absorptivity is given as shown in Equation

(4)-

pta=1ea=1-0112< a=0.888 (4)

Finally, the absorbed solar heat flux is computed in Equation .

Totabs = @Gsoline < @opaps = 0-888 x 20 & | gly) e = 17.760 kW m ™ (5)

(b) (2.5 v.) For a specific operating condition and under a steady-state regime, the absorbed solar
heat flux is equal to 15 kW m™2, the temperatures of Walls 1 and 2 are equal to 133.7°C, and
the convection heat transfer coefficient over Surface 2-ext (external surface of Wall 2) is equal to
30 Wm—2K~!. Calculate the thermal power transferred to the fluid circulating inside the duct per
unit duct length.

Solution:

The power transferred to the heat transfer fluid per unit duct length, ¢.., is obtained applying
an energy balance to the control surface surrounding the boundaries (wall) of the receiver — see
Equation @

ST 1" R/ 7 "
Ein = out < Gsol,abs — 9conv,1 + 9conv,2 T Grec <

/ /" (6)

< Qrec = @ - [QSol,abs = (hl + h’2) . (Trec - Too)]
ho corresponds to the convection heat transfer coefficient for Surface 2-ext — ho =30 Wm2K~!.
The (average) convection heat transfer coefficient for Surface l-ext (h1) is evaluated consider-
ing a suitable (average) Nusselt number correlation for free convection — since Surface 1-ext is
surrounded by quiescent air. The Rayleigh number is computed with Equation @ The ther-
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Nuj, = - © hy = %mL = hy = %—0;’ X 17.296 < hy ~ 2.594Wm 2K~ ! (14)

Gree = @ [q;/ol,abs — (h1 + h2) - (Trec — TOO)} g
& o = 0.4 x [15000 — (2.594 + 30) x (133.7 — 20)] & (15)

S | @loe = 4517.625 Wm ™!

(¢) (2.5 v.) At a particular moment, the fluid circulating inside the duct was replaced by air at at-
mospheric pressure without providing any momentum source — promoted, for instance, by the
application of a ventilator. At steady-state conditions and with an unknown value for the con-
centrated solar irradiation on Surface 1l-ext, the temperatures of Wall 1 and Wall 2 are equal to
200°C and 60°C, respectively. Under such conditions, the radiation heat transfer coefficient, h,,
between Surface 1-int and Surface 2-int (internal surfaces of Walls 1 and 2, respectively) is equal
to 3.8 Wm™2K~!. Estimate the convection heat transfer coefficient over Surface 2-ext. Consider
the following air thermophysical properties: v = 2.679 x 107°m?s™'; k = 3.402x 102 Wm ' K~ !;
o = 3.886 x 107°m?s~; and Pr = 0.69.

Solution:

At steady-state conditions and according to the energy conservation principle, the heat flux from
Wall 1 to Wall 2 is equal to the heat flux from Wall 2 to the surrounding (external) air. Conse-
quently, the convection heat transfer coefficient over Surface 2-ext, ho_ext, can be obtained through

Equation .

T — 15 T — T T =T 1o —T
R// = R = 1 = 1
t,tot t,conva_ext Rint+hr ho—ext (16)
T — 1T

) — Tes

= h2—ext — (hint + hr) .

To obtain hgo_ext through Equation only the convection heat transfer coefficient between
Surfaces 1-int and 2-int, hi, (internal convection heat transfer coefficient), is unknown. This
transport property is obtained applying a suitable correlation as follows.

For a horizontal enclosure filled with a quiescent fluid and heated from below the following corre-
lation (average) Nusselt number correlation applies — see Equation . Equation is valid for
a >> b and ¢ >> b — for the current receiver geometry a/b = 8 — and for the following Rayleigh
number range: 3 x 10° < Ray <7 x 10°.

Nuy, = 0.069Ra} ProoT (17)
The Rayleigh number is computed with Equation considering L = b = 0.05m and g =

9.8ms~2. The fluid (air) thermophysical properties required in Equations and are
evaluated at the average temperature between the temperatures of Wall 1 (77) and Wall 2 T5.

9B (Th — Tp) L°

ro

Ray, = (18)

For air at atmospheric pressure and at the mean temperature Ty = 0.5 x (T1 +75) = 0.5 x
(200 + 60) +273.15 & Ty = 403.15 K, the following properties are gathered from Table A.4 “Fun-
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