’-@é T@ v Heat Transfer

a discipline of thermal engineering that concerns the generation, use,
conversion, and exchange of thermal energy (heat) between physical systems.
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] Introduction —

.4 & based on the concept of equilibrium or infinitesimal deviations from
equilibrium.

1@ & arises only from non-equilibrium, specifically, from finite differences of
temperature.

#@ -~ il # F B3 (heat, mass, momentum transfer) ~ & o 12 & 32 5 i
I % (transport phenomena) » £ 5 i &3 & o 50 o

Heat Transfer may be

— Steady-state (4% ix ) : Temperature and heat fluxes do not change as functions of time.

— Steady-periodic-state (7 £~ £ |2 48 i) - conditions change with time in a regular fashion and
periodically return to their starting conditions.

— Transient-state (#735) © 2 o+ = H ek g e
For most engineering designs of agricultural buildings, steady-state analysis (£& i 4
+7) 1S adequate at least as a close approximation.

‘ ‘t).d‘gv"v‘ ) 1L-'l'§l‘:-f—



http://www.ntu.edu.tw/

’ #. 1@ % (Thermal Conduction)
 Thermal Conduction is the elastic collision in a fluid or the

oscillations of atoms and transport of free electrons in a solid,
continuous medium.

c ABRIAE-FTHEFEP FHAMOBR S L HATH A
AR e o T (laminar flow) %,,.Léﬁl /é]
(turbulent boundary layer)® &3 74 48 % & L /i =X
(laminar sublayer)® -

% %ﬁ\tv..x. 9
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$in (Thermal Convection)

1 ;%fwﬁiﬁ(Thermal Convection)f-z » ¥ 3 # % 48 Figure 3-1 tro0 siream, VaV_
2 H R £ 5o £ 3R £ 3 v (Convective heat
S o vyeloci! rohl
transfer )7];?"7” i turbulent eddies
— #$+in (Thermal Convection) 2 & 3% 48 /f /i i #> (Eddying
motion) |
— ¥4 @ R (Convective heat transfer )i & % % % (boundary
layer) ® # % fg it i & &2 BHE laminar sublayer
° /llg /;::._ ‘ ) " ]ﬁ 4 "5/‘% /;ﬁ / ?— /ﬁ éfl _;_,? i’ K li”]/’j_é ?L é:l (X SLALLn ,-'v".~"-':-:-,:-‘/..',¢:';-:;;~;-~'--.’-:-'.'».-'.-'.‘.:.::::r: S S T S SIS A LTSI .
v ?%rrlé] . Buffer layer) » #id Fp) g 2 0T = — |
(Iammar sublayer) -
. j ok 4 &r)k .wE\‘ %T,p‘ 4 F & ,,.L%f'*"z ﬁ%\ = 5 4% (Forced convection) » i d >t £ rig =
IR R A 4 i & @i HHZ B X ¥+ (Natural convection) 2« p d ¥t/ (Free convection) °

-

|y =58
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All objects at temperatures above absolute zero emit thermal
radiation.

ARG R b (infrared) B2 8vE S B o TR VA
kN e o PR ST +#W7“,rg BT o H T

g it S A o

) @Qm/ﬁt,@&:ﬁ ‘= 3k 2z ¢t (700 nm, 0.7 micron or um) > 43 1§
10 micron » # % 100 micron} *I R & P FRenT_& o
W ‘/.&?‘" F:]m’}” i -L%l“ﬁt&'ﬁ’f-» /ﬁt-ﬁf»#’ ] el A%
MICTON* 3T » JL FR > e ST 40— ik o H L2
Figure 3-5.

Wien’s law : The wavelength for peak emission intensity is found
using Wien’s law > A__ = 2897/T, where A__ IS wavelength in

7%“ .t+_10
[e]

max max

microns and T is the surface temperature, K, of the emitting object.

~.‘

>

—ﬁ

4§ % (Thermal Radiation)

visiblae thermal

[\ e

ultra-vioiet \0.4 0.7

Figure 3-2
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Figure 3-5
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F AR

q 4 ot
A 5\1 Vit+ = (0! ) o — Temperature T, K
] ] _ 07 Ogen rate of internal heat generation wW/m?3
FOr ISOtI’OpIC SOIIdS . K thermal conductivity W/mK
a thermal diffusivity m?/s
T time S

« Thermal conductivity (#t i# 3 % # - K): intensive property,
k = -q”/(dt/dn)
o ¥ D Hchd B G5t HHARAS-1, A3-2 o (p.385)

|y =538 0"
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= AR R g B 3 i (W/mK) # )

A 0.008 — 0.6 7558, 0.0257 (at 207C)
TR 0.09-0.7 7K 0.594 (at20 C)

[ 0.3-419 $F 419, #i 386, % 311 (at 20C)

7 EERFRIPN O F A EGEK

T E T A R A R e

" SRR o B
M C W/mK M C W/mK
-55 0.0200 60 0.0287
-20 0.0224 80 0.0302
0 0.0241 100 0.0316
. 20 0.0257 500 0.0562
40 0.0272 1000 0.0802



http://www.ntu.edu.tw/

- B IHAT

» Thermal diffusivity (F #%¢ % #c or

BRI 0 ) § 8RR g B (2s)
o = KI(pCp), @4 4 vs. % £ 4 8 17070%  CO,  1.08%10°
a measure of how rapidly thermal oo e e
energy can penetrate a solid material. s 505405 =8 1944107
— asnE = (W/MK) / ((kg/m3)(W s/kgK)) = M?/S ZER 217*10° UK 1.47*107

o H3H AT % ¥k A time-dependent
BOEELEY PIFER 44

S
N A—
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Conditions Name Equation

no heat source the Fourier equation Va = (o) t6t/87

steady-state with a uniformly
distributed heat source

steady-state and no heat source the Laplace equation Vi=0 .. (3-7)

the Poisson equation Vit + Qgen /k =0
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-onduction heat transfer: Laplace equation

EX.3-1 £ B R 5 LeaFigies Rl & 5 t1 12 »
FAEREN R R R Y

Eq 3-7 Laplace equation » & % < 4&

A2t/ d X220 mmmmmm (3-8)
t=C1 X + G e e (3-9)
t=ti+(t2—t1) (X/L) - (3-10)
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= eIk
C - = i X
KRR o g RFA 5 o
Soluti nnI; Equation 3-7 applies again in the form

B4 > # P ~ M Bl &5 B R A B E

4

2
L4 e - Ll4ldig, G-
Ei 4 # drl dl‘ -
- which can be solved readily by substituting S = dt/dr. This reduces Equation 3-
11to = | |
B4S5-0  @12)°
dr T . -

If Equation 3-12 is multiplied by rdr, it becomes

rdS+Sdr=0, (3-13)

which is, by definition, .
o Y o, The constants of integration are determined using Equations 3-17 and 3-18, and

d@S) = 0. (3-14) the temperature field can be expressed as

s

Equation 3-14 can be integrated once to _
tinr, -t lnr; (3-19)

| o t, -
?1: Y tﬁ?} | S=c, . (3-15) "@;}: tnr ln(ray
© and asecond timeto - - o re—rj

Equation 3-19 shows temperatu this steady state case is not linear in

Ct=cnr+c,  (3-16) distance, but rather shows a logarithmic increase (or decrease, depending on the

. ' . . . . boundary conditions). Linearity would not be expected intuitively, of course,

- Applying the boundary conditions leads to | because the cross-sectional area of heat transfer is a function of radius, thus the

'- | . - temperature gradient must also be a function of radius for steady state heat
,1 =cnri+c)and  (3-17) transfer to occur. o

t,=c,nr,+c,  (3-18)
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Heat flux (q”): W/m?, J/m?.s

Heat flow (g): W, J/s

Conductivity (k): W/m.K
Conductance (U): W/m? .K

Resistance (R) = 1/U

Rl

ction heat transfer: Fourier equation

Thermal flux due to conduction heat transfer: q”=-kdt/dn, | (3-20)

in a restatement of Equation 3-2 where dt/dn is the temperature gradient and q”
is heat flux by conduction. Equation 3-20 expresses the Fourier law of heat
conduction. When _integrated over the area of heat flow (area normal to the
direction of flux) heat flux becomes heat flow (watts, for example).

AR fy;
Under steady-state conditions, Equation 3-20 may be mtegrated along the path
and over the area of heat flow to yield heat ﬂow q

q=KkAAt/L; At=t, -t (3-21)

Equation 3-21 is frequently rearranged and the terms k/L grouped into a single
term, U, the unit area thermal conductance,

q=UAAt U=k /L. (3-22)

Thermal conductance is an extensive Emgg , whereas, thermal cunduc,t_;wg: is

intensive,
__d___..r"_'l-r'ﬂ..

A final rearrangement is frequently made for convenience. The inverse of unit

area thermal conductance, termed unit area thermal resistance, R, is used in a
restatement of Equation 3-22, T

o
q=AAt/R;R=Lk. = T;

e —

(3-23)

T
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2, » / - A “': ’%
om BervkRdh o B e 2 10T F 0 A Rk G R & A Y 520 RCE
0 N = . A N N s e Y ’ ’ 2 A N\ = _Fﬁl? J‘L
BC @ frok ik g @ Glic: 056 WIMK » 332 B ip B & = o o B -4 i &1 4

ENER

Solution: The temperature field is independent of thermal properties for one-

dimensional, steady-state heat transfer by conduction, and properties are

uniform and isotropic. Thus Equation 3-10 applies, where t; =- 10 C, t, = 20 C
‘andx=Owheret=-10C.

t=-10+(20- -10))(x/0.2) ’Cﬂ’t:f'(frt})'(% )
=-10+150 (x in mg) |
and by Equation 3-23,

R=L/k=02 N

=0,357§ﬁ(?$\ |

q=AAt fm/ 0.357
=840 W.
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FE~ £/ R Tmmoe i 250 mm o ¢H & @ % 50 mm 5 enif
et o B R 5 25°C £ BT L85 TR MR OB E TS Y

EH/ENERER S 0°C 4 plE g ai 5 ¥
_::3‘ 60 —,'é':’ 0.04W/mK. 75»':‘:}: ,:2\ .?JE»:‘%. ﬁ';}ﬁi’; ) ?‘;%—%J—;B: ﬁ%%ﬁ _ %}:_E\' }i‘;} {7]‘ %Vi%@ﬁ?ﬁ f’_“ﬂ\' (in W/m) .
Solution: In cylindrical coordinates, thermal resistance to cunducﬁvc heat
-transfer is o /)@
& 33 H 37\ e /1) 4 |
* R=_t9o’"i/ & k _

where L is the length of the cylinder, and r,, and r; are the outer and inner radii,
respectively. It can be a useful exercise to develop this expression using the
Fm_lrier law of heat conduction, the definition of heat transfer using the
resistance analogy (Equation 3-23), and the equation for the temperature field in
cylindrical coordinates (Equation 3-19). |

Note that Equation 3-24 presents thermal resistance differently than is the
typical case for cartesian coordinates. For the cylinder, resistance is total
thermal resistance for the cylindrical wall, not unit area or unit length thermal
resistance (unless L = 1). This is an important distinction which will be

emphasized later.

This example is to calculate heat gain per meter of duct, thus, Lis 1 min
Equation 3-24, k is 0.04 W/mK for the insulation, and r, and r; are 175 and 125
. mm, respectively. For now, consider just the insulation layer; it is likely to be

' the limiting resistance along the path of heat transfer. The duct wall itself will
have relatively little resistance.

The resistance of{one meter Ienmh of insulation+

R = In(175/125)/(21)(0.04)(1.0) = 1.34
and the heat gain per unit length is

q=AYR = (25 K)/(1.34 mK/W) = 18.7 W/m.
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Resistances In Series

q=At/R’. _ - (3-25)
?Mm"ﬂ:a | The electrical analogy is useful for realistic conduction heat transfer problems;
! 2 standard electrical circuit equations can be used to simplify thermal circuits. In
V' Vv Vv Vv ' an electrical circuit with resistors in series, the total resistance of the circuit
: equals the sum of the individual resistances,
equivalent _circuit _
ANN— R'=ZRgividualr (3-26)
R=HR {PHE .-

EX. 3-5. 4o ] 3-3 #777 gl A » 34 5 B =5 ff B #30  (heat flux) - 3K A RIE AR A B 5 20 2 5 RC

k Ri= Ly = (0.020m)/(0.25W/mK) = 0.08 m2K/W,
Ra= Lofky= (0. 100m)/(0. 15W/mK) = 0.67 m2K/W,
Ry= La/ky= (0.030m)/(0.20W/mK) = 0. 15 m?K/W.

The total unit area thermal resistance is

R"= 0.08 +0.67 + 0.15 = 0,90 m2K/W.
The heat flux is

Q"= At/R"=(20C-(-5 ©))/0.90 m2K/W = 27.8 W/m2,

RN Tl
: *&, - Q,ﬁ’

s



http://www.ntu.edu.tw/

total resistance, R, is found by the inverse rule,

es In Parallel VR = (1 Ry

(3-27)

electrical circuit in parallel
R, A, A
A
val ol ival -
___’HM———
1R = 1R+ 1R,
{ﬁ1 + ﬁkz‘_i.iﬁ -nﬂu.1 .l'Fl1+ AEI Fi2
r = -
A ! R =Z (Ajpdividuat / Rindividual) (3-28)

where A 1S the sum of areas uf- the heat loss paths,

A‘l{ltal =X Aindividual* (3'283-)

and R, gividual 1S the unit area thermal resistance of each path. In Equation 3-28,
@ R’ is the unit area thermal resistance averaged over all heat transfer paths.

S Example 3-6 demonstrates an application of parallel heat transfer calculations.
Hﬁnmg,. b
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Problem: A wood-framed wall in a building (see Figure 3-4) is well insulated.
However, framing occupies 20% of the wall area, and framing does not have the
insulative effect of insulation.

Heat loss through such a wall is a situation of conductive heat transfer paths in
parallel. One path of heat loss is through the framed part of the wall, the other

path is through the insulated part. For this example, the framed part of the wall
has a unit area i e of , and the insulated part has a

unit area thermal resistance of 4.1 m2K/W.

If 1:he. wall is 3 m high and 10 m long, what is the average unit area thermal
resistance of the wall, and what will be the heat loss through the wall when it is
20 C indoors and - 5 C outdoors?

headers diagonal bracing
plate \. \\

T 1
studs
door window
/ sill ‘V’
nailers cripples

|y =378}

Solution: Equation 3-28 is used to calculate the average unit area thermal
resistance. There are two paths of heat loss. The total area of heat loss is 30 m?2
(3 m x 10 m). Framing occupies 20% of the wall, a heat loss area of 6 m2
(0.20%, of 30 m?). The insulated part of the wall is the rest, 24 m2. Equation 3-
28 becomes : o

30m?/ R = (6 m2/2.3 m?K/W) + (24 m2/4.1 m2K/W).

- The average unit area thermal resistance is

R’ =3.55 m2K/W.

The heat loss through the wall can be calculated using Equﬁtim 3-23

g =(30m?) (20C- (-5 C))/3.55 m2K/W,
=212'W,

inside sheathing

!‘f\ftf‘f
F Fa o
\r\’\.

b

wood framing
or insulation

111111

-+

L

outside sheathing
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standard wood-framed outside wall insulated concrete block wall
W

inside sheathing NN

NN
" K S P I Dk 4
BN GRON N NN

fU” tthkneSS |nSU|at|0n 5 S R \\:
\'[o]6) d f ram | n g WP P TATATA M /

59
.&‘Q‘A

concrete blocks

04
AN

0‘ ’

e
KK

avay W

foam board insulation

'0.0

: o s S Sl 5 L SRR
outside sheathing ) B
wood siding NN B siding
AT AL ST IR A )
s rtiti | -~ h mi
Baathi inside sheathing
sheathing

full-thickness insulation
wood framing

open cavity,
P wood f?lammg

outside sheathing

gheathing metal siding
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B #X 4§+ (free convection)

ﬂ

¥4 i@ 14 (Convective heat transfer)

L. a characteristic dimension of the solid object
k: thermal conductivity of the fluid

Nusselt Nu=h Lk h: coefficient of the convective hea ttransfer, fil
coefficient, surface coefficient
number 5 X : :
The ratio of the ease with which heat is transferred
ERMEZE by convection to the ease with which heat is
transferred by conduction.
: the dynamic viscosity of the fluid
Pr=nCplk gp: specific heat
Prandtl The ratio of the diffusion of momentum to the
number > THEEUEMERT  diffusion of heat from a solid surface through a
boundary layer into a surrounding fluid.
BHALFEIEESCE  Pr= (wp)la = (W/p)/(k/(pCp)) = nCplk
: the coefficient of thermal expansion
Grashof Gr=gp ZB L3At/“ : S: gravitational constant p
number The ratio of buoyancy forces to viscous drag force

EAIE v i D

within the fluid.
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‘.—ﬂ
w ]?'E? L «:L

In general, natural convective heat transfer processes have been found
to follow the relationship shown below:

Nu = ¢(Gr Pr)"
where, n=0.33 for laminar flow and n= 0.25 for turbulent flow.
5
(1). i»Gr Prod = K2 FEXSTLFE 5 TR AN iE o
-+ GrPr between 104 to 108.
%mu > Gr Pr between 108 to 10%2.
(2) &4 Nu, £ ¢ Nuz T &F Fh (s @t f"*ﬁ'x)
@ﬁxwﬂ h=qg”/At orh=(q/A)) At = F qorq”.

Ve e
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c ¥ RFF DT F o GrPrant 5 ¥ 10° LAt
\T::v_-\ ’ LSAt >1 v—‘][q jﬁ/n“ ’ <1 = '/Jl‘- °
o ¥ A Table3-2FH | k2 H hiE o

—
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For dry air at 20 °C and under standard ATM

Table 3-2. Natural convention heat transfer coefficients.

7 i; Vertical plates
_ - . _ 0.25
. laminar range = 1.42(At/L) (3-35)
turbulent range = 1.31¢ap0-33 (3-36)

, }( T 7&; . Horizontal plates fa}r:mg upwarr_l when cooled or downward when
heated (always laminar convective heat transfer)

KRS LR

F it h=059a0)%% 3-37)
7J( Bk 7[5); Horizontal plates facing upward when heated or downward when
R cooled
5o b B A/ 6o T g "
ot @R/ ;.’ N iﬁ laminar range - 1.320L%2  (3-38)
,’ - IR
turbulent range =1 sz{m)ﬂ 33 (3-39)
. Horizontal cylinders : ,
7 }\ Sk ? ( laminar range h=1 32(&@}0 25 (3-40)
turbulent range = 1.24(A0)0-33 - (3-41)

( Vertical cylinders can be treated as vertical plates.

(Atin K, L in m, and h in W/m2K)
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Solution: The pipe can be considered a horizontal cylinder (no fins on the [
were mentioned). However, to know which of the equations in Table 3-2 to 1
we must determine whether the convection will be laminar or turbulent. Fi

Equation 3-34,

GrPr = 108(0.050 m)>(80 C-20C)
= 0.75E+ 6 "

which is within the laminar range. The convective heat transfer coefficient

thus be calculated as (using Equation 3-40)

h = 1.32(60 K /0.050 m)0-25

= 7.8 W/m3K.

Problem: Consider a horizontal heating pipe for a greenhouse. The pipe carri
warm water and releases heat into the greenhouse air by convective he
transfer. The outside diameter of the pipe is 50 mm, and its surface temperatu
is 80 C. The greenhouse air temperature is 20 C. What will be the surfa
~ convective heat transfer coefficient, and what will be the rate of convective he

loss from the pipe?

2C

50 mm diameter

The rate of heat loss can be determined by rearranging Equation 3-3
follows: :
| 'q"” = hAt (2
2
= (7.8 W/mK)(60 K) = 470 W/m".

Heat loss from pipes is often expressed per unit length of pipe rather thar

area. Each meter of pipe length corresponds to
et T ——

A = 2nrL = 1(0.050 m}(&} =0.157 m2 ,fi.
thus, NS

q = (470 W/m2 K)(0.157 m?/m) = 74 W/m.
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-3

Solution: This example is similar to Example 3-7, only the dimensions have
changed. Again, first check to determine whether laminar or turbulent
conditions apply, '

GrPr = 108(0.5 m)3(80 C - 20 C)
' = 3.0E+9, .

which is in the turbulent range. The convective heat transfer coefficient can, |

thus, be calculated by SN2 3e4) ),

h = 1.24(60 K)°33

4.79 Wim2K.

In

The rate of convective heat transfer can be calculated as in Equation 3-42,

mnn

q" = (4.79 W/m2K) (60 K) f.— {-af
= 287 W/m2, 7

Each meter of duct has a surface area of
A = (0.5 m)(LO m) = 1.57 m2,

thus, the heat loss by convection is

q = (287 W/m?)(1.57 m/m) = 451 W/m.

Problem: Consider a horizontal sheet metal duct which carries heated air from a
furnace to a heated space. The outside diameter of the duct is 0.5 m, and its
‘outside surface temperature is 80 C. The air temperature in the space through
o which the duct passes is 20 C. What will be the surface convective heat transfer
coefficient and the rate of heat loss by convection from the duct?

air at 20 C

0.5 m diameter duct

Neoc”

Bam bt oo g ek j5(D) 7

1A N N S A

h ## -] (4.79 < 7.8 W/m2.K)

thermal flux g" #z -] (287 < 470 W/m?)

e thermal flow q #z~ » H =& & e &
S E R 4e (3% (451> 74 Wim)
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flows between the water heater and the point of use.

 surrounding the pipe is 10 C.

Em_mg; A hot water pipe is insulated to prevent heat loss from hot water as it

The pipe’s outside diameter is 100 mm, the insulation thickness is 50 mm, the
pipe temperature is essentially that of the hot water, 90 C, and air temperature

 airat10 G

The thermal conductivity of the insulation on the pipe is 0.05 W/mK.

Calculate the heat flux from the surface of the insulation, and the heat loss per

meter of pipe.

This problem can be viewed as a thermal circuit with two resistances in series —
the insulation, and the convective heat transfer resistance between the surface of
the insulation and the air (a surface resistance). The resistance of the insulation

can be calculated using Equation 3-24 ?.99
S X i '
Rinsulation = (In(0.10 m /0.05 m))/(2 ®)(0.05 W/mK)(L.0 m)

Recall this thermal resistance is based on a unit length of pipe. Convective
thermal resistance is based on unit area. We must decide which basis to use.
Either will work, but for this example use unit area. The convective thermal
resistance is based on the area of the outside of the insulation layer; the
insulation resistance will be based on the same area.

Each meter length of pipe has a surface area of
A = 71(0.20 m)(L0 m) = 0.628 m%/m
Therefore, the unit area thermal resistance (based on the surface aréa)-is

Rinsulation = (2.21 m K/W)(0.628 m?*/m) = 1.39 m2K/W.

— k = 0.05 W/mK
water at 90 C
a ) 1 surface -
a0 c A A A A A A me
R . R =7
insulation . surface

136 m° KW

To begin the solution, assume conditions are laminar. An energy balance written
for the outside surface of the insulation is

Rgurface(tsurface = 10 €) = (90 C - tyyrace )/ Rinsulation
With the assumption of laminar airflow,

Boyrace = 1-32((tsurface - 10 C)/0.2 m)0-25
1.97(tgurface - 10 C)0-25,

The energy balance can be rewritten as

1.97(t surface - 10)425 = (90 - tyyrgace)/1.39. tsurface LHS

| 20C 68.7

2. 74(tsurgace - 10012+t surface = 90 25 105.9

i 23 90.6
229 89.9

22.92 90.0
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Considering significant digits, a surface temperature of 23 C is estimated. Now
- check the assumption of laminar flow.

GrPr = 10%(0.2 m)>(23C-10C)
= LIE+7

This is within the laminar range; the initial assumption was correct. Several
procedures can now be used to calculate heat flux from the pipe. One way is to
calculate the surface convective thermal resistance, the total thermal resistance,
and the heat flux.

1.32((23 C-10C)/ 0.2 m)0-23
3.75 W/m2K,

Bsurface

o

' and Ryyrace = 1/3.75 W/m?K = 0.267 m2K/W.
The total series resistance is
Rig = 1.39 m2K/W + 0.267 m?K/W = 1.66 mzK!W
and the heat flux is
q" = (90 C-10C)/1.66 m?K/W =48 W/m?.

Each meter length of pipe has 0.628 m? surface area, thus, heai;' loss per meter is
q = (48 W/m?2)(0.628 m2/m) = 30 W/m.
B B2 AY Sier
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#'J ¥t/ (forced convection)

GAE I sE FI R R AL > ¥ B eha B & F)= (dimensionless) % #kc

L: a characteristic dimension of the solid object
Nusselt k: thermal conductivity of the fluid
Nu = h L/K @ yorm
number h: coefficient of the convective heat transfer,

film coefficient, surface coefficient

u: the dynamic viscosity of air
p: mass density
Reynolds V: average velocity of fluid flow = Volume/A
number L. characteristic length
The ratio of momentum forces to viscous forces and expre
the level of turbulence.  # FH#ingd: iz

S
h‘Mim& Tk

Re =pV L/u

+ 4 3k 3
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h=cG*/D°

R UECH S OF. P ﬁi;f]szg dossdleiEenh c HhEe* TR

#1¥+in (forced convection)

Table 3-3. Coefficient ¢ in Equation 3-44 (SI units).

c is related to thermal properties of air, ¥ % % 3-3,
G = p*Wolume > mass flow of air in the duct
D= 4 *(area)/(perimeter), -k 4

=4 72 /2nwr=2r1

2 /2 for {1

Temperature C

-18
4
27
49
71

93

Adapted from the ASHRAE Handbook of Fundamentals : for
hin W/m2K: G in kg/m>s; D in m. An approxi
data is the equation ¢ = 3.14783 + 0.002402671

€

3.09
3.18
3.21
3.26

- 3.32

3.37

mation of the
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. 3-10 (p.72)

350C:h7 § niBE S 8 6 (0.3mx0.6m) e #d >

.

B 130 b Smiso R Mg PR B Tl

]
/ h -C GO.8/DO.2
% 3-3° ;8 E35°C » ¢c=3.23
0.3 m mass flow rate G = 1.3 kg/m* * 5 m/s = 6.5 kg/(m?s)
e hydraulic diameter D =4*0.18 m?/1.8m=0.4m
G M
; o 3
Air at 33 °C, Sm/s, 1.3 kg/m The convective heat transfer coefficient (h)

= (3.23) (6.5)°8/(0.4)0-2
=17.3 W/m?K
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11 (p.73)

8 ¢ —AAN—ANN—ANN— 5
¢ v I:\)outside = 0'1

¥ oud eqdd ity o
@ 60 °C (Table 3-3)

H¢ ¢=3.29

(0.9 kg/m?) (4 mIfs)/() (0.42)
7.16 kg/m?2s, and

(3.29) (7.16 kg/m2s)0-8/(0.8 m)0-2

Problem: Air is heated in a furnace and distributed to a heated space through a
und sheet metal duct at a volumetric flow rate of 4 m3/s. The duct diameter is
m and the outer surface of the duoct is covered with 10 mm of expanded

polyurethane having a thermal conductivity of 0.023 W/mk. 4 r 35 ?

The duct is 50 m long and passes through an unheated space where air
temperature is 5 C. The surface resistance outside the duct insulation is 0.1
m2K/W and includes both convective and radiation heat transfer. Density of the
heated air is expected to be 0.9 kg/ m?,

If air leaves the furnace at 60 C, what will be its temperature at the end of the 50
m long duct? At what rate will heat be lost from the heated air? -

n i

16.6 W/m2K.
The unit area convective resistance is the inverse,

1/16.6 W/mZK
0.060 m2K/W.

N AV -V A

hon

B mmlw.l
outside
|—f5um—- "
furnace heated
| “"*t-ﬁﬂﬂ /
tem ?C

10 mm thickness ambient air temperature, & C
expanded PU
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II':.-- - . e — -
- L=10J0.8n) =0.398 m.
At i .
Equation 3-24 is used to calculate the thermal resistance of the wall (insulation)
for a duct length of 0.398 m (1,= 0.41 m, r; = 0.40 m)

Ryan = (In(0.41 /0.40))/(2m) (0. I'.]ZS]I (0.398)
= (.429 mZK/W.

e 17} ,gﬁf]ﬁj*qﬁ*ﬂ—‘i—aéipeﬁq;\%

o drkizE & kE P NEFY
— R=L/k=0.01 m/0.023 W/m.K = 0.435 m2.K/W
— A Y RTFR AR R E

o NYhiE L éﬁ’ I:Qinside 2 it & 0.062

* Ry =0.062 +0.429 + 0.1 = 0.591 m?.K/W
R4 i24 B Ry = 0.062 +0.1=0.162 m2.K/W

i - W

-éfv SR R R
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Heat transfer through the wall of the elemental length can be written (Equation
3-23) as

q= Aﬁt!R* ’\!DdL = 0.82rndL = ISEdl_j

— _

We have calculated tl':e unit area thermal resistance, Ry =€6 591 m2K/W, thus,

4. L R
Q=436 -SOAL. o LT A :
i i
This thermal exchange must be balanced by heat loss from the mass of air
flowing through the element, m,
I
q = - meydtyi; m = (0.9 kg/m3) (4 m3/s) = 3.6 kg/s.

The negative sign is introduced so a positive heat loss is associated with a
negative temperature change.

If the specific heat of air within the duct is approximated as 1006 J/kgK, heat

b C
A E
-

loss can be writien as

Vv

.

q=-3620dt. JESTA

Heat loss must equal heat gain, thus,
T

mc;:.t oul

VAN

4.36 (rqir'j}dL=—3ﬁzmtw | ) 'Elll";E-"Z .:4- = :_gl A Tuin - .

-

which can be rearranged and integrated along the 50 m length of the duct in the

form
/ o {2E-2
50 m
[ .
Ie?ﬁ -_d_t@ur_=-j | OpEgpeadL
eoc Gar>  Jom ) (dees ) 2B (b))t e
andsu]veﬁas T o, .n:::;r,d_,;, y

0.9
tnm.-S + 55 exp (- PREFE) =

The energy loss equation can be used again to estimate the rate of heat loss
from the air where At is now a temperature change not a temperature difference.

b1 129

||' .'" 'f-:

- 370 -
C. x.'” Y
-

Frr-ecp {_Le.ﬁg )

q =
= G gttgfﬂ(lmﬁﬂkgﬂ}(ﬁﬂc 700) el ot
= 10,900 W (or H:9kKW), Ay
riEes It O
(A natural next question is whether the cost of added insulation would be
balanced by the value of heat energy saved.) f

£

In general terms, air temperature in a process such/as this e;xample can be

calculated from AZ?
texit = tambient + (initial - fambient) €XP (- A/fncR))

The simpler approach provides a check on the aocurai:}r of the first approach.
The unit area series thermal resistance is 0.591 m2K/W, and the total area of
heat transfer is 7(0.82 m)(50 m) = 129 m2.

?( NC’F

ey
Thus J._?_,d'_t';_'“_'fl\‘=¥_ Y
= AAt/R=(129 m2)(55 K)m SOTm2K/W | T e

q L -' —_— .'._-_- ‘
IZ{HIIW ""'1 N . I e
v% e iR, REOLSC
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568 @it

o B AR ¥ W5 (1858 ~ 1947) 46 M L R

* 1900 % % - RAHI MG HTHY > EFFEE LA
* VIBFEEFEEFL

2 &

o=
Z“‘:\T% . ..-
S A 'Q;" ._' J -
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e

) MATLAE Command Window

File Edit ¥iew Window Help

NS4 BRo(BR R 2

3E 36 336 3636 3636 363636 3636 36 3636 3636 363636 336 363636 3636 336 363636 I -3E 30336 3636 3636 36 3636 36336 336336 363636 3

Planck's/Wien's and Stefan-Boltzman's Laws calculator?
Uer. 1.2 (20082/718/23)

written by: Professor Wel fang, Ph.D.
Dept. of Bio-Industrial mechatronics Engineering

Hational Taiwan University
36 363636 336 636 363636 3636 36 -3 36 336 36 336 336 336 336 36 36336 36 3366 336 36 3636 3 36 363636 336336 3633 NN

Options: 1. Showing Planck's/Wien's Law
2. Showing 5tefan-Boltzman's Law
3. Figure 3-5, p.77 of textbook
4. Regarding Emittance

Please enter your option. {range: 1-%, @ to exit) |

a2 | 1 %MatlabCommand Window * #i » plancks sz %

‘wvif?- |L-'l'j:l‘:4’-
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300 | [— T=1m2 K |
“E °E 2004 e e
% % 100 | 1Aum._ .. ]
0 !
20 30
Thermal flux
0.03
rj% TE_ 0.02
% % 0.01 .
0 ' !
0 10 20 30
il Wavelength, um Wavelength, urm
& 2. ~(f Matlab Command Window i A plancks(1) FYETE4SF

‘ tci('-v\ v t"l‘fli P T TIIISNSIIS——S.
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b R zENLA -] E} & Wien’s Displacement la

BREARH AR OERED HBE(LE fE) -

Moo=2897/T o (3-47)

max

#e 5 8 =4 micron, um > TE =% 848 2 (K)

# | Flanck's Law / Wien's displacement Law o ]

| 9,66 um

: :-c—1l‘;l.5um
© 116 um

2 4 B B | I’Il:ll I’IE 14 16 18 20
oK | wavelength, um [microns)

3. 7F Matlab Command Window g A plancks(3) FUEfE4ER - [HIE

EAZGRlE E p.77 2fE 3-5 fH[E - ME 0 Y SiEEAER > [EERFRE L2 E
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3-5z_ % & H ¥ * Planck’s Law # it

E Cl Hep N W (um)
‘ ) . I e VS 2
bA 5(C, /AT Ew: BENEERGEE W/ ()
ﬂ/ e - 1 C1:3.7413 x 108 (W*(um)4/m2)
C2: 1.4388 x 10 (um. K)

¢ |Stefan_ Boltzman's Lew

@] 35‘:'l Fb' %}%’i—f"ﬁ%i 'ft’qpﬁ-\le_w_)i ;}—,,,Eé‘)m.riﬁy_&r].c—h

enid & (radiant flux) » ¥ i@ * Stephan-Boltzmann relationship 1800 -
P g
qQ“=cT* ... (3-48) s :

~§ 1000

;fl ¥ » o % Stephan-Boltzmann constant = 5.6697 E-8 W/m2K*. £ 8w

AN Fe B A g =5.6697 * (T/100)* S e

400

200

B f & CHEE % S ehT 5 (A surface normal to the sun) | A S SR SR S O SN S SN
52 L ; _-‘f'Jr—’TI"JJK r% ﬂb i K—’\iB JE'P ‘g‘ R ‘l’:" 5}:4} I e e Y. N ” | 220 240 260 230 tsra?jera?fi k311|:| 360 380 400
nstant)fi-2~> H @& 5 1.353 kW/m?. [# 4. {¢ Matlab Command Window ti A plancks(2) fJ [ E&5 R - (/A
SR b 6 3-6 fH - ™

& e v
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onstant

1400

1350

1380

— —
L (N}
ol -]
(] (-

1350

1340

1330

Extraterristrial radiation, Wim=

1320

1310

1300

“arlation of E.T. solar radiation with time of year & on 3/31

_________________

DT x| |
Julian day g1 E E
Calendar day 3421 i o

_________________

_________________

_________________

_________________________________________________________________

il 100 150 200

Julian Day

250 300 350

[&] 5.

KGJENELIE [ _E R 16T KT AE -

TAIER B
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—-———ﬂ
E Itted thermal radiation *x &% §§

Equation 3-48 ;@E * 3+ 2 48 (black body) » — 4k &g §8 1Y "k ¥4 (gray
body)fiz. > H #7r ok bt enfg s E(E) 2 L& 135’ PE» B R OR >
= #(E x)miﬁvE’TigiE”?\ FlE b (e=EJ/Ey) 0, %3?‘5%@
bt 5 (emittance) >ty Ep2 fi A T OF T SE gi_';sﬁ :

q L o T4 ...... (3_49)

w10t Radiation of Black/Gray body at T=6000 K

Al dom = g et dhdk < B 5 30.75-0.9 KW/m?,

s5=1, black body I N e """""" """""" """"" T

----------------------------------------------------------------

: Sola lIs‘tt 1353me:

s=0'6, gray body

KWm2
[ —_ ] (] i=N (0] (my] | (mn] (Vu]
T T T T T T T T T

1] 0.5 1 1.5 2 2.5 |

0.5 1 15 2 25 3
Wavelength, pm

) 7. TR B AT AT il 3 S \[F]y
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!. 3-12 (p.79) .

Q: A steam heating pipe has a surface T of 90 °C,
If the surface was painted with aluminized paint, ¢ = 0.45
If the surface was painted with an oil base or latex paint, € =0.95
What iIs the radiant flux leaving the surface?
Sol:

q”=0.45*5.6697*(363.15/100)* = 444 W/m?

q’=0.95*5.6697*(363.15/100)* = 937 W/m?
Difference = 937 — 444 = 493 W/m?
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F- AR A R A G SRR R R g E S (emittance) ~ R
1z & (absorptance) ~ ¥ &+ (reflectance)£? 7 i£ & (transmittance) & -k
PR o0 FdtpE o A5 L F B4 2 E(Kirchhoff’s law) » £
= —fg #p4e 5 1 o 10T 2E P Kirchhoff’s law

B ArE o B G AR BAME<DEZH(E=1) 3 FIREAN
Z5(T=Th)-d A= 2 ffgs+ I3 sy £ 4 5 s EZ2Eb > 4§ en
bt F ¢e=E/Eb> Bz £ 20*Ebeo d 2RIz £ SE+
(lre) *Eb- F]5 A F %8 > T3 F i % 2500

E-a*Eb=0(d A 8pE2)

® E+(l-o)*Eb-Eb=0 (d 242 )

Nt iE- v EIE=za*Eb 2 ao=E/EDb

d 3> E/Eb e 42 & b E A et F(e) e ¥ FHa=¢

SRR

& Transmitted thermal radiation &2 7 i #4145 &

Th g
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\/ LA

e L AR AR e

orptance and Emittance =yt &

B3I g 5 F B o drAppendix 3-3#7 7 o

EHE%&ﬁ%ﬁﬁﬂa%§0%097wﬁ%ﬁaﬁqawvp¢ﬁaoxE~we

§nE i () T 2 dost
27 it 2 v )T & (absorptance) ~
A d 1228 5% 2 3 o PEEY R FIR A DA o

Elrfb—*zﬁb"?

b 5 g ‘:"‘1’:—1 SECE AR oo 1R

, Sest g4 A Eg £k
g R e eh s X £

% 4 (3B k) a

‘g;’i 34

)P 0 Akt 3 120.89- 097*‘;{ 2R AT EE > ek

i e 5 3 () Bl L] e

ﬁ'x%— 17 o R £012-0.16 © § & B3 (R )4
?ﬂ,vloud‘ T e /,EL'R%]%]

-

g

N 3330950

(AP RAZE L e
3 &qt.ﬁ (reflectance) R gR Y (transmlttance) SN

A i e N
R B AT TR HE ST

£ 5 HiE 0.15 0.04
B > 0.18 0.03
j=t 28 0.94 0.21
Ao > 301 5F JESE 0.37 0.60
Eheiiva 0.46 0.95
Dy 0.90 0.90
41 hE 0.75 0.93
-y 0.29 0.85
SRR 0.96 0.95
H RS fEERR 0.12-0.16

0.90-0.95
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e

ol T =3

o

W
Yo

4

vy | B TG

e O TR IS P21

QY >

B LRI h &R R ARSI B 600 WIME, T 2 5 1 i i
S

A

“

ﬂ

5% & M (mix mode) 4 1 v

IR

Ly

X 7 f AR 0 B i 8

# % Swinbank fio3t k3B o

Tgy =0.0552 T > ... (3-67)
T A ¢ F L——fj'/nt’g(‘ @R Hn Gfic s 30 W/meK, %
°C- B0 CE N ’éﬂ‘__ 2 m2K/W. FE7E T R
°C > E_Tﬁp\ * W L ,_;3 £ p\ T ﬁ?m’%ﬂ_‘ 0.2 m2K/W.
0¥ ,ﬁﬁg:g]ﬁqta ﬁrﬂn @v; 7o 'i—x;;jygu_} iE 2t
h eTE

'
¥
2t
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Absorbed solar flux is calculated as
q"solar = (0.60) (600 W/m?) = 360 mei.'
Convective heat loss is

0" convective = DAT =30 W/m2K (T - 298.15 K).

Absolute temperatures will be used in all terms of the energy balance because
they are required for radiative heat transfer calculations.

284 19K (=11 C or 14 K below air temperamm). Q" conductive = AT/ R = (Tys - 303.15 K)/2.2 m2K/W.

gains = losses Radiation heat transfer between the barn’s roof and the sky can be considered a
" ' situation of a relatively small object in large surroundings. Thus thermal

qQsolar = q convective T C_I_" radiative T q" conductive* radiation loss to the sky can bo written
' Q" radiation = Eus O (Tyst- 284.19%)

= (0.9)(5.669TE-8)(T i - 65.228E + 8),

|

=5.1E-8T,*- 332.7.
= .

360 W/m? = 30(Ty - 298.15)

+ (Tys- 303.15) / 2.2 + 5.1(T /100)* - 332.7

or  5.1(Tys /100)% +30.4545T = 9775.3.
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AT

LHS

« ) MATLAR Comumand Window

"File Edit View Window Help
O | & 2R o BE =2

636 I I I 36363 I IE 36 I I 336336 IE I I I 33636 IE I I I IEIE I I I 36 I I3 I

Welcome to the Balance Calculator?
Uer. 1.2 (2881/18/%)
written by: Wei fang, Ph.D.
Frofessor
[Dept. of Bio-Industrial mechatronics Engineer:

National Taiwan University
3636 636363636 IE 36 363636 3636363636 IE- 3636 3636363636 6363636 36 336 I 3636 3636363636 I

4 BALANCED

Tys-K

310 | 9911.89
305 9729.96
306 9766.23

3[:'5.5 0784.39 30.4545 [options: 1. Solving Ex3-9
- ) 2. Solving Ex3-16
306.25 9775.31 . 47753 : _ 3. 521:123 Ex3-17
Uzing Tab kep to move, Double chck to edit then press 4. Solving Ex3-18

Enter ta run.

|P19359 enter your option. (range: 1-4, 8 to e

Tus = 306.25 K = 306.25-273.15

=33.1°C 11. 7 Matlab Command Window & A |[E 12. 1+ Matlab Command Window
balance0. (For Ex.3-16) balancel. (For Ex.3-9,16-18)

2
R=2m KW R=02m KW

2 AL iy IREL -

ThEs 15 a series thermﬂ circuit, thus, temperature differences scale linearly x#ith
resistances. The temperature of the lower surface of the roof is

s = 33.1 C+(2.0/2.2)(30C-33.1 Q) '
= 303C.
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'i: Detail InfD.Ejelect a PLAIN Pipe out of 6 types] — X

PHOTO RDEFAULT Heat per unit length .

HEAT available from various PLAIN PIPE
heated by HOT water or STEAM
from P.V. Nelson's 'Greenhouse Operation and Management'
< assuming that the inside air temperature is 60 degree F (15.56 degree C) >

HEAT SOURCE PIPE DIAMETER HEAT SUPPLIED
(Btuhr/ft)  (W/m)

@1. RUTGERS SYSTEM 2 inch (51 mm) 170 163.45

()2. Steam 215 F (102 C) 1.5 inch (38 mm) 210 201.91

Photo depicts what is plain pipe (3. Steam 215 F (102 C) 1.25 inch (32 mm) 180 173.06
T ;gﬂ g B 4. HotWater 180F (82C) 2 inch (51 mm) 160 153.83
o f g R ? SRR TS (5. Hot Water 203 F (95 C) 2 inch (51 mm) 200 192.29
YOUR design 170 163.45

~.‘

>
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THbE RIS L R R

4 Detail Info. Select a PLAIN Pipe out of 6 types 4\ Solve T for eq. listed: — ] X

PHOTO DEFAULT | Heat per unit length A*(TI00)*+A,*(T-A, )} +A_*T+A =0, where A1 =
— 5.3862 |
4\ Heat per m of plain pipe — o 56 mm—o’
Steam or hot water temperature in plain pipe, °C 2.71135 .
from P-V{Bz "
< assuming that t T . indegC 505 15
22 Ad =
HEAT SOURCH
Mean Radiant Temp., °C 125
10 A5 =
: : 10893 4672
@ 1. RUTGERS SYS gugr;ace emittance of the pipe
. AG = — _
()2. Steam215F (1 o . 24860161 1096 4. Heat supplied per m _
O 3 Steam 215 F (1 Qutside diameter of the pipe, mm .
a6
(4. Hot Water 180 | Tsurface of the pipe is 355.06 K =81.91 deg.C
()5. Hot Water 203 | Thickness of the pipe, mm 29 Qcond. (962.1 Wim"2)
. 5
(6. YOUR design 45 = Qconv. (452.3 W/m*2)
- Thermal conductivity of the pipe (check the msgbox for reference) +Qrad. (509.8 W/im"2)
60
- ‘7 Heat supplied i
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Material

Hetals
Aluminum (allqy 1100)
Brass, red (B85% Cu, 15% Zn)
Brass, yellow (65% Cu, 35% Zn)
Copper (Electrnlytlc]
Gold
Iron, cast
Iron, wrought
Lead
Nickel
Silver
Steel, mild
Tin |
~ Zinc, galvanizing

Thermal Ebnﬂﬁctivity, W/mK

221
150
120
393
297
47.7 (327 K)
60.4
34.8
1 59.5
424
45.3
64.9
110
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EX. 3-17

RS SENR AN SULE DL S SR
3 kD ‘Ef”“’?“ 1B 7&14?%? 22 s 5 L 56
(k) = 52W/mK %t@@ﬂ, m/,, ’)"{/.W—)i:% 110 °C > fﬁ’:& \
TF 522°C BEPNHEHE 0T o8 HE
BRERE AR SRS o LG BT (e
SIER AR RS RS R R

\“.;r,rv

TR

e
ETiaS

N

=

N’
ETiaS

b
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2 B’-\zu’? Bk e ‘k@v"&’é] i B
F 5 o w6 EQ 334 A 10 2 B 4ok T

-

|/1/J\:¥v_.r§;’; \&k:ﬁ/ﬁil?s;?rs}?ﬂ » Erl — Lﬂ'\
Rn s o T 4 32 (p.65) ¢ A 5 340 %3t B
£h5)4 B 7 4 (h)

d e ’FL’F = B ‘li‘i'/n_d:_ m"jﬁ"]’/n éﬁ‘ i @;L-Er YT L

Conductive gain = Radiative loss + Convective loss

5.386*(Ts/100)4+2.713*(Ts-295.15)1-25+9441*Ts-3617760 =0
KFR1F A Ts=382.9967 K » v w + 34 » T 25 ¢

B . 1542 Wim? £ 2B d S 1542 *0.1759 m2/m = 271.2 W/m
st 812WIm2  #gsf: 730 W/m?

W B

R —
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Mixed mode 7 ;N

Al1*(Ts/100)*+ A2 * (Ts-A3)M+ A5 * Ts+ A6 =0 B

@ # Conduction related parameters: A5, A6

¥+ Convection relateo

parameters:

iy &+ Radiation related

BAGIE MRS RGEGET R PRPREYE
A, A6 4 * FdiciE o

5.386*(Ts/100)4+2.713*(Ts-295.15)1-25+9441*Ts-3617760 = 0

T2 BT

S
N A—

Al, A6

parameters: A2, A3, A4

4 Solve T for eq. listed: — O

x* " oy
A *(TH00)" +A,*(T-A)[+A_"T+A =0, where A1 =

X

5.3862

A2 =

27135

A3 =

29515

Ad =

125

Ab =

10893.4672

Ab =

-38691651.1026
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T Detail Info|Select a FINNED Pipe out of 6 types — X

PHOTO JDEFAULT ~

HEAT available from various FINNED PIPE
heated by HOT water or STEAM
< assuming that the inside air temperature is 60 degree F (15.56 degree C) >

4\ Finned pipe - O X

HEAT SOURCE PIPE DIAMETER HEAT SUPPLIED
(Btu/hr/ft) (W/m)

Photo depicts what is finned pipe @1. RUTGERS SYSTEM 2 inch (51 mm) 950 913.39
(2. Steam 215 F (102 C) 1.75 inch (44 mm) 1800  1730.64

()3. Steam 215F (102 C) 1.25 inch (32 mm) 1200  1153.76

S e R B (O4. Hot Water 180 F (82C) 2 inch (51 mm) 950 913.39

E¥Z TR AR ()5. HotWater203F(95C) 2 inch (51 mm) 950 913.39
()6. YOUR design 950 913.39
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BRE T FRMEDRGEGEY R 2 BRDPE
The thermal conductivity of the pipe wall influences terms A5

and A6 of equation 3-69.
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Example 3-15

lag10{Thermal conductivity)
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inside sheathing

framing and open
space

effective cavity emittance = F4 95 g &

E = (51_1 +&,° —1)_1

Ex. 3-19 (p.100) ’*’J;‘:I%Eﬁt‘ TR ERE ) B P FINA R
B590mm:- g p chiR R AN 520 AC -10 BC -

outside sheathing

siding  gutdoors
o z _I.

B EET mts g4 5 10K d *thk 3-6 (p.398) ¥ & 7

BREP 2o adudg 5% 5 0.9 ¥ 7 W -T 328 B Mean airspace T=10 K

d 77 R iFeffective cavity emittance : 45 A& airspace thickness 88.9 mm
E=[(1/0.9) +(1/0.9) -1]*=0.82 dT = 16.7 K > thermal resistance of 0.16 m2K/W

dT = 5.6 K = thermal resistance of 0.18 m?K/W

E’ ‘S}\{:‘L@‘r ’ ’:""i-‘l‘j

position of air space -#_vertical BAEHAT=10K, p &7 K17
@rection of heat flow £_horizontal % I sfthermal resistance # 2 = 0.17 m*K/W.
~ ‘“‘ - . 1
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Table 2A Thermal Resistance of Plane Air Space
m2.°C/W

/

M .

* position of air space +_vertical

Direction of heat flow &_horizontal

« Mean airspace T =10 K, airspace thickness 88.9 mm,
. effective cavity emittance (E) of 0.82,

c KT HINLE AL 5 10K
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effective cavity emittance
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