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3-1.

Chap 3. Heat Transfer #ti#

rée

/722 ¢ based on the concept of equilibrium or infinitesimal deviations from

equilibrium.

ZVEHEL ¢ arises only from non-equilibrium, specifically, from finite differences of

temperature.

EVE B - #hEFHYE (heat, mass, momentum transfer) ~ B85 i 5 S5 14 Ryl

LI 58 (transport phenomena) - B HEAVETE /AR »

Heat Transfer may be

<~ Steady-state (f25E) : Temperature and heat fluxes do not change as functions
of time.

<~ Steady-periodic-state ([&EFEEEIEFERE) ¢ conditions change with time in a
regular fashion and periodically return to their starting conditions.

< Transient-state (E78E) : RNJ&LL_E —FAIREE -

<> For most engineering designs of agricultural buildings, steady-state analysis

(ﬁf—ﬂ:

ZHESTHT) is adequate at least as a close approximation.

3-1.1 #fHE (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.

BE B — A RN A E RS EE DT B R AR Re o (EERR
FSEq (laminar flow) SE s L& (turbulent boundary layer) @ fxSEHT)5S
FEEERZJE (laminar sublayer)H o

3-1.2 ##R (Thermal Convection)

BURBGAHRR - 8 RORES N H— i (8 2 55— R WY BE B E IE DLEESR (Thermal
Convection) fi§ 2 » 5578 # Ko it e B [ HG 5 10 FY B &2 (8 1% DL 2V R
(Convective heat transfer )f# 2 -

FERf (Thermal Convection) F= S %7 48 i &) (Eddying motion) » ¥ #4
{E3E(Convective heat transfer ) 322 7F 2 5@ (boundary layer) 74 K i i &
EiEEE o See Figure 3-1.

RN E RS A R G B SR RE S g (s &kE - Buffer layer) » 24
BRI £ AR 2 E  (laminar sublayer) e
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® EIESNINE R EE R AR R e 2 RygR SR (Forced convection)
iR ETIE R E S E M EL B FHIEEH 2 BE SR (Natural
convection) =H ¥R (Free convection) e

freo siream, VeV

velocity profile
turbulent eddies

laminar sublayer

e, St

3-1.3 BEEST (Thermal Radiation)

VWY

® All objects at temperatures above absolute zero emit thermal radiation.

® DI HALIINME (infrared) BLEGESARH > FHH o] ROCECE AR S
HMRIGIN IRV 2 1% - REA R » B RErs b R BusE -

® XIHMRHVIEGEZEALEZS1 (700 nm, 0.7 micron or pm) - &4 10 micron » &
2 100 micron _EfRHIEERHHER E S © See Figure 3-2.

visibla thermal

i)

ultra-vioiet 04 0.7
\ infra-red

10.0 100

0.01 0.1 1.0 :

® HUREIEINYYIRG TS 2 BRSO BE BN IE S AE 10 micron fiAT - b
B HRRET 4R — AR LUEAT A MRTE . - See Figure 3-5.

® Wien’s law : The wavelength for peak emission intensity is found using Wien’s
law > Amax = 2897/T, where Amax IS wavelength in microns and T is the surface
temperature, K, of the emitting object.
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3-2. FHE

3-21 FMEEAR

Vet + 0 . (3-1)
k oT
3-2.2
® For isotropic solids :
where,
t Temperature T,K
Cgen ate of internal heat generation wims
Kk thermal conductivity W/mK
a thermal diffusivity m?/s
T time S

® Thermal conductivity (EAf# {485 - K): intensive property, k = -q”/(dt/dn)
R BVE B RES T E% A3-1, A3-2 - (p.385)
o —HMRITYEVEE AT (W/MmK) &

R 0.008 - 0.6 7243, 0.0257 (at 207C)

e 0.09-0.7 7K 0.594 (at 20°C)

[ fe 0.3-419 #R 419, i 386, < 311 (at 20C)

® F[EDREHIENHYZE BEHE R

Nape FVEE{RE S e AEERE
-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

® Thermal diffusivity (BMESUAEL or ZWESCE » o):
a =K/(pCp), HEBET) vs. EENEE
a measure of how rapidly thermal energy can penetrate a solid material.
®  EMEHUAE ()BIFEAL ¢ (W/MK) / ((kg/m®)(W s/kgK)) = mP/s
HHESEE (Thermal diffusivity, o) £ time-dependent ZEZE R E )76
HEAE -
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o i EMBIHIEERUARL (m?s)HEE

iy 1.70*10* CO2 1.08*10°
& 1.18*10* 7KER 3.33*10°
il 1.00*10™* 7K 1.16*10°
FEE 2.28%10° ERE 1.94%107
72 5R, 2.17*10° 7K 1.47*10°7
Conditions Name Equation

no heat source

steady-state with a uniformly

distributed heat source

steady-state and no heat source

the Fourier equation
the Poisson equation

the Laplace equation

V2t = (o) L5t/8t
VZt + qgen /k = O
V=0

3-2.3 Conduction heat transfer

Ex. 3-1. REER L AVERMEERADRE & 1, 12 BN H R R ?

d?2t/dx?%=0
t=C1 X+C;

t=t:+ (t2—ty) (x/L)

Ex. 3-2. FAMNEER B ro WREREE R ro MERIPEIR > & ~ JNEREDEE Sy

(3-8)

AlF tio B to B > SRIEMERVEIAIGR S I3 -

Ex. 3-3. & 20 cm [EHPKIEHE > BEAE R 10 IR MG EDRE 775 R

(3-9)

20 Ji C 81 -10 fif C » EAVKRATEESHAME 0.56 WinK » B0
TSI S5 A e -
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Ex. 3-4. R SHELHENRREEBE R 2REA > EFEELE 1 mm - JML
250 mm > MNEEE 50 mm ERRORMR - (EEENEERE K 0 & C o SMH
EGMRINREVRE Ry 25 5 Co SBME A& IR R EEZ A8 7
Ky 60 Bl 0.04 WimK. RS HEL Sl E8eEE T REE RN E
AR (in W/m) °

3-2.4 Resistances in Series

Ex. 3-5. 4ME 3-3 FrrHviEeE - sHRErAfRAVEHELEGEE (heat flux) - Bk
WARDRE ARy 20 B -5 EC
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Resistances in Parallel

Ex. 3-6.
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3-3. ¥im#EEIE (Convective heat transfer)

3-3.1. HAR¥IA (free convection)
TEPRET B 2R ERAVRTE S > 20 MRV ={E#EAZK (dimensionless) X8RI E2E

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

Nusselt Nu =h L/k h: coefficigr}t of the convectiye_ heat transfer, film
number co_efflment, surfacg coeff_|C|ent _
The ratio of the ease with which heat is transferred
ERIEE by convection to the ease with which heat is
transferred by conduction.
_ u: the dynamic viscosity of the fluid
Pr=pnCp/k Cp: specific heat
Prandtl The ratio of the diffusion of momentum to the

number ST HEEUEMERY

diffusion of heat from a solid surface through a
boundary layer into a surrounding fluid.

e

Pr = (w/p)lo. = (Wp)/(k/(pCp)) = nCp/k

—qA2R1 3At/112
Grashof Gr=gp"BL AU

[: the coefficient of thermal expansion
g: gravitational constant

number - .
FIEER ]

The ratio of buoyancy forces to viscous drag forces
within the fluid.

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.

D [ASS

=2 E‘;{ .
sTEADER

(1). 3K Gr, Pr, H=F 2 SREHEE S Ao > AE n fH -
SEFR ¢ Gr Pr between 10% to 108.
P © Gr Pr between 108 to 10%2.

(2) K Nu, FHH Nu Z5EFROK h EREEVEIERED)

() Hf&H h=q”/At

AL

orh=(g/A) At ZKH qorq”

7Y Air is the interest in environmental control problems, and the temperature
range involved is usually quite narrow. 3k h FYEFE AT FLUGHE « EXcit s
SRR NYZE FARAS > GrPr 2B ATH 10° LAt 515 - s 2 » LAt >1 BT -
<1 Bt o LA Table 3-2 R FEENATAGTE h H -
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Ex. 3-7.

Ex. 3-8.

Ex. 3-9.
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3-3.2. s&fEI¥  (forced convection)
TEBRE s RIS > 0 T AYRE(E MR ZR (dimensionless) SRR E S

L: a characteristic dimension of the solid object
Nusselt Nu = h L/k k: thermal conductivity of the fluid

number h: coefficient of the convective heat transfer,
film coefficient, surface coefficient
u: the dynamic viscosity of air
_ p: mass density
Reynolds e=pVLu V: average velocity of fluid flow = Volume/A

number L: characteristic length

ST AT The ratio of momentum forces to viscous forces and
/7 express the level of turbulence. (&8 S > f2fE

SER A R 22 B IR » e o FIVORAYE - Hoh E RN EORH
h =c G%8/D0%2
Hrft > cisrelated to thermal properties of air, B]#& % 3-3,
G = p*Volume > mass flow of air in the duct
D= 4 *(area)/(perimeter), /KJJEK

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

Tem C
-18 300
4 3.18
27 : 3.21
49 3.26
71 - 3.32
03 3.37

Adapted from the ASHRAE Handbook of Fundamensals : for

hin w.l'mzK; Gin kg.l'mzs; D in m. An approximation of the
data is the equation ¢ = 3.14783 + 0.002402671.

Ex. 3-10 (p.72)
35 & CHyZERIMmiBRITIFEmE (0.3 mx0.6 m) AYfIEVE » ZZREE 1.3
JEZEE 5 mis » 5K HVE YR MR

0.3m L/
0.6

6m
Air at 35 °C, 5m/s, 1.3 kg/m®
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h=c GO%/D°?

% 3-3 JAfE 35 ¢c=3.23
mass flow rate G = 1.3 kg/m® * 5 m/s = 6.5 kg/(m?s)
hydraulic diameter D=4*0.18 m?/ 1.8 m=0.4m
The convective heat transfer coefficient is
h = (3.23) (6.5)°2/(0.4)°2
=17.3 W/m?’K

Ex. 3-11 (p.73)

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
3 m and the outer surface of the duct is covered with 10 mm of expanded

polyurethane having a thermal conductivity of 0.023 W/mK. ( r 38 ?

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
mZK/W and includes both convective and radiation heat transfer. Density of the
heated air is expected to be 0.9 kg/ m3.

If air leaves the furmace 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? -

Re=01m KW
Lsﬂ ITI—-F- —

furnace heated
“*t:nsuc - SpEce

t=7C

ambient air temperature, 5 C

60 C

E%D Routside = 0.1
Rinsice EJLAHY €q.44 & > Hrh ¢ =3.29 @ 60 °C (Table 3-3)

- R
insige wall outsige

10
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]

(0.8 m,
(0.9 kg/m3) (4 m3fs)/(m) ( 0.42)
7.16 kg/m?s, and

D
G

h = (3.29) (7.16 kg/m2s)0-8/(0.8 m)0-2
= 16.6 W/m2ZK.

The unit area convective resistance is the inverse,

0.060 m2K/W.

e -./ . e

= 1 n;m 8@“} 0.398 m. -

)

i

Equation 3-24 is used to calculate the thermal resistance of the wall (insulation)
for a duct length of 0.398 m (r,= 0.41 m, 1 = 0.40 m)

Ryan = (In(0.41 /0.40))/(2m) (0. 023} (0.398)
= 0.429 m2K/W.

DA b (s FH AR EARRY A=K - ﬁD%U\Eﬁﬁéﬁ%ﬁﬂ'ﬂ/z}ﬁLﬁE =1
R = L/k = 0.01 m/0.023 W/mk = 0.435 m?’K/W
IEH BT B AR T EE
DIAME B ELRE > Rinsice {15y 0.062
Rota = 0.062 + 0.429 + 0.1 = 0.591 m2K/W
BHETEZERAVEEE L

mc !
p

heat flow

11
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Heat transfer through the wall of the elemental length can be written (Equation
3-23} as Fa
foN

q=AAU/R! A = DAL = 0.82ndL £ 2.584L.
T N _/

We have ca]culated{he unit area thermal resistance, Ry é’ﬁ?gl_mzmw thus,

noep 4L I, -
Vo g=4360-50dL. . L1

o
This thermal exchange must be balanced by heat loss from the mass of air
flowing through the element, m,
3 o/
q = - mcydty: m = (0.9 kg/m3) (4 m3fs) = 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
loss can be written as

V' g=-3620dt,,. dEN e e AT
Heat loss must equal heat gain, thus,
T
4,36 (ty, - 5) dL = - 3620dt,,  memp-i @l s — A Lain
which can be rearranged and integrated along the 50 m length of the duct in the
form . :
o 2E-2
t..: 50m 7
exit gp. .
|| Py ) :p@q(ﬂ,
Lﬂc' (tai --3) .’Om : D et = P ey & o
and solved as ;e el, 2 cai
a0k st L R
texit.: 5 + 55 ﬁxp (—M) ESTIET}C, . ,:’dx: - c; ol :-' E'(E:' i.,,-d_fq'; )

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.

q = mepAt 619 o
= (3.6 kg/s)(1006 J/kgK)(60 C - 5770 C) T aee
= 10.960°W (or HB:OkW). e
;} é—z_E fﬂ{, {";;?IL. oA,

(A natural next question is whether the cost of added ;;iéulation would be
balanced by the value of heat energy saved.) '

/
In general terms, air temperature in a process such as this example can be

calculated from / -
texit = tambient + (tinitial - fambiend) €XP (- AffncyR)) - wmip




IRPERLSE TSR0 BAREMERTTIR

Theshnplerammachpmﬁdesaclwckun&emﬁc}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.

Thus
q

AA/R=(129m)(55K) /0591 m2K/W | “ T
12,000 W ot tEER, B ES

3-4. PERETRVEIE
By Ry (1858 ~ 1947) REMEER
1900 #F—RMelmARENR 0 BETYEEABA
1918 FEHEYHEHEGE

3-4.1. General

13
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) MATLAR Comomand Wind ow

File Edit ¥iew Window Help

DE| 2R @R R 2

63636 3636 2636 36 363636 36 36 3636 2636 26 26 36 26 36 36336 363 36 3636 36 3636 36 6 336 36336 3636 36 IE-36 363636 3636 K KM

Planck's/Wien's and Stefan-Boltzman's Laws calculator?
Ver. 1.2 (208082/18/23)

written by: Professor Yei fang, Ph.D.
DPept. of Bio-Industrial mechatronics Engineering

Hational Taiwan University
363636 336 36 JEIE IE-IE-IE I3 IE I IE-IE-IE I IE IIE IE-IEIE I IE I3 IE-IE-IE I IE IEIE IE-IE-IE I IE IEIE IE-IEIE I3 M3 I

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

Please enter your option. (range: 1-4, @ to exit) |

1. f£ Matlab Command Window Hiig; A plancks HY45 5

14
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# Planck's Law { Wien's displas ;IEIEI
[— T=ag00K || 390 [— T=19m K ]
........................... fjg 200 Y
=
D6um. .. [ = oo tbelamme ]
' 0 ' '
20 30 0 10 20 30
[ —— T=1366 K |
; H 0 N H
0 10 20 30 0 10 20 30
'%I Wavelength, um Wavelength, um

2. 1 Matlab Command Window g A plancks(l) AYETE4E R

3-5 thEH4RAIPIENIAI S » 5 Wien’s Displacement law. & &AL S
o RGN BB O R AGE) -
A= 2897 1 T oo (3-47)
Horr o Amax B Ey micron, pm > T B B&BEDRE (K) -

| Planck's Law ! Wisn's dizplacement Lay =10 x|

45

(Y] (] Fe=
= m O
T T T

—
m
T

—
O
T

'5(—11.5 um

2 4 ] g 10 12 14 16 13 20
il wavelenogth, um (micrans)
3. 1£ Matlab Command Window i A plancks(3) HYETHE4EE » ILIEELZL

MEEp77 ZIE 3-5 HE - i > Y BiEEAER - JERHRRE 2B -

15
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3-5 7 & 4R AT FH Planck’s Law fi#ilt » HEFEASLAT ¢

C
E,, = PE (eczlliT _1)

Hr AR

(um)
Ew: BESEEHEEE  (W/ (um)?)

C1:3.7413 x 108 (W*(um)*/m?)
C2: 1.4388 x 10* (um. K)

3-5 HrR&R T TR 2 SE AT B By aZ 0f FE 2 Py s FveE 8 H Y 48 = (radiant
flux) » B] {5 Stephan-Boltzmann relationship & -

Q=0T (3-48)
Hrh > 6 B Stephan-Boltzmann constant = 5.6697 E-8 W/m?K*.
AR TSR g7 =5.6697 * (T/100)*
¥ | 3efan_Boltzman's Law - 0] x|

Thermal radiation emitted from a black body as fiT)
1600

1%I

1200

1000
500

(00

Radiation, YWm?2

400

200

220 240 280 280 300 320 340 360 380 400
Ok I termperature, k

4. 7£ Matlab Command Window gy A plancks(2) fyEFE4EE - 1l
HRlE LB 3-6 HHE -

R RS MNE IE [ AP (A surface normal to the sun) » Frie 2 ZIHY K FHEE

FYE FE H 3 52 > KRy -FEE DR % (Solar Constant)fig 2 » HAH /&
1.353 kW/m?.

16
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“ariation of E.T. solar radiation with time of year & on 3/31
1400

DT (0
Julian day I 91

Calendar day 3431 R S

1390

1380

1370

e R

1350

e e L

Extratemistrial radiation, YWm=

) USRI SO L VIS S S S N
7" ISR A SN S/ S S

s

1300

50 100 150 200 250 300 350
Julian Day

5. KREIMNEE A K P5HYFH_ERTREZ FIHURFSAE - P {E AR 3

3-4.2. Emitted thermal radiation 3 ZEE S

Equation 3-48 7# A AR A (black body) » —RAyP)RG DAKAG (gray  body) 7
Z > FFR SNBSS & (Ba) 1£ 25 R R B[ FE H 58 2 B AG (B HYHRST B IR

—EEHG (¢ = B Ew) » ¢ EF BRI emittance) - 7 B, B
SRR TR

17
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# |Black body ¢ Graor body =10 x|
<10t Radiation of Black/Gray body at T=6000 K

9 L m
gk s=1, black body |
:,-' L m
6 L m
=
= aF , gray body 1
=
4 L m
] 4
2 L m
1 L m
D L L L 1
0 05 1 1.5 2 245 3

wavelength, um (microns)

6. 1F Matlab Command Window thig A plancks(4) HYEtE4E R

o) MR SN NSNS R— — T—

1500 f----F- I N R I S sohennennes y
i Solar Constant is 1353 W/m“ |

] L N N S SNUPRPR: SNSS RS 1

Spectral iradiance, WmZum

500 -1---- beeeeeoeee R heeeeeoeeee beeeenoneee beeneoeas .

0.5 1 1.5 2 25 3
YWavelength, pm

7. RRJESNEIK s BE R EEE A B B

A
[u

P EH R AR SIS RE Y B R [ERZYTE 0.75-0.9 kWi,

18
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Ex. 3-12: (p.79)
Q: Asteam heating pipe has a surface T of 90 °C,
1.  Ifthe surface was painted with aluminized paint, € = 0.45.

2. Ifthe surface was painted with an oil base or latex paint, &= 0.95,
What is 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?

3-4.3. Reflected & Transmitted thermal radiation [z BB ER FEZERE S

E—MRHEAR R BRI AST I R E AR % (emittance) ~ TR U7
(absorptance) ~ fZ&+3% (reflectance)EiZE B (transmittance) ZE 2 MEE - Fif &
BRZEEAH S » FE Ry oA T R E f(Kirchhoffs law) » & =FAMHINA 1 - DUNEEHA
Kirchhoff’s law :

R > B B (B RAG (e < DELRES(e = 1) - MRS > &
By T =Tbe lHIRAGELRACHERET H RAVRE E 7 Bl Ry E B2 Eb > IREGIRUAVREE /o o *
Eb - FARAGRIAVEEE R E + (1-0) * Eb - NEM =L - FTAWENRAERS
{blERZ 7 0

el Thy,

E-o*Eb=0 (H/KAEHE>)

H E+(l-0) *Eb-Eb=0 (Hy AL >)

M EF—gefEd, E=a*Eb > a=E/Eb
A E/Eb EMTER BERIKBEITIET % (e) -

=t A=A —_
RS a=¢

19
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3-4.4. Absorptance and Emittance U ZRER it B 2R

ME—RRMNE » BRI U SR B 2
RyZEAH - 20 Appendix 3-3 For - HURRAIRYIURN 3 :
(e) 5 0.89-0.97 » e LR a) A ATEETS - el
AR YRS (p) &R =Y - AL R P EE
BRI A 1o HaS 5B Rk 2 e
(absorptance) -~ iz Hf # (reflectance) B ZF if #*
(transmittance) = (BN 1 Z45RAT - FEREATAE ﬁ
AP A e \

i e TR

KR RS R RS

$7 > HIOE 0.15 0.04
o > A 0.18 0.03
=ty 0.94 0.21
Ro#sH - 301 &E ¢ 0.37 0.60
HAHE A 0.46 0.95
s 0.90 0.90
AR 0.75 0.93
oyt 0.29 0.85
SRR 0.96 0.95
28R 25 FEE AR 0.12-0.16 0.90-0.95

=¥ H Holman, J.P. 1976. Heat Transfer

TR > TR AR B SRR E] > 28T SR SRR BB R R
— G PRETIRUCRAYZ - B Rl REE (LD AFT GRS G - BIBIFTS ©
SasEiE 0.89-0.97 F By R U » DA R ZE MR AR 181 HL S S 38 (M SER) R AR
HERAR/NY > A1 ERECR SR > #HEFE 0.12 - 0.16 » SR FAEHYZ ] 7
BT AT YRR BRI -

20
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3-4.5. Angle factor (skip)

TR 47 R 18 b ST A BB G B S B 45 E Y S B B L B S ¥ DT Y T
& » 1%L Angle Factor ZEES -

F oo AL = Pt A oo (3-50)

® Appendix 3-4 FiyR A RIFNL MHY Angle factor Z /R B BLET RIS -

® Angle factor for a cow to the walls, ceiling, and floor of the barn is almost
1.0.

® Angle factor for a greenhouse plant to the structure cover of the greenhouse
cover is approximately 0.5.

Ex. 3-13: (p.82)

Q: One pig is in a barn. Surface area for the pig is 2 m?. The barn is 10m x 20m x
3m. The pig exchanges thermal radiation with the inside walls of the barn.
Estimate the angle factor from the pig to the barn and the barn back t the pig.

Sol:

Barn inside surface: 2 * (10*20+10*3+20*3) = 580 m?
Foi=Fi2*A1/A2=1*2/580=0.00345
Fo2=1-Fx1 =1-0.00345=0.99655

Ex. 3-14: (p.82)
Continue of example 3-13, find the angle factor :
1. Between the ceiling and floor (configuration 1)

2. Between the 3 m x 10 m end wall and an adjacent 3 m x 20 m sidewall.

First use the angle factor graphs to solve and then use the equations listed in
Appendix 3-4.

Angle factor algebra:

Ar*Fr2=A1 *Froat A1 * Frob o, (3-51)
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Aza
Ala Alb
AbFib20 = A1 F1ob = Ata Flaob  coveenveeeeee e (3-52)
AR = A1 F1o = AL Floa oo (3-53)
AtaF1a20 = Ata F1a2 - Ata Fla2a coveeveeee e (3-54)
Fio =1/ (Al) _[ Faa1-A2 QAL oo (3-55)
Al

Foq= _[ OF A 2o ALt ettt ettt (3-56)

Al

4 Tiew Factor

Y3333
g T
i 4g! : _
% Walue a= | 2p
q% Walue b=
2 i P
10 ; - ¥ 667
10 10 10
¥=alc 8a
=] .
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A2 surface 5 AT surface
=
b AT surface
b AT surface
C
a
8b. Configuration 1 9a. Configuration 2

Angle Factor for Configuration 2

1DD Fo======== == ==== - =
p-r=c'h=037 &« .
=
gx
- -1
10
£
2 Walue a=
=L
/ Walue b=
_____ Value c=
10 '
10
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[=3

\ A2 surface

[o8

o

[/

C
= dal

Configuration 3

Configuration 4

[=3

\ AL qurface

C

C

Configuration 5

Configuration 6

o

dal

%.

W

L)

Viewfactor.m

ISt

PN

viewfactorl.m

Configuration 7

10.
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3-4.6. Thermal Radiation Exchange #EETEACH#A

A small object (surface number 1) in large surroundings (surface number 2), the
net exchange of thermal radiation can be calculated,

Q2 = A1 0 (T14 - T24) .............................................................. (3-57)

Ex. 3-15 JE4E ex 3-13, RSA MY ERMEMAR 2m2 > #20hfy 35 [ C - f75F
AVERSS R Ry 0.9 EPNIREIHVERSA R Fy 10 € C o sFat RSB NIRET
FVERES EAACHA -

T1=35+273.15=308.15
T2 =10+ 273.15 = 283.15

i eq. 3-57 AJAI
q=(2) * (0.9) * 5.6697 * 108 * (308.15% — 283.15%)
= 264 W

H eq. 3-49 FETREHFERHGHANEE > AT -
q=2*0.9*5.6697 * 10 * 308.15*= 920 W

HEZ  EPERETHIN ARG HRR 2y 920 — 264 = 656 W

A{Fﬁ?‘ﬂ%élé?‘iﬁiﬁiﬁ)f‘%i% MEZICLERREE  BhEREL M2
N1 ES P A NN A SR B TR FCHART S AR, -
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More complicated thermal radiation exchange situations (skip)

JEFE Radiosity (B - JItiES]) Fyth—RHEFTES HAVATARER » GETE -
KRB BS S E > 40 NEATR > AT eq.3-58 515 -

EMRIN B - SAHAER - B p=l-a=1-¢
B=eWp+(1-8) Hooooooooe s (3-59)

The difference between radiosity (B) and irradiation (H) is the net energy flux
lost by an object by thermal radiation (X2 % positive {(XFE BV T2 1H)

GJA=B-H=eWp+(1-e) H—H....coooooeorrrrrrrrrrrnn, (3-59)
Q=€A (Wb -B)/(L-€) oo, (3-62)

Eq.3-62 applies to an object exchanging radiation with all objects in its radiation
surroundings.

For any one surface, I, the irradiation | is the sum of radiation received from all
other surfaces,

Hi Ai = ZFj-iBjAj ZZFi.ijAi .............................................. (3-63)
] ]
Hi —ZFi.ij .............................................................................. (3-64)
]

FH eq3-59 H] Al
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3-5.  &&& M (mix mode)ZEIE

3-6. EKEE Balance

Ex. 316 KBTS & RIS 600 Wim2. EIRHI KBTI
Ui 5 0.6 - ETHELR 22 G A EAT SV » ETHAIRE R 5 0.9 KZEHTRREAT A
Swinbank EEFZRETHE -

Tsky =0.0552 -I-airl'5 (3'67)

ERTHEL 2 M RAL AR SR BVEE - $TR(ABUR 30 WINPK, SESMRE R 25
[ C - RIFAWEEGRIR > #40EK 2 MKW, ETH FIERZER R 30 C» EIHRN
FRAELEE 22 RINVESE R 0.2 mPKIW. HLEARE EIFE T 7 B A 2 (B
Fi3 e SR BRI RETEN R AL -
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h = 30 Wim°K

Ty = 0.0552(25 C+273. 15)L3,
284.19 K (=11 C, or 14 K below air temperature).

gains = losses,
Q solar = 9 convective + 4" radiative + 94" conductive:

Absorbed solar flux is calculated as

sotar = (0.60) (600 W/m?) = 360 W/m?.
Convective heat loss is

q convective = NAT =30 W/m2K(Ty - 298.15 K).

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

Conductive heat transfer is (R = 2.2 E-:@to the inside air)
@ conductive = AT/ R = (Tyq - 303.15 K)/2.2 m2K/W.
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
radiation loss to the sky can be written

Q" radiaion = €us O (Tug - 284.19%)
= (0.9)(5.6697E-8)(Tys* - 65.228E + 8),

=5.1E-8T,* - 332.7.

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

+ (Tye- 303.15) / 2.2 + 5.1(Ty /100)% - 332.7
b S

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

1“3,1{ LHS

310 0911.89

305 9729.96

306 9766.23 'T f

306.5 0784.39 _ wh -

306.25 9775.31 - y

%mgmwﬂ1

= |

Tus = 306.25 K =306.25-273.15=33.1 °C

«) MATLAB Comunand Window

"File Edit ¥iew Window Help

AT 00" 44225 T A3 A+AFT +[AE)=0 D& =@ < @8 & ? |

Welcome to the Balance Calculator*
Ver. 1.2 (2001/108/4)
written by: Wei fang, Ph.D.
Professor
Dept. of Bio-Industrial mechatronics Engineering
Hational Taiwan University

Options: 1. Solving Ex3-9
2. Solving Ex3-16
3. Solving Ex3-17
4. Solving Ex3-18

[lzing Tab key to move, Double click to edit then prezs
Enter to un.

Please enter your option. (range: 1-4, @ to exit)

11. 7F Matlab Command Window ;i A |[& 12. 7+ Matlab Command Window g A
balance0. (For Ex.3-16) balancel. (For Ex.3-9,16-18)

PLEHERH BIESMEEHURE 331 & C) - R HEIH FREHRE -
WOREEIUE 1= N RIHNENY)E Shah 3 & R A -
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Ex.

2
R=2m KW R=02m Kw

'I'hls is a series thennal circuit, thus, temperature differences scale linearljr with
resistances. The temperature of the lower surface of the roof is

fs = 33.1 C+(2.0/2.2)(30 C-33.1 C)
= 303C.

3-17 Im=EAVIMET A A R EAZOUEASE - BEEEIIRE =
PRIZE SR 3 e B o g e B AT IR - RS E SN N T Al
56 mm, 46 mm> FE A S HIEMEE (I Ry 52 WImK. JIERZ Y2 SERE Ry
110 C - REIL/R R #E YN RIEDLE - IR EENZERR 22 C - JR =N
R B P EEST R Ry 10C -

BEe#E REERR G - RENVEGESR R 0.95 0 5EHEE BN = 2 R+
BERES /Y HivEZ/ VR - HE/ V2 ?

At the pipe’s surface,

Conductive gain = Radiative loss + Convective loss

IR B FERREH A S -

R REA 0.1759 m* AYZREH -
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BESEEE > [HESNREFVERESTRATT -

IEVEHE R EN ZEEE R/ NIRRT - Angle factor B3Ry 1 - 1B HEHRAT
E’Jf’?&?ﬁé’iﬁ%ﬁﬂ?

SPREMEIR B Rl A ER @R B 2% © & Eq 3-34 {5t a] Al

WIRE R RAEEZ G/ NR EE - PIHARRR - (R —EZER > AT
PARTDMR B E RV EER AR 3-2 (p.65) iast 3-40.

TV 22 AT S AT SR AR B T

Conductive gain = Radiative loss + Convective loss

5.386*(Ts/100)*+2.713*(Ts-295.15)15+9441*Ts-3617760 = 0

A

KRG Ts=382.9967 K » {X[m] Lx( - KLU I
& 1542 Wim?
B o 812wim?
75 730 Wim?

e
it

3

[uy
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AL*(TS/100)* + A2 * (Ts-A3)™ + A5*Ts + A6 = 0

Conduction related parameters: A5, A6
Convection related parameters: A2, A3, A4
Radiation related parameters: Al, A6

Ex. 3-18 E{E LA > Q@EBUNE R RV BVEE GRS E R MR SR EE -
The thermal conductivity of the pipe wall influences terms A5 and A6 of equation
3-69.

=101 %]

Example 3-18

3580

)
=2
o

[45)
o
(]

Termperature, Kelvin

350

log10(Thermal conductivity)

& 13. Z" Matlab ACommand Window g A Balancel(‘4”) A9 4552

3-7. HMEMENWE S —HIREAE

BOTEERAVES » BIHEERN EEAE hr > B ERRIBGESR o IR Ry
q“: hr (Ts — Ta) ...................................................................... (3'70)

Q=+ ) (Ts=Ta) oo, (3-71)

G 3-70 B F.3-57 (NIRGAE R ZE SRR BSHR) Ehi (BE: Ts Bl K Ta)
Q=16 (T1mT2%) e, (3-57)
g ;
hr (T1 — Ta) = £10 (T14-T24)
h= g1 (T14-T24)/(T1-Ta) ...................................................... (3-72)

If T2 =Ta, Al<<A2, T1-Ta << T1, eq3-72 can be simplified.
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hr: 4 €10 (TaveS) ..................................................................... (3'73)

Where, Tave = 05 (Tl + Ta)

3-8. PHRMZEFREVFIE

Ex. 3-19 (p.100) fhEGEE P22 E T HYEH > BEe P 22 Bl T YR E Ry 90
mm > ZANSNERE ARy 20 FECEL -10 FEC -

(B H 22 B AR 2= Ry 10K
BN R AV EERSR R Fy 0.9
H eq. 3-74 H3KET

E= [(1/0.9)+ (1/0.9) -1]*=0.82

FHA & > P 2L

position of air space J& Vvertical

Direction of heat flow £ horizontal

Fifffek 3-6 (p.398) A &f+

Mean airspace T = 10 K, airspace thickness 88.9 mm, effective cavity
emittance of 0.82,

dT = 16.7 K = thermal resistance of 0.16 m?K/W

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

In our design condition dT = 10 K, we can estimate the actual
thermal resistance will be 0.17 m?K/W.
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MRANEIREENNEE (WaEM)

EOREET AR T AR ADR R - BriEn i m & F R e ST RIS RE B B E
Z > FEATNEFURZZEG - RAURER T2 > ARCREESNRE & Ts 0 i
FEFTIERALREE By Tt o ERRF LIRS EAREDRE ST - & ISR A E
B o FTLUR R I_JEHTEE%%/\

4 4
hA(T, —T,) =cAse(T, —T.)
Horp A BB SR AT TR - E AR -

B REKER RS ST 2 % 5 0.9 » mE—aBEEN > FoiE 20T - H
B BAEENE - NEERE A 5C ~ (REURE AT ERIR AV EIR BB (A5 8.3
W/m?C » SRERAVZE RIETE -

Sol: (8.3) * (T2 — 293.15) = 5.669 * 0.9 * ((293.15/100) — (278.15)%)
T,=301.6 K=28.6 C

E RIS SRR R 28.6 C o RERAIER 20 C > f714F 8.6 CHYsRZEN
JRRFER R “rZKEf,ﬁi > [ 1 B N BR RN BT A 7 s o
HAEHRSE T » Tt=Ts, > T2 =Tt

|
7

S

t

|
q h, T2 '\T
|

B 14. e s AR B Ea f

3-9. HLRASHVEESIRAH
ZE5R T COx & B BRI N & RA VIR BT &
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Chapter 3. Homework

1. Text Book p.104 ZE /1.

Radiation T

2. Av4E B> curtain BYHAVCURIERMBEH R > curtain £J7 Air Temperature
B Radiation Temperature 4755 40 B 50°C » curtain F HHYAir
Temperature B Radiation Temperature [5_ERE > For maximum thermal

comfort, should the foil side of the curtain be on the upper or lower
side of the curtain?

Air T Radiation T

3. 8% B > g curtain AHRINZERRE > EEREERE 38, 1mm » HAK g
N2 225 mean Temperature BLRIHITE A5y Bl By 32.2°CEL 5.6°C >
MZEAEH EEA T HEH T HEA ETNE S T 55— VI E R
&% o (ref to p398 Appendix3-6)
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