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Chap. 5. Steady-State Energy and mass Balance
nERFETEFLREAAT

5-1. Introduction
ERAS B AF LR KE ZHEEEL
1. #£+#17% # Control Volumes,
2. it & = = Conservation of Energy;,
3. # & = & Conservation of Mass.
Processes in thermodynamics, fluid mechanics, and heat transfer can be viewed
in two ways:
1. To examine a process with a focus on its internal features.
2. To enclose the process with an imaginary boundary and examine only what

passes across the boundary. (Control Volume approach, black box approach)

B # = |5 (Sensible energy balance) 4 47 1 & 45 : (K] 5-1)
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Bl 51 B# =AYl &3
Gains - Losses = Change of Storage

Steady state means no change of storage, thus, Gains= Losses.

st Om* Osot Ot Qvi = Quw* gf+ Qe+ Quo--------- 51
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¥ £ = {2 (Mass balance) 4 171 &t =5 © (B 5-2)
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5-2. Components of the Sensible Energy Balance

5-2.1 Sensible heat produced by Animals, (s
® Appendix 5-1. P403
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Example 5-1. 3# 4 100 g 590 kg 5+ » st 12°C xR T el g 4 £ o
Determine the sensible heat production from 100 (590kg) dairy cows housed in a barn
at 12 C.

Qs)s00kg = 1.2 + (2/5)(1.5-1.2) = 1.32 W/kg

Qs)s500kg = 1.32 * 500 = 660 W/cow@500 kg

Os)590kg = 660 * (590/500)% 73 = 745 W/cow@590 kg

Qs)s90kg = 100 cows * 745 = 74500 W = 74.5 kW

Example5-2. #& = - A 5@ kK2 g AT 500kg L2 hlgsi a4 £ o
¥ & % Excel ¥ 2 .;4,;\37\\:‘ mF“}‘J‘/"\’H—‘ Eﬂfﬂc‘ mkﬁfﬁﬁﬁb o T B E (R
*  Matlab # 8 cofg 3¢ o %J polynom - &2 4 - BT : ¥ Polyfit
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Os)500 kg = 1.86 — 3.074x107 tair — 5.268 X 107 (t air)?
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snell_law(1l) » A2 3 BARE

#  Polymnomial Beg o Equations for Dadoy Cosw
M oizture production [in maskass] = 0.217171+ [0.0045486)°T + [0.00019848)T °2
Latent heat production [in ' Akg] = 0.52148+ [0.011559)*T + [0.00057509)T ™2
Senzible heat production [in % /kg) = 1.8803+ [-0.030741 T + [-0.00052683T 2
Tatal heat production [in % kg) = 23818+ [-0.01 31 82)°T + [4.8258-005)T *2

where, T in degree C
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5-2.2 Mechanically Produced Heat, (m

D 8% Polyfit & fplot 45 4
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Example5-3. %44 12m % ~40m £ > @ * FEFARP > F L2 = o
Fr AOW> B % LEF A 20% # F o ¥ ok p gLl

BALEF o

Sol: 40*12*40* 1.2 =23000 W =23 kW

5-2.3 Solar Heat Gain, (so

2oz (absorptance, o) ~ & &I (reflectance, p) ~ % i I (transmittance, t)
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Absorption
% & 14 #ic(extinction coefficient, K, in mm™)
7 % pE4t (path length, L, in mm)

-dly =1 Ky dx (5-3)

=1 -eXp (-KL) -mm-mmmmmm oo (5-4)
e

thickness, x L }Cldent

absorbed

reflected
L = x/cos ©
o =1 - exp(kL)

7\

N\ transmitted

Example 5-4 ;ﬁ—;ﬂa WiE 3mm BB - kI and-r xSk A e T F
Calculate the solar absorptance at normal incident angle for insolation passing
through ordinary window glass 3 mm thick.

Sol: d % 5-1 ¥4r> & %#s: 0.03mm?
d eq5-4,a=1-exp (-KL) = 1- exp(-0.03 * 3) = 0.0861
£ 86% FRMEEHIPIFARATT o

Reflection & &¢
37 &+ & (refractive index)
n = sing / sinf (5-5)
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ABT incident reflected [z &f

refracted %ﬁlﬁlq‘
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Snell's law:
Pparallel= SIN*((-0)/ SIN*(9+0) ------nmmmmmmmmmmmmmmmmmmmmooooeeeeeeeee (5-6a)
Pperpendicular— tan(9-0)/ tan?(@+0) --------------nnnmmmmmmmmmmooeeeae (5-6b)

Example 5-5. & ~ sty sg g » 5t & 5 50 Rt B R T8 2 o chfTid oo
Determine the two components (parallel and perpendicular) of reflectance of light
irradiating a glass surface at an angle of 50 degrees.

6 =arcsin (sin50°/1. 50) =30.7°

Pparaliel = SiN?(50 — 30.7) / sin?(50 + 30.7) = 0.112
Pperpendicular = tan2(50 — 30.7) / tan2(50 + 30.7) =0.003
Paverage = (0.112 + 0.003) / 2 = 0.058

@?l » osnell law(2) » B35 2 o » 8¢ & TehF B4 o A AT 40T

Sl -
R Tehble 5-2. Refractive indices for light in the visible
g ‘ wavehand.
o 40
322 Material Refractive Index
o air CL00
=t window glass 150w 1.55
Tedlar® {polyvinyl fluoride) 1.45
08
B s Myla:a‘ {polyethyicne terephthalate) 1.64
5 2‘2‘ Teflon® (fluorinated cthylene propylene} 1.34

%rademark of E1. DuPont de Netows, Willmington, DE.
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Figure 5-4. Reflectance (specular) for light incident on glass as a function of the
angle of incidence.

Transmittance % i% &
Stokes' equations

Pactual=pPs * (14Ts* Tactual) ~==-============mmmmmmmmmmrmmm oo (5-7a)
Tactual =Ts *(1-ps) 2] (1'P32Ts 2) ------------------------------------ (5-7b)
Oactual = 1 - Tactual - Pactual = (1'[35)( 1'Ts)/ (l'PsTs) """"""" (5-7c)

Example 5-6. » #+ & % 50 A& > 33~ & * Hrav 5 500 W/m? sk 5 5 1 3 mm - 44

BRI GG PR FEEF MY e F  FEF AR HF L LY

3 mm
#lfa_s = 0039353 \ |'0—>|
Tao_z=0.90061 incident
Rha_actual = 0.099307

Tao_achual = 0.50191 500 absorbed
Alfa_actual = 0.098737 t
Reflective Radiation = 49.6537 Wim"2
Abzorbed Radiation = 493934 wW/im™2

Transmitted Radiation = 40,9529 w/m"2 reflected

/ EES transmitted

L =3 mm/cos (30.7°) = 3.49 mm
as=1-exp (- 0.03 mm?*3.49 mm) = 0.099
1s = 1.0 — 0.099 = 0.901

0.901%(1 — 0.058)°

et = 0.058(1+ 5 2 = 0.100
Pactual [ 1 — 0.052< 0,901
0.901 (1—0.058)° 0.802
Tocrual — - 2 2/ =
aotual [:1_ 0.0582 ﬂgﬂltj

Q actual = 1.0 — 0.100 — 0.802 = 0.098
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5-2.4. Heating System, Qh
5-2.5. \entilation, Qi and Qvo

o = Qi = L1006*PY (ti-to) —-mmmmmmrmrmrmrmrmemememememememmnnees (5-8)

5-2.6. Structural Heat Loss, Qw
O =2 (AVR)n*(tito) ======mmmmmmmmmmmmm oo (5-9)

5-2.7. Heat exchange with the floor, gt
gr = F*P*(ti-to)

5-2.8. Evaporation, Qe

S T
barns wash water, animal wastes and animal's respiration
greenhouses | floors and benches when water is spilled, from the surface of
the potting medium, and from transpiration by plants.

As a rough rule, insolation which passes through the greenhouse cover can be
partitioned into 5 categories.

50 % Converted to sensible heat added to the air
25 % Added to the air as latent heat

10 % Reflected back to the outside

2-3% Used in photosynthesis

12 -13%  Stored in the intrinsic thermal mass to be released later

5-3. Uses of the Sensible Energy Balance
s+ Om+ gsot gh+ Qvi = Qw+t gf+ Qe+ Quo -=====================--- (5-1)

Os + Om+ Qso + qh =2 UA(ti-to) + FP(ti-to) + Qe + 1006p\/ (ti-to) --(5-10)

* > Animal housing » * 3¢ § 5 3EF ff 1t S B

Qs = (S UA+ FP+ 1006pY )(ti-to)----mrrmrmremrmsrmsmmrmsmseoeneees (5-11)
ti = to+Qs /(Z UA+ FP+ 1006pY ) --orememememrmmmemememememeememes (5-12)
V =[Gs- (£ UA+ FP) (tito)] / [1006p(ti-to)] ~-r-remememrmremememeev (5-13)
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Example 5-7 -33* 5 & T HFEE TR Rl b b £ X (M3fs) 12 fadFse 2 &%
15 B C- /33 500 m->60 gg-L35 580kg s* 2 »#~ X g ~ % & ~ P 2
% A% & B 5 274 ~520,12, 15 m? > #pe ik A 5 2.05, 1.97, 0.3, 0.49 m?K/W >
¥ & 110m- ¥ R A& FF LSWMK> v F R SR Cr EpRAE 70% -
BREE B EREET PN F PP BT LLERTE o

The attic is well ventilated. The animal heat data for fairy cows in Appendix 5-1

reflect net sensible heat after latent heat conversion has been deducted.

Sol: YUA =X A/R=274/2.05+ 520/1.97 + 12/0.3 + 15/0.49 = 470 W/K
F*P =15* 110 = 165 W/K
QOs)so0kg = 1.2 W/kg at 15 degree C
Qs =60 * 1.2 * 500 * (580/500)°"** = 40000 W = 40 kW
From eq. 5-13, Ventilation rate = [40000 — (470 + 165)*20] / [1006*1.14 * 20]
=1.2m%s =1.14 kg/m® * 1.2 m*/s = 1.37 kg/s

Example 5-8. ' 38 » Bk S MZAaFd b b EF0OmYs i afdf Wi
FR b R RS s pREE R ISR Co

to=ti - Gs/(Z UA+FP+ 1006pY ) =-mrmmmemmmemmemmmemmemmeces (5-12b)
= 15— 40000 / (470 + 165 + 1006*1.14*0.9) = - 9 deg.C

Example5-9. Ft 48 XA A £F 5 2m¥s  ZREREHFBARC?
ki Qs iR ZEEREE

BREMNZFBAEL LISkgm® s S kg s A 2 £ 5 45 KW
ti= -5 + 45000 / [470+165+1006*1.15*2] = 10.3 deg.C
Now check the assumption
At indoor T=10.3 deg.C, q’s = 1.5 + (0.3/5)(1.2-1.5) = 1.48 W/kg
s = 60 * 1.48 * 500 * (580/500)%734 = 49500 W = 49.5 kW
PEF P BERES O MRBEXIF O RRAEERAL ZMNET
EATEEXEMNZF BA L L16kg/m® Sk A 2 £ 5 48kW
ti= -5 + 48000 / [470+165+1006*1.15*2] = 11.2 deg.C
Now check the assumption
At indoor T=11.2 deg.C, q’s = 1.5 + (1.2/5)(1.2-1.5) = 1.4 W/kg
s = 60 * 1.4 * 500 * (580/500)%734 = 47000 W = 47 kW
PEFVRRE] O BRBEXRFFE I RASERALENS R
EAZpREET RN AERL 1L RCo
FREZFRARL L16kg/m s Rk A A 4 B 5 475 KW
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5-4. Components of the Mass Balance, Humidity

5-4.1. Moisture Production From Animals

Example 5-10. % £ p 7 40,60,80 = 7= fa & 100 5f » 2 f BdF &
BCHEALE-HFRFNZH "F 5 b kA A i adEfE o (Appendix 5-1. p.403)

100 * (24+28+31) / 10° = 0.0083 kg/s

Example 5-11. # £ p 5 100 8 570 kg #52 > 53-8 210 & C 2R 7 vk A~

1

AL F o ik s LFARABG IR F L AFRE ?

Moisture production rate = 0.28 * (570/500)°"** = 0.31 mg/kg-s
mp = 0.31 mg/kg-s (570 kg)(100 cows)(1.0 x 10~ kg/mg) = 0.0157 kg/s

5-4.2. Ventilation, myi and myo

Myi = PoV MV gmm e mm e e e e e (5-14)

Myvo = PiVi Wi mmmmm o e (5'15)

5-5. Uses of the Mass Balance, Moisture
Mair = Mwater / (Wi = W) === == mmm e o oo (5-16)
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Example 5-12. F %t £ 3% #1000 m» 474 3 § 87 T 3988 € 1.8 kg ek 3 3o
FEECBRA20°C55%  saIFFE N S 23°C~T0% ApEHIR AR PFeh
bR EFFTRSS?

At 23 °C indoor, MP = (0.97 + 1.19)/2 = 1.08 mg/kg.s
Muwater = 30000 * 1.8 * 1.08 = 58320 mg/s = 0.05832 kg/s
Wo = 0.000393 kg/kg DA at -20 °C and 55% RH outdoor
Wi =0.013919 kg/kg DA at 23 °C and 70 % RH indoor

From eq. 5-16,

Mair = (0.05832)/(0.013919 — 0.000393) = 4.3 kg/s (Dry Air)
Mair = 4.3 * (1 + 0.013919 ) = 4.36 kg/s (Moist Air)

Vair = 4.36 kg/s / 1.03 kg/m® = 4.23 m®/s

5-6. Components of the Mass Balance, Carbon Dioxide
5-6.1. Carbon Dioxide produced By Animals

1 L of CO2 is produced, on the average, for every 24.6 kJ of total heat added to
the environment by an animal. (1 L/s CO, = 24.6 kW)

5-7. Uses of the Mass Balance, Carbon Dioxide
< F ¢ enz it pE R K & 345 ppm (parts per million, #84% vt &) 0 4p § 3T
345 x 1.519 = 524 mg of CO2/kg of Air.

Example 5-13. i+ 6] 3+ Eh £F 5 43m¥s T ez p CO2% £ -
Vp + Vi = Vo
Qrotal = 30000 * 1.8 * (6.6+6.8)/2 = 361800 W = 361.8 kW
Vp =361.8/24.6 =14.7 L/s = 0.0147 m®/s
0.0147 + [4.3 m*/s * 0.000345 ] = [4.3 m*/s * CO2indgoor]
CO2indoor = 0.003764 = 3764 ppm

10
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Example 5-14. /% 5 0 m &A% 5 3000 m* =g 3 » FIHF 4 LRk f 5 5
0.75 ACH (air change per hour) » B 2 7 # B & 20°C > 4p$HiR2 & 70 % »
B COER 5 345 ppmo g % p 4 % COz 2k & ¥ 1000 ppm (1519 mg/kg)
MEAES A RS R CO A S 50 ko/s? Bk 1kgCO2 =
20 A0 EE A UKD

Sol:

Tar@ 20 °C, RHair@ 70 % > % # % A 1.18 kg/m?

Mair = 1.18 kg/m® * 3000 * 0.75 /3600 = 0.7375 kg/s

Mvo = 0.7375 kg/s * 1.519 * (1000 — 345) = 733.8 mg/s = 2.64 kg/hr

I A M 264%24%20=1267 & 0 Fl i ke (0% g w - 4 o

11
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Home Work

Text Book ex 5-3 on p171 of Textbook. (i * POLYNOM #z;%)

Text Book ex 5-5.

Text Book ex 5-6.

Text Book ex 5-7.

Text Book ex 5-8.

i+ * pl65-166 example 5-12 ek & ey > & B35 & BiF g p KRR
23T 7T0%RH pF#7F 2 3 b & (ventilation rate) » v = § 2+
o)oKk 2 tHE R 510, 15, 20, 25,30°C 0 R A 5 50, 75,90% ° § iR
A 23 C P € kb kg o Bk RS S 5% R AT & o (LR
ERLRERBERKNTREZENE RPE PR P RS

"o F L RE 4 s ity 2 "faﬁ S0 5 bokix A R P @
* 5 4 f;‘;;pg)
Required ¥R R 50%

Ventilation rate  [«f ;g 10 [#F;@ 15 |8 20 |7F:@ 25 [#F:8 30
aqg k4] 23C
bR & 241 70%
Max (a, b at 50%)
Required i EHRR T5%
Ventilation rate  [«f ;g 10 [#F;@ 15 |8 20 |7F:@ 25 [#F:8 30
aqg R4 23C
bR R ¥4 70%
Max (a, b at 75%)
Required iR R 90%
Ventilation rate  [+;@ 10 [¢} ;2 15 [¢F:g 20 |[¢F:E 25 [#F:8 30
a i R ¥4 23C
bR R #3241 70%
Max (a, b at 90%)

Bt AEerR A hd ¢ i Max(a,b) 44 ¢ (10-30C)F 12 g B E
BRI IPET = iEd & o

Text Book ex 5-9 :x* Matlab # & #23:% (& £f% Ti).

Text Book ex 5-12 :z* Matlab # & 25 (i * psy.m ¥ = functions
A2 Humidity ratio).

12



