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Ch.5 Steady-State Energy and Mass Balance
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Steady-state thermal analysis is evaluating the thermal equilibrium of a system in which
the temperature remains constant over time. Energy and mass balance deals with the

conservation of energy and conservation of mass laws to open systems or control volumes of
interest.



5-1. Introduction

x4 % % Control Volumes

it £ = 2 Conservation of Energy
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Processes in thermodynamics, fluid mechanics, and heat transfer can be viewed in
two ways:
1. Toexamine 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)
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=}z Conservation of Mass

The general balance equation can be written as
Accumulation = Input + Generation - Output - Consumption



A #1 = = (Sensible energy balance) 4 7 1 & {78 * ([§]5-1)
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Gains - Losses = Change of Storage
Steady state means no change of storage, thus, Gains = Losses
Qs tOnt Uso t0,*tQy =0wt 0t Je + Ovo ...eq.5-1



7 & < = (Mass balance) ~ 47 i & = 38 © (R]5-2)
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5-2. Components of the Sensible Energy Balance

5-2.1 Sensible heat produced by Animals, g,
Appendix 5-1. P403

MP : moisture production
LHP: latent heat production
SHP: sensible heat production
THP: total heat production
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Ex. 5-1 3% & 1005F 590 kgt 2 » ot 129C3 8 ™ crlg# 4 4 £

Determine the sensible heat production from 100 (590kg) dairy cows
housed in a barn at 12 C.

0)500Kkg = 1.2 + (2/5)(1.5-1.2) = 1.32 Wi/kg
Q,)500kg = 1.32 * 500 = 660 W/cow@500 kg

0,)590kg = 660 * (590/500)° 734 = 745 W/cow@590 kg
Q.)590kg = 100 cows * 745 = 74500 W = 74.5 kW
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snell_law(1) - 24 & BARE @ 5% Polyfit & fplot 45 £

Latent heat praduction [in % fkg] = 0.52148+ [0.01 1559)T + [0.00057509)T *2
Senzible heat production [in'Ag) = 1.8603+ [-0.030741 T + [-0.00052683)<T "2
Tatal heat production [in ' kg) = 23818+ [-0.0191827T + [4.8258e-005)*T "2

where, T ih deqgree C

+  Moisture and heat produced bar 500 kg Dader cow ]
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5-2.2 Mechanically Produced Heat, g,

EX.5-3% 44 12m % ~40m & > &% ¥ LB @
o frier JOW BK % LEF P A H20% # 5
pER O RE LS o

Sol: 40*12*40*1.2=23000W =23 kW
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5-2.3 Solar Heat Gain, g,

Sz & (absorptance, o)
F &% % (reflectance, p)
7 % ¥ (transmittance, 1)

N

iIncident

reflected

»

absorbed

transmitted
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Absorption
% B 7% Bc(extinction coefficient, K, in mm-1)
5 % JEAE (path length, L, in mm)
dl, =1, K, dx ...€q.5-3
a=1-exp (-KL) ...eq.5-4

thickness, x

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

N NN NN

L = x/cos ©
O =1-ex



EX.5-4 #2+ 8@ 1 3mm BB - g end-8 ~ 5k R i o ¥

Fp B 7T
Calculate the solar absorptance at normal incident angle for insolation
passing through ordinary window glass 3 mm thick.

Sol:

d £ 5-1¥ &> £ %#Hc: 0.03mm-1
d eq5-4,0=1-exp (-KL) = 1- exp(-0.03 * 3) = 0.0861
X86% sk MEFBHIF AR TT o



Reflection & &+
18+ 3 (refractive index)
n =sing / sind ...0.5-5

A& incident

.....................

| B15-3. sk SR S| 535 P MR PEAR B ch o B F g9t 4
Snell's law:

Pparallel= SiN*(p-0)/ sin*(p+0) ... eq.5-6a

... €9.5-6b
Pperpendicular— tan®(¢-0)/ tan®(¢+0) -

paverage = (pparallel + pperpendicular)/ 2

14



EX. 5-5 %4 » st gL 3 (N=1.5) BF » 5 & 5 50R » 33 B KT8 =+ % ik

Determine the two components (parallel and perpendicular) of reflectance of light
Irradiating a glass surface at an angle of 50 degrees.

Table 5-2, Refractive indices for light in the visible

waveband.
Matu_:riatm Refractive Index O = arcsin (Sin 50°/1.50) =30.7° ;}frkxj‘ %
indow glas 150t 1ss  Pparatiel = SIN2(50 —30.7) / sin?(50 + 30.7) = 0.112
Tedlar® (polyvinyl fluoride) 1.45 Pperpendicular = tan?(50 — 30.7) / tan?(50 + 30.7) = 0.003
M:,rlzu‘:'l {polyethyicne terephthalate ) 1.64 — —
Teflon® (fluorinated ¢thylene propylene} 1.34 paverage (0'112 ¥ 0.003) /2=0058

Arademark of E.I. DuPont de Nemouss, Willmington, DE.
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Figure 5-4. Reflectance (specular) for light incident on glass as a function of the
angle of incidence.
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Transmittance % i3

Stokes' equations

E bk
pactual ps (1 t71 Tactual)

Tactual T (1 ps)Z/(l ps

T &

OLactual 1- T actual ~ pactual

- (1 ps)(l Ts)/(l_psrs)

.i
>4
=

T5°)

V4
A}

\ rol—

incident

retlected

0 o

...eq.5-7a

...eq.5-7b

...eq.5-7c

o+t =1

transmitted



2
X.5-5 ¢ s P=0.058
snell law(3) » 2 2 4L % 4+ T

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

o IIFI)EB - 0.901%(1—0.058)% 0100
Paceuar = 0.058(1 + 0 0012~ O
s (1— 0.058)°
T ey = 0.901( ) = 0.802
1— 0.058% 0.901°
Olocryq = 1.0 —0.100 — 0.802 = 0.098

f
e L FE’T’) BT S

N\

incident

reflected |- -

e

# Bwb-a Btokes E|:1'1_1.:E|.TiIII]1

v & 500 W/m? &k 41 5183 mm-—
FHFER HFE

o+t = 1

transmitted

=100 ]

Alfa_s = 0033338
Tao_==01390061

Fho_
Tao_actual =
Alfa_

Abhzarbed FHadiation

actual = 0.099307
0807191

actual = 0.098757
Feflective Radiation = 496537 W/im™2

= 49,3934 W/m" 2

Transmitted Badiation = 4009529 W /™2
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THEORETICAL INVESTIGATION OF SOLAR RADIATION PROPERTIES OF
MULTI-LAYER GLAZINGS — PART |. USING RAY TRACING TECHNIQUE

More details
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http://140.112.183.23/eBook/GH%E8%A2%AB%E8%A6%86.pdf

A =1-p

Intensity B, = A(1~a) = (1-p,)1,
= 1 p E I AIH BE = ISIPS:PS{] _pa}rs

91. C = Bi(l-p,) =(1-p)
3ur-:ﬂce Dl = B2(1 _"-15} :Pﬁ(l_Ps)Taz

1)2 = I)IPs :psz(] - Ps}rsg
E = Di(1-p:) =p.(1-p.)

surface - —--— Fi = Dol -a,) =p(1-p)z’

2 F: = Fips=p (1 - po)tdd
AlIR G = Fi(1-p) =p(1 —ps)?cs
Hi = Fo1-a) =p3(1 - ps)r

Figure 1 A schematic diagram of ray tracing H: = Hips=p*(1 - ps)tst
technique on single layer glazing [ = Hi(1-p,)=pd(1-p)t
I = Ho(1-a) =pH1-ps)t®

Transmissivity () = (C+ G + K +... )/1 I = Jpo=pi(1— p)rd
= (1-p) %+ p2 (1 - p)7’ 4 pM (1~ o)t K = Ji(1-p) =p!1-p)%0

+

----- ! » 4 Reflectivity (p) = (p. + E + 1 +....)/1

i B - o 4

- (1 ijlrj[I +Plr$ t Pilj-! + "'] :Pj-l'P_r(I P.'i)g 52+P:-Li(1 _P!}Erjl"* v
_ (1 —p)r, _ (1 - p)e ™ s o (1 - p)r/

1-pfts 1 ple ™t B 1= pT
= 0,(1 + t.r) Absorptivity (@) = 1-t-p




5-2.4. Heating System, g,

5-2.5. Ventilation, g,; and q,,
qvo - qvi = 1006 * P *V* (ti_to) ...eq.5-8

5-2.6. Structural Heat Loss, g,
qW =2 (A/R)* (t|'to) ...q.5-9

5-2.7. Heat exchange with the floor, g;
qf —F*pP* (tl-tO)



* 5-2.8. Evaporation, q,

B KA KR

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. i& » J§ F e E Ay ¥ A 2 T K< 5f

50 % Converted to sensible heat added to the air & 3% = & £
25 % Added to the air as latent heat # & = &4t
10%  Reflected back to the outside * &% ;8 % *F
2~3%  Used in photosynthesis ## {2 4~ 1 *
12~13% Stored in the intrinsic thermal mass to be released later 538 % p > f t f %



5-3. Uses of the Sensible Energy Balance

qs+qm+qso+qh+qvi :qw+qf+qe+qvo
qs T qm t qso T qh =2 UA(ti'to) + |:F)(ti'to) + Qe t 1006p V (ti'to)

* 2> Animal housing > F 34 ¢ 5 5 38 ¥ f it &\ B .

ds = (X UA + FP+ 1006pV)(t;-t,)
t. =t,+q, /(£ UA+ FP+ 1006pV )
V=1[q, - (£ UA+ FP) (t-t,)] / [L006p(t;-t,)]

...eq.5-1
...eq.5-10

...eq.5-11
...eq.5-12
...eq.5-13



EX.5-7T53 B T e T i b b £ F (M¥s) 1 agEst £ £ 15 ECo

4 #1500 m > 60 #g -T 35580 kg 5+ =+ :I%, CATE R P RE G 274 520,12,15m2 R ik
F & 2.05,1.97,0.3,049 m*K/W > % & 110 m > % & #4f F]+ L5W/mK > % -SERC FpRR 70%
o B EK S BZHEET P Ki)\iP\mgb‘%i"J? I!,CBX%*J‘E' °

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

2 UA =2 AIR=274/2.05 + 520/1.97 + 12/0.3 + 15/0.49 = 470 W/K
F*P=15* 110 = 165 W/K
Os)s00kg — 1-2 W/kg at 15 degree C
Qs =60 * 1.2 * 500 * (580/500)%734 = 40000 W = 40 kW
From eq. 5-13
Ventilation rate = [40000 — (470 + 165)*20] / [1006*1.14 * 20]
=1.2m3/s=1.14 kg/m3* 1.2 m3/s = 1.37 kg/s



EX. 5-8 %’P%z’ B Bt E AR b B 00 MYsr B S R
F F‘: ]‘mﬁx l'&/_w_ﬂ»\? ® B}’ ? j’é P)\ jz“.‘i/ii = @\.3}:‘:15}§C

to = ti - (s /(2 UA + F P+ 1006 p V) ...eq.5-12b
— 1540000 / (470 + 165 + 1006*1.14%0.9)
= 90C



EXS-OF 4 BRUER R EFZ2MYs ZPEEEEBCY
Sol: »4gt A q & f> ZEBHALE

BREMZFBA (p) 5 LISkg/ms > B4 WAgHLA S £ 5 45KkW
t. =-5+ 45000/ [470+165+1006*1.15*2] = 10.3 °C
Now check the assumption
Atindoor T =10.3°C, q,=1.5+(0.3/5)(1.2-1.5) = 1.48 W/kg
Q. =60 * 1.48 * 500 * (580/500)°734 = 49500 W = 49.5 kW
~ 0 B TF;»T»K P pE HERAL EFME T
E‘_%T:&& p 5 L16kg/m3 » - Hkp# 2 4 § 5 48 kW
t. =-5+ 48000/ [470+165+1006*1.15*2] = 11.2 °C
Now check the assumption
Atindoor T=11.2°C, g,=1.5+(1.2/5)(1.2-1.5) = 1.4 W/kg
Q. =60* 1.4 *500 * (580/500)%734 = 47000 W = 47 kW
O BR L BB R p 2 MMAA L 2N R
EXAIHAFET RLNZRAER S 1LC pi 116 kg/m3 »
kR A2 & 5 47.5kW



5-4, Components of the Mass Balance, Humidity

5-4.1. Moisture Production From Animals

EX. 5—10;%3%@11\”)3 40 60,80 = 7= fAf £ 1008F > ¥R B84 & 20°C >
Hi-@RpNZH% 5 5 Ka A w83 EL o (Appendix 5-1. p.403)

100 * (24+28+31) / 106 = 0.0083 kg/s

Fh

27



Moisture production rate = 0.28 * (570/500)%734 = 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

28



5-4.2. Ventilation, m, and m,

M, = P, Wo ...eq.5-14

mvo - pl WI eq5-15
mvi mvo
#mE R E N 20K dmad A EE ] 2re e
FOKAC SRR EE g T . FOkA S RN E

water 4—- animals

29



5-5. Uses of the Mass Balance, Moisture

ma Water/(W W) ...eq.5-16
EX5123";§3£7“’%/~\?‘3#‘1000m 5’%‘3 BT Iof 18Ky k ® Fdt 0 ¥ B IR
& 5-20°C ~55% > frisE g 5 23°C ~ 70 % AR $ IR FFEOE b b PP

At 23 °C indoor, MP = (0.97 + 1.19)/2 = 1.08 mg/kg.s
m,.... = 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 eqg. 5-16,

m.;. = (0.05832)/(0.013919 — 0.000393) = 4.3 kg/s (Dry Air)

m,. =4.3*(1+0.013919) = 4.36 kg/s (Moist Air)

V.. =4.36 kg/s/ 1.03 kg/m? =4.23 m3/s

alr 30



Extra topic: Moisture generated by fogging system and by plants

 Evapotranspiration = Evaporation + Transpiration

* Moisture generated by Fogging
« Moisture generated by plants


http://140.112.183.23/digital_GhEng/class7_%E6%A4%8D%E7%89%A9%E8%92%B8%E6%95%A3%E6%A8%A1%E5%BC%8F.pdf

5-6. Components of the Mass Balance, Carbon Dioxide

5-6.1. Carbon Dioxide produced by Animals

ONE liter of CO, 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)

32



5-7. Uses of the Mass Balance, Carbon Dioxide

1980 & e+ F ¢ chz- F i gk R 5 2345 ppm (parts per million,
R 6]) > 4p % 3 345 x 1.519 = 524 mg of CO,/kg of air.

P 2022 ~ 5 ¢ ez 3 Y pER S 410 ppm



Ex.5-12 & $ & 3074 41000 m » 49% 3§ 57 T 3948 £ 1.8 kg k 3 33 3
B 5 -200C~55%  friaiFEE N L23°CT0% ARSHRAE I b h B X F 50 9
EX.5-134+ &> 3+ B b £F 5 43m3sT éhg p CO,7 £
Vp +V,,=V,, AGIATPR B R E e
Oy = 30000 * 1.8 * (6.6+6.8)/2 = 361800 W = 361.8 kW
Vp =361.8/24.6 =14.7 L/s =0.0147 m3/s
0.0147 + [4.3 m3/s * 0.000345 ] = [4.3 m3/s * COy; 4o0]
CO = 0.003764 = 3764 ppm

2indoor
This concentration of carbon dioxide is well below the 5000 ppm limit used by g ARLTED SVES
OSHA for human occupation. However, if research were to discover that a DEPARTMENT OF LABOR

lower limit is preferred, a minimum ventilation rate might be based on carbon

dioxide rather than moisture control. Occupational Safety and Health Administration ”



Ex.5-14 /% # 5 O M 5 3000 Mg 3 » FI% B 3 L ¥R hdk § 5 5075
ACH (air change per hour) B EPN T A RAE200C ) Ap¥RAET0% 0 R % ¢
CO,k & 5 345 ppm B E P L COZ,f; }i 3] 1000 ppm (1519 mg/kg) 4 #& = &
Jf”’—‘v\ﬁ—f ) FFCOm#E #x3 5 kols? BEK 1kgCO, 220 ~ » = %

A

Sol L E S TR S 38 gt

Ta.r@ 20°C,RH,; @ 70 % > 7 # % & 1.18 kg/m?
m,;. = 1.18 kg/m3 * 3000 * 0.75 /3600 = 0.7375 kg/s
m,, - m, =0.7375 kg/s * 1.519 * (1000 — 345) = 733.8 mg/s = 2.64 kg/h

%9 K2 264 %24 %20 = 1267 = » F 5w B R (EF £ 4w — 4L o

Extra topic: Carbon Dioxide consumed by plants and enriched by equipment
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http://140.112.183.23/digital_GhEng/class6_%E4%BA%8C%E6%B0%A7%E5%8C%96%E7%A2%B3%E6%96%BD%E8%82%A5.pdf

& = 2 (Mass Balance) 4~ 47 1 & ﬁgu 17

mvi mVO
S b R N ey & BB b ALFE 2oy
BRI S R )R N CIINEE R e £
—_— T
Lo |
m
m .
wWrALEr il
bue:zmed 00 Fl g /“‘"“’\ °
':”’/”%TEE}.(COZ, NHg, HZO...) water 44— animals
% Vapor L /
A ke 28 FE= AL RS

CO2
R ket (3 4) _
mp+ mVI mvo

Fef e (22)
k& Er (G 42)
wH (o m, =m_ AH,

Myo = Mai AHi

mair — mp / (AHI - AHO)

SERAR DL



A 4. = 1= (Sensible energy balance) » 471 & 4= 35 : p *hE £ (temperature difference)

i £ < {2 (Energy Balance) 4 471 & $£ =38 @ p ¢ 2 £ (enthalpy difference)

s £ .L @‘] T
e A JEl 1o BT g—ﬁﬁ#ﬂ E‘ﬁ"Fﬂ
(s 577 d ot ak @ ki ClightsX(motoD g, *# - = T%}C‘i“)%@ T
O, 5P 7 d =g T aors qq‘ 3 & ?2%’@;(—' CRERTLE Y
a, m Wl Uf @ raedams

Oo ZF° 4 S BEF R

»q | (o FF° EREELFRDES

v » 2 e rZ2 S vo
SR Er» TR 5 (X vapor SRR PEETRFOTE (F
Ovi otz yhi0i g4 crmps q,, 584 4t S F (%
e ‘:; 4, e E LE L A VO P\m;F)ﬁ\j/erzJ m%ﬁ%@
ZRPd B ARERNS L A IO
4

B EsTL & gt;u 5

Gains - Losses = Change of Storage
Steady state means no change of storage, thus, Gains = Losses

Os* Om + Qo ¥ On T Ovi =CGw + s+ 0e * Quo

37




¥ F ep RBREE

i b £ = Mair (kg/min)
:ACM Vol (m3/min) / SV (m3/kg)

Wk i A g £ £ (kd/min)

= Mair * dh (kg/min * ki/kg)

v B R A ha ;gﬁagwa

d B8~ G /D

g,=U*A*(T,-T) 38T ek Of 2

dzpdfigd Shor g (hag
d §igser g (m oot

S+ Qo * G+ Gy = G * G e + o

TR R B ErE RS

SUE RN R



g Uso=0 mko F5/E4ce=0

wrkBAF AR 25P (Qui=(vo=0

e

AP A
d B8~ s EEE [ gk § R T AT B A

Qw =U*A*(T; - Tp)

AF A BRSER S 4R fF (T, RH > T, RHy)
Uh= Pair * VGH *dh (kg * ki/kg) — VGH * dh (m3* kJ/m?3)

P Rehek B g AR (B £) 0 Oy = par ¥ Ven TCP AT 0 § IR KT

%+%+qh+%:qw+}(+ge/|-%

Oh - Ow = pairVGH*dh'U*A*(Ti'To) =0



Ve *dh-U*A*(T-T) =0

Ve *dh+UxAa*(T -T) =0

4 Detail Info. of U value of ROOF — X

Suggested U value through various greenhouse glazing [P.V. \ql{ =

Covering Materials (Glazing) Heat Loss Coef. (U) Btu/ft"2/hiNg W/m*2/K

Glass , SINgle [aYer ......coovniiiiieee e 1.13 6.42

Glass , double-layer, 1/4-in (6 mm) Space ...........ccccovvvieeeiiieeeeiinnnnn, 0.65 3.69

Glass , triple-layer, 1/4-in (6 mm) SPaces ...........cccccoeeevvvieeeeiiieeennn. 0.47 2.67

Polyyinl Ghloride (PVG) o e s e e 0.92 5122

Fiberglass-reinforced plastic (FRP) .......ccoooeiiviiiiiiiiiiieeee, 12 6.81

ATyl SIngle!|ay et/ 8-in (S I ) s e TR 1 5.68

Acrylic, double-layer pannel (16 mm thick) ................ccooeeiiiiieennnnnn.s. 0.58 3.29

Acrylic, double-layer pannel (8 mm thick) .............cccooeeiiiiiiiiiiine. 0.64 3.63

Polycarbonate, double-layer pannel (16 mm thick) ............................. 0.58 3.29

Polycarbonate, double-layer pannel (6.5 mm thick)............................. 0.69 3.92

Polyethylene (PE) film, single layer (2,4,6 mil) .............cc.oeeeiiineee. 1.15 6.53

Polyethylene (PE) film, double layer ...............cccoovmiiiiiiiiiieeeee. 0.8 4.54

Polyester film MYIAN . e e s 1.05 5.96

Polyvinyl fluoride (PVF), Tedlar, single layer film................................. 1.05 5.96

Polyvinyl fluoride (PVF), double-layer film ............cccccoeiiiiiiiicinnnnnnene. 0.76 4.32 _




R A e e0"E R f e (KIhr), Oyi - Oy B E PN R f A (k)
= T, RH; > T,, RH
= pi: ACH * V, * /\h (kJ/kg) or On= Pair Ven ™ dh (kg * ki/kg) 1 R = 1o R,
= ACH* V., * Ah (kJ/m?) =Vgy * dh (m3* kJ/m?) 23 °C, 85%
Sl | . hl=Enthalpy =71.4
Ah: g ehE008 -z pogg dh: p 2RO T B N
A N ok B Al A S L% - =l R e ey 19 °C, 75%
T %&ig . E:%L o AR IR =2 F AR h2=Enthalpy = 53.68
G =U*A>(T,-T) = Vg * (ACH * A + dh) + UA dT ] dh=1772k/m?
—1]* A * *
=U*A*dT *3.6 S An=dh

dT: 28R - 2 08

=Vgy * (ACH + 1) * dh + UA AT




F #4014 %9 (RT) =3024 kcal/h = 12000 BTU = 3.52 kW

NGPEAR ATV =V aXAMRAR
B XA Apollo K1-K3

2022410858
Ver. 2.5 for Taiwan

[#%] 19°C (17°CWB., 85%RH)

- 2,880 m? 2 - a DHERE x1) 182.9 MWh
BE&HE | KER e £ 4,662 m BEEE e FA T~ 1737 °C-h
o d T BERGHEF

« Q=U*A*dT

e U=6.42W/m?K =6.42 J/(s.m?.K)
 A=4662 m?

e dT=23-19=4

e Q,=6.42*4662* 4 * 3.6 =430992 kJ/h

B E PN TSR (ACH = 2) #7134 4 e £
= (ACH)* A\h * (2880*5.5)
= 2% 17.72 (kJ/m?) * 2880 * 5.5 (m?) = 561,369 ki/h

B3k Ah=dh

22 -} r 2
EPMREATE B AR

N«
i
Q, =dh * (2880*5.5) = 17.72 (kJ/m?) * 2880 * 5.5 (m3) = 280,684.8 kJ

ZARF AN FEFPEEZE S ZEFAQ=n*(Q,+Q,) +Q
TAEFAER L Fm=0Q/n ki/h =Q/ (n*3600) kW =Q/ (n*3600*3.52) RT
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U 6.42 W/m2.K single glass
Asurface 4662 m?2 area of all glazing (roof + walls)
Afloor 2880 m2
Height 55 m GH volumn 15840 m3
T1 19 deg.C RHi 75 Hi 714
To 23 deg.C RHo 85 Ho 53.68 dH 17.72 kJ/m3
ACH due to leakage 0 1/hr o = A R4E - D/ ACH BV ENieiEs &
Time to reach the target 1 1.5 2 h
Ql: UA*dT 430,993 646,489 861,985 kJ
Q2: heat due to leakage (ACH) - - - kJ
Q3: heat indoor (1 Vol) 280,685 280,685 280,685 kJ
Heat to removed = Q1+Q2+Q3 711,677 927,174 1,142,670 kJ
Required cooling load of AC 711,677 618,116 571,335  kJ/h
198 172 159 kW
56.2 48.8 45.1 RT




FPR R K
U 6.42 W/m?2.K single glass
Asurface 4662 m?2 area of all glazing (roof + walls)
Afloor 2880 m2
Height 55m GH_volumn 15840 m3
T1 19 deg.C RHi 75 H 714
To 23 deg.C RHo 85 Ho 53.68 dH 17.72 kJ/m3
ACH due to leakage 0.4 1/hr BoRER R - D8/ NiF ACH B E NS ERTE
Time to reach the target | 1.5 2 h
Ql: UA*dT 430,993 646,489 861,985 kJ
Q2: heat due to leakage (ACH) 112,274 168,411 224,548 kJ
Q3: heat indoor (1 Vol) 280,685 280,685 280,685 kJ
Heat to removed = Q1+Q2+Q3 823,951 1,095,585 1,367,218 kJ
Required cooling load of AC 823,951 730,390 683,009  kJ/h
229 203 190 kW
65.0 57.6 53.9 RT
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U 6.42 W/m2.K single glass

Asurface 4662 m?2 area of all glazing (roof + walls)
Afloor 2880 m2
Height 5.5 m GH_volumn 15840 m3
T1 19 deg.C RHi 75 H 714
To 23 deg.C RHo 85 Ho 53.68 dH 17.72 kJ/m3
ACH due to leakage 0.6 1/hr o= A R DI/ N ACH B2 = NESiEET =
Time to reach the target | 1.5 2 h
Ql: UA*dT 430,993 646,489 861,985 kJ
Q2: heat due to leakage (ACH) 168,411 252,616 336,822 kJ
Q3: heat mdoor (1 Vol) 280,685 280,685 280,685 kJ

Heat to removed = Q1+Q2+Q3 880,088 1,179,790 1,479,492 kJ

Required cooling load of AC 880,088 786,527 739,746 kJ/h
244 218 205 kW

69.5 02.1 584 RT




{

A

-
A )

S
T

U

Asurface

Afloor

Height

T1

To

ACH due to leakage

FECT

\J
» »

6.42 W/m2.K
4662 m?2
2880 m2
55m
19 deg.C
23 deg.C
0.8 1/hr

single glass

area of all glazing (roof + walls)

GH_volumn 15840 m3

fEx

RHi 75 H 714
RHo 85 Ho 53.68 dH 17.72 kJ/m3
s 2= A mAE - DUBV/INF ACH V= NRGTEE TR

Time to reach the target

Ql: UA*dT

2: heat due to leakage (ACH)
Q3: heat indoor (1 Vol)

Heat to removed = Q1+Q2+Q3

1

1.5

430,993 646,489
224,548 336,822
280,685 280,685
936,225 1,263,995

Required cooling load of AC

936,225 842,004

260

234

73.9 66.5

2 h
861,985 K
449,006 K
280,685 K

1,591,766 kI
795,883 kI

221 kW
02.8 RT
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U 6.42 W/m2.K single glass

Asurface 4662 m?2 area of all glazing (roof + walls)
Afloor 2880 m?2
Height 55m GH volumn 15840 m3
T1 19 deg.C RHi 75 H 714
To 23 deg.C RHo &5 Ho 53.68 dH 17.72 kJ/m3
ACH due to leakage 1 1/hr EeoiE A RE > DI/ ACH B = NEetETH
Time to reach the target | 1.5 2 h
Ql: UA*dT 430,993 646,489 861,985 kJ
Q2: heat due to leakage (ACH) 280,685 421,027 561,370 kJ
Q3: heat indoor (1 Vol) 280,685 280,685 280,685 kJ

Heat to removed = Q1+Q2+Q3 992,362 1,348,201 1,704,040 kJ
Required cooling load of AC 992,362 898,801 852,020  kJ/h
276 250 237 kW

78.3 70.9 67.2 RT




Chap. 5 Home Work



1.+ * pl65-166 example 5-12:ehfk Mgy 0 A B3 B & B4F R PR R 5 23°CE

10%RHFF #1Z 2_3if h F (ventilation rate) » I v R K 2 %] o ;1;; = bR R 510, 15,
20, 25, 30°C > ,,&/iwo 5, 90%o ¥ ‘MR £ 3T23°CR gxe’zﬁwL # nﬁm KRS
5% > ;ﬁ‘?& T & oo (/1 p I ag /.w./fl‘fiff’L /F’-'*T #- é’-_%if‘] R g pORR ’%"TP !
PSS PRk U A SR A
F)

ip ¥R & 50%
*t£10 *tg15 h 820 *hE 25 “h 8 30

Required Ventilation rate

a8 & ¥ 4123°C
b.)& & ¥ 4]70%

MaxX (a, b at 50%)

AP ¥R R 75%
b8 10 | ¢+;815 *t 8 20 *t /825 *+ 8 30

Required Ventilation rate

AR K4 #123°C
bR & 3 +/70%
Max (a, b at 75%)

10 4178 2 90%
*hg10 | hp1s | ¢hE20 *h ;8 25 ;2 30

Required Ventilation rate

a g &5 4123°C
b.JR & #24170%

Max (a, b at 90%)




R b AT = g e aaMax(ab) B &3 7R (10-30°C) 4 1 g R
SRR R R 2 Ed R

. Text Book ex 5-9 :x* Matlab 3£ 3 2% (2 &2 Ti).

. Text Book ex 5-12 = * Matlab # % %3¢ (i¢ * psy.m © =functions
2 Humidity ratio).



Crop Assimilation / Net Photosynthesis
|CO, AL - ACH=20 B fE

400 vpm

ZNOHEFRS CO, RE
(380 > 290 vpm)

ORISR ESNEICEZE

(45 > 40 kg ha'1h-1)

o & M
&l 40 kg ha'h’!

ACH=20 h-! 132 kg ha'h’ ACH=3 h-!
125 kg ha'h'

ACO, B - ACH=3 BRfE
AT EFER SR COLRE
(750 > 450 vpm)
oJRIFERSHIEIEER
(55 > 48 kg ha''1h-1)

mEEEOSE: 6 m, JaE'-zjtlﬁﬂ:.iE'”ii 72 kg ha'1Th-1(2 mg m-2 s-1)"
=4 CO, iRJE: 400 vpm




Pn = f(Ci)

Stanghellini et.al., 2008

Pn = Pmax * C1/(C1+230) where Pmax = 72
Exact Pn C1 C1/(C1+230) Pn
55 750 0.765 55.1
4 450 0.662 47.6
4 380 0.623 44.9
4 290 0.558 40.2

S e OO




1. £x8&h(6m)
2. % ¢t CO,ik )i Co (400 ppm x 1.519-> mg CO,/kg air)
3. {47k & &  Pmax (72 kg/ha/h)

4. JF 3 ACH (3 20 h)
5. CO, 4 %i# & Cs (0, 180 kg/ha/h)

6. zp CO,k A Ci(ppm x 1.591 - mg/kg)
e 4~k & i & Pn (kg/ha/h)
8. CO, #r% i & Cexit (kg/ha/h)

~

¢ e S gk l~5edcE 0 R 2B 6~8 ehiE



