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a fool until he has stopped asking questions™

e Charles P. Steinmetz quotes (Prussian Engineer and Inventor,
1865-1923)
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ha=CGHG (16-7)

o= GG (16-8)
G 2-G YL

HP G HEGHARERBERENEEHAE > C > Cy>my > my > ny >
n iy I B B R 48 2 B O i 1R B 65 B e B 18 5 K B BOBREEDR) ~ SR KU
=EAR > MHEAENNELAR B EEH EEZEREE  RiE
BEEM L ARFEEREEERE - NI RRE A2 E G BIR R
€ NEE A ETF 20 50 B 7k B0 A0 B B pe B A Ae il < SR AVE (R B

Ua=CG"G] (16-9)

PS: 3 Fl=x B %5 5k 5u !
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L - E oL (D=0305m)fl* kRS ErE T F > BT F T
v /ﬂ-}iﬁ'350Km“§_ pOO6kg/S 2 ’}\m,, “E‘_}‘;OlSkg/Sm N T”/E'_

B 290K T & & r;féiﬁv «}\»m;f*—]v}”\«}\, N UL R S e o
X)F)Lié’f%mrﬁ &Z '} \-:' 31; % »1 | Lu!.}i 3295 Km,:ﬁ, :r\ ’ /q":}:

% § e, = 1007 JkgKa -k the, = 4180 Jkg K

—d
o

g © 4 (m) & @ Gk C m n
Rasching rings 0.025 hpa 26,680 0.51 0.63
0.025 hga 6,947 1.10 0.02
Rasching rings 0.038 hpa 46,060 0.48 0.75
0.038 hga 6,130 1.45 0.16
Intalox saddles 0.025 hpa 36,960 0.20 0.84
0.025 hga 7,228 1.01 0.25
Intalox saddles 0.038 hra 42,570 0.20 0.69
0.038 hga 6,174 1.38 0.10
Pall rings 0.025 hra 33,460 0.45 0.87
0.025 hga 5,065 1.12 0.33
Pall rings 0.038 hpa 32,910 0.31 0.80
0.038 hga 5,310 1.28 0.26
HyPak rings 0.030 hpa 43,670 0.15 0.76

0.030 hga 8,150 0.99 0.18
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B0t ARERDIER T RASURIVER - STt SAr KT B —EE A28 5
B E R RVE AREhal A B {7 fofmsZvE (R%EUa © Q= UadT, V> &
HASTEV, o RIAEIZ, = V/ABHIEMREE - SRR

(1) ST EEEMEEE 4 =n1D/4=n1x0.305*/4 =0.0731 m*
i,  0.15

2) G, =—L """ —2053ke/m>-s
(2) G, A 0.0731 g

m 0.06
3) G, =—9 = —0.821ke/m? -s
(3) Go A4 00731 g

(4) Bl 2 BEEVE L2 Al K Z i O
Q—chp’G(TG =T 0w )=0.06x1007x (350—295)=33231W
X Q — mch,L (TL,out o TL,in)

e 0 . __ 33231

Lout:.—+ Lin — +290:2953K
’ mpc,; 7 0.15x4180
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(5) B B R B 22 B - M 2 TR AT, - ST
(TG,in - TL,out)_ (TG,out - TL,in )
1 TG,in _TL,out
n
TG,out - TL,in

_ (350-2953)—(295-290)

350-2953
In
295-290

AT, = LMTD =

=20.8°C

(6) LLRaschig rings [ & °

h,a=CGrG =26680x0.821°" x2.053"% =37964

hoa=C,GlrGr> =6947x0.821"" x2.053°%% =5675

HH hoatd hpat{E 7] HI R A AV E 2/ ROR s e E - WL tE—#8E
BiaEEg  [REAREMEM - R REBHREMSER » 5] RIS HIHY
fHEL -

- 1 _ 1 _ 3
(7) Ua=|———|=— — =4937 W/m

+ +
hsa ha 5675 37964

(8) EEI Q = UaATmVT
Q0 33231
UaAT, 4937x20.8

=0.0324m*
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)F‘ﬁ‘ 15 B3 '#'(‘A 1B 3 Inp
h e (16-19)
hy poc,

H b h BEEAARE > hy5E EF{ZE > LefsLewis number (Le = a/D, =
Sc/Pr) » WZER-KER ALK E » IL{H =0.6/0.71 =0.845 > FrlL ¢

h

hypc,

=0.845%° = 0.894 (16-20)
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0.04 200 = ~ N
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~ | \\\
Sa o 100 | ™ SN \\\
bwé ‘ \ \\\ \\\‘ N
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0.008 | —— NN
0.006 Gas pressure drop [ \\\ \\
: N/m2 ~ NN \\\
0.004 m ™ ANANAN
: N NN N
N \\\\\\ \
0.002 AN N
NN
0.001
0.01 002 0.04 01 02 04 1.0 20 40 10
i ( pG )1/2
G, P,
2 0.1
N2 N N 5| G GGF VL 2 24 = ~
Bl 16-12 35 i~ g 2L PG | P el B (5 R % & Treybal,

Go\pr Pe(PL=pc)
R.E., 1980, Mass-transfer operations)
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11 QS+1
Ua yhsa Q ha

p=—=r" =02 gy = (Ackermann correction factor)

h hoaV ef -1

& SAltEERE EIE T (5E 25 5ER)
FHEM T o BPVE RS s EMEEHEE - i

Ua=ha
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o - HZZESRAVER ST
P, * 7Kz RAVERT]
X, . HzZEsg N B H.53%2 (mole fraction of air) = P_/P
X, - KZEFRIVEE 7% (mole fraction of water) = P, /P
tbJ& (humidity ratio, moisture content, mixing ratio) :
W=M,/M,=0.62198x /X,
@Y1 EEE (absolute humidity, water vapor density) : d,= M, /V
RIESRETE © p= (M, + M)V = (1)1 + W)
Hrh v B2 g iEES ( m3/kg dry air)

fAILE & (saturation humidity ratio, W(T,P)) BiE—4%a ERN A E
KBRS » SBZem AN TFF 2

S
S
S
S
S
&
&
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5 7% A Y B F1 E (degree of saturation, ) » EFEU T

“

S

T,P

FH %F 8 & (relative humidity, ¢) » EFEU D

xW
¢ xWS T,P
SR
P=P,+P,) > n=(m,+n,)
x, = P, /P
=P,/P

HELRRIEFR A 53] ¢

W =0.62198 2 =

X, P—-P,

(6-3)

(6-6)

(6-7)
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/(062198
P, W |, 062198
gl __P _ P . W, _ 062198+ W,
X B 0.62198 1, 062198 7 0.62198+W
L.p P +1 +
P /8 w
P
= p= 2 (6-9)
1+(1— )W, /0.62198
75 BLOE F (dew point temperature © Ty, )HY IE
RIGIE TR > MBS AR ZE R B
W(P,T,,)=W.

ASHRAE (2005)fg fit '~ 71 €€ 5 77 72 (U A P 2
Pws(Tdew) -

i AE 0% 93°CR]

Tgew 6.54+14.526a +0.7398c° +0.094860’
& o JE R 0°C
Tdew_

6.09 +12.608a + 0.4959%«
Hha=In(P,)

P HIBETIE
ERZXE FER -

iz FykPa > Tyowii EERAL R °C > /£

Wt BB Toen 21 T
(PxW)/(0.62198 + W)

JON

&R ZERER—EBKEE

(6-10)

(6-11)

+0.4569p,° 1984

(6-12)

(6-13)
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¢ = (Nitrogen) : 78.084%
¢ 5 (Oxygen) : 20.9476%
¢ = (Argon) : 0.934%

¢ S /b (Carbon dioxide) :

¢ 7.(Neon) : 0.01818%
¢ Z(Helium) : 0.000524%

0.0314%
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Psychrometric Chart for Air at
101.325 kPa

Source; ASHRAE Publications
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©

AEN(E 2 ) el 2 Al
(Sensible Heating and
Sensible Cooling)

g el 5 (Humidification »
Dehumidification)

JFAEL 4] (Heating >

\\\\\

Cooling)

WE S ZER0EE (Ventilation »
Air Mixing)

Z a2 Al EEzZ): (Evaporative
Cooling ° Drying)
Bt > 4%& (Combinations of
the above)

Process for HVAC&R

e (FEER)

L4122

0. d124
| y=0.87

90,4
Heating + Drving

3.3

4.4 4
Cooling + Dahumidi??;ation
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Wmz3E %% Relative Humidity Curve:
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yplcar Conditioning process..

. ‘ ngofeoc:lngmod um
¢ Heating & Cooling - /% -+
5 P o
Re ‘g; ant
¢ Cooling & Dehumidification 5 ""4': 5
¢ Heating & Humic'* =~ —= F E
% R S

S
/ azsed
¢ Adiabatic Mixing > L
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* Heating or Cooling

* Heating or cooling medium
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Coollng & Dehumidification

®

Refrigerant

mghy = mh, +-142 + mh,
m,W, = m,W, + m,
Thus: |
m, = m,(W, — W,)

1@ = myl(hy — hy) — (W) — Wph,]
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Question

& Air flow (5 CMM) 27 DB 50%RH enters
air-conditioning, and departs at 15 DB,
100 RH , what is the cooling capacity of
the air-conditioner? Sensible cooling load?
Latent cooling load”? Rate of condensate
rate?
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C mp gt mpy, = mp
and a mass balance' on the water gives:
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Rzxd =~y . J
Adiabatic Mixing

mauyhy + mphy, = mgh,

mgy + Mp = Mg

myWy + mupW, = m,W,
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8234 7 ¢
Injection of Water Into Air

(humidification)
1 2
}11;;/111111,11 IIJJ
m | ~—- SPRAYS : n
:: I | ,,:
| | | W,
| |
|
L
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"Sensible cooling

Q¢ =mga(ho —ha) = maecpm(To —Ta)

O¢

DBT—
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1
‘Sensible heating

Qp =mga(hg —hg) = Macpn(Tg —To)

DBT—*

E—
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8% 3 e - 01INY and dendmidification

By applying mass balance for the water: By applying energy balance:
Mmy.Wo =My We + My, my.hg = Q¢ + my, .hy, + my.he
Q¢ =mga(hg —hcg)-ma(wo —wc)hy

¢ the 2 "dterm on the RHS of the above equation is normally smal
compared to the other terms, so it can be neglected. Hence,

Q¢ =mgy(hg —hg)

Cooling coil
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Bz24 %% Heating and Humidification

& During winter it is essential to heat and humidify
the room air for comfort.

my =ma(Wp —Wo) Qp =mg(hp —hg)-myhy

where Q,, 1s the heat supplied through the heating coil and h, 1s

®  the enthalpy of steam

Heating coil Steam nozzles
m, _& L - / m,
To | / | To
Wo 2 ............ Wo
ho | <o | hp

} KLk
' ——
T
®| Q. mi D
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Cooling & humidification

¢ If the water temperature is greater than WBT,
then there will be a net heat transfer from water
to air. If the water temperature is less than WBT,
then the net heat transfer will be from air to
water.

Cold water spray or a

wetted surface

: \\ ﬁ
m, | | m, WEe
Wo | < | Wg | w
S A

. |

@ ! ® | | |

| Tw | Torr Te To
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Heatlng and de-humidification

Hygroscopic

aterial
- / .
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Wzx& ¥ Mixing of air streams:

From the mass balance of dry air and water vapor:
Ma W1 +Ma2W2 =Ma3W3 =(Ma1+Ma2)W3

From energy balance:

Maqhq + Mg ohy =mgshs =(mgq+mg;)hs
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I®fmz35%4% \Mixing with condensation

» Dry air mixes with warm air at high relative humidity, the
resulting mixture condition may lie in the two-phase region, as a
result there will be condensation of water vapor and some
amount of water will leave the system as liquid water. Due to
this, the humidity ratio of the resulting mixture (point 3) will be
less than that at point 4. Corresponding to this will be an
increase in temperature of air due to the release of latent heat
of condensation. This process rarely occurs in an air
conditioning system, but this is the phenomenon which results
in the formation of fog or frost (if the mixture temperature is

below 0°C).
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2xh <% Air \Washers

Tung Un h-'frsir_y

& An air washer is a device for conditioning air. As shown
in the figure, in an air washer air comes in direct contact
with a spray of water and there will be an exchange of
heat and mass (water vapor) between air and water. The
outlet condition of air depends upon the temperature of
water sprayed in the air washer .

- Eliminator

Plat

F T 11118

Airin_|_, S AT out
_______________________ e L —
- Make-up
‘ t water

—> —»
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Various psychrometric processes that can
take place in an air washer

A) Cooling and dehumidification: t,i.r < Tyeu-
B) Adiabatic saturation: t_... = WBT.

D) Cooling and humidification: WBT <t .,

)
)

C) Cooling and humidification: T, < t,ater
)

E) Heating and humidification: t,.., > DBT

DBT —*
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oollng and dehumidification: tater < Tgew olNCe the
exit enthalpy of air is less than its inlet value, from energy
balance it can be shown that there is a transfer of total
energy from air to water. Hence to continue the process,
water has to be externally cooled. Here both latent and
sensible heat transfers are from air to water.

B) Adiabatic saturation: t ... = WBT. Here the sensible
heat transfer from air to water is exactly equal to latent
heat transfer from water to air. Hence, no external cooling
or heating of water is required. That is this is a case of
pure water recirculation. This the process that takes place
in a perfectly insulated evaporative cooler.

C) Cooling and humidification: T, <t < WBT.
Here the sensible heat transfer is from air to water and
latent heat transfer is from water to air, but the total heat
transfer is from air to water, hence, water has to be
cooled externally.
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< D) Coollng and humidification: WBT <, < DBT.

Here the sensible heat transfer is from air to water and
latent heat transfer is from water to air, but the total heat
transfer is from water to air, hence, water has to be
heated externally. This is the process that takes place in
a cooling tower. The air stream extracts heat from the
hot water coming from the condenser, and the cooled
water is sent back to the condenser.

E) Heating and humidification: t ... > DBT. Here both
sensible and latent heat transfers are fro
hence, water has to be heated externally
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z 3 10 Cooling Tower
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| | Warm Water

Water Sprayed . d ¥ ¥ ¥ g, J
Dﬂwnwaprdy S _-’,-'Tb /FT‘T.‘ /f|"'1“ ’?ﬁ\ 'i-'”ﬁ‘* n

i i Heat
{} Air {}Alr ﬁ Exchanger

Air Blown Upward

Flow Meter Pump
Make-up 79y > Water with Concentrated
Water \&t‘__—_.’;ll,.r
Mineral Salts Cool Water
Treatment Flow Meter
Chemicals

50509003,
Blowdown
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©)

(b)

i . (@)
Typical configuration of v, 71
Fillet g <4

‘%V 7 <7
B B I |
Type of Fillet

(d)

DISTRIBUTION-IMPACT ]
REGION —— |

FILM-FILL
REGION

(g)héﬁ%

Ry

Alternate Layers of
Louveres Turned Thro'90’

) (

bob bbbl

Air Flow

Splash Type Film Type bt

/4 / ‘ /)
h, Tightly

by Packed
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m | Forced draft counter flow

B [hduced draft counter flow
M Induced draft cross flow

B Natura
B Natura

B Natura

draft counter flow
draft mixed flow

draft cross-flow

B Assisted draft counter flow

B Assisted draft cross-flow
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(a) (b) (c)

Cooling Tower (a) Fan; (b) distributor; (c) fillet
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IR B L 5 # (4 2¢ (Lewis relation)

hCO
Le = 2 ~1
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/é\ %‘P’K i@ 2 /nL A 7}"? (Contl..)

dQ=hy, a(i—i,)dV (17-2)

Hh o BAYBEA BT A9A B E A (m*/m®) - % A& 17-127
™o KEFREENAZRRR > ARNKERZFHNELKITREMHLEE /D

o iﬂ’ﬂ?f?ﬁﬁﬂ?

~dO=1" (17-3)
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Narional Chiae / -

EAAKENRTEE L 174098 045 £ 8 2 B NTU (number of
transfer unit) > A 28 12 {E NTUEL L i/ 48 Y AR # a5 s s T HINTU R 2 2 =0 E
V  h, aV

"0otP g Mool kst TEHRS ) — AN
B ERMhp.a BER - AMKENRST A/NMERES - ih— B #%5
HEE MR - ZHERREEEERE  SEESERFEINEEEL
FIE ALK ENE AL 5 th— 8 (E 278 2 Fy 22 & 18 2 (Merkel Integral,
Ly) > JiE 2 7B A (packing function) SH EEHRHFE > 2B SN |
BKEZE G AEEE THENZEREFMEECRZKNEE!)
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Measured Parameters

Wet bulb temperature of air

* Dry bulb temperature of air

 Cooling tower inlet water temperature
 Cooling tower outlet water temperature
 Exhaust air temperature

« Electrical readings of pump and fan
motors

« Water flow rate

 Air flow rate
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Performance Parameters

Range

Approach
Effectiveness

Cooling capacity
Evaporation loss
Cycles of concentration

Blow down losses

DGR 0 =

Liquid / Gas ratio
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HEEAEY  appnsal ks

1. Range

Hot Water Temperature (In)

Difference between 5 T€
cooling water inlet and
outlet temperature:

Range

Range ("C) = CW inlet
temp — CW outlet temp

(In) to the Tower
(Out) from the
Tower

Cold Water Temperature (Out)
>

High range = good
performance

Approach

Wet Bulb Temperature (Ambient)

— <
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HEEAEY  appnsal ks

2. Approach
Difference between i< Hot Water Temperature (In)
cooling tower outlet cold
water temperature and
ambient wet bulb ®
. (In) to the Tower
temperature: S (Out) from the
Tower
Approach ('C) =
CW outlet temp — Wet ! Cold Water Temperatgre
Out
bulb temp G (Out)
(o]
Y Wet Bulb Temperature
L=< (Ambient)

Low approach = good
performance
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Temperature Enthalpy Diagram of Air Water System

hl
=
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Temperature
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3. Effectiveness

Hot Water Temperature (In)

Effectiveness in % =
= Range / (Range +
Approach) °g” (In) to the Tower
Y (Out) from the
=100 x (CW temp — CW e
out temp) / (CW in
temp — Wet bulb temp) ! Cold Water Temperature (Out)
High effectiveness = § _
gOOd performance &:._( Wet Bulb Temperature (Ambient)
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4. Cooling Capacity

Hot Water Temperature (In)

\I

Heat rejected in kW or
tons of refrigeration (TR)

(In) to the Tower

= mass f_Iow rate of water (Out) from the
X specific heat X Tower
temperature difference

Range

<&
<

Cold Water Temperature
[ouf) >

High cooling capacity =
good performance

Approach

Wet Bulb Temperature
< (Ambient)
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5. Evaporation Loss

Water quantity (m?3/hr)
evaporated for cooling duty

= theoretically, 1.8 m?3 for every
10,000,000 kCal heat rejected

= 0.00085 x 1.8 x circulation
rate (m3/hr) x (T1-T2)

T1-T2 = Temp. difference
between inlet and outlet water

Range

Approach

\I
7>

L /2Bl 7K EE:

Hot Water Temperature (In)

(In) to the Tower
(Out) from the
Tower

Cold Water Tempergture

(Ouf)

Wet Bulb Temperature

(Ambient)
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6. Cycles of concentration (C.O.C.)

Ratio of dissolved solids in circulating water to the dissolved

solids in make up water. Cycles of concentration represents the accumulation of
dissolved minerals in the recirculating cooling water. Discharge of draw-off (or
blowdown) is used principally to control the buildup of these minerals.

The chemistry of the make-up water, including the amount of dissolved minerals, can
vary widely. Make-up waters low in dissolved minerals such as those from surface
water supplies (lakes, rivers etc.) tend to be aggressive to metals (corrosive). Make-up
waters from supplies (such as ) are usually higher in minerals, and
tend to be (deposit minerals). Increasing the amount of minerals present in the
water by cycling can make water less aggressive to piping; however, excessive levels
of minerals can cause scaling problems.

7. Cycles of concentration (C.0.C.)

Depend on cycles of concentration and the evaporation losses

Blow Down = Evaporation Loss / (C.O.C. — 1). The portion of the circulating
water flow that 1s removed (usually discharged to a drain) in order to maintain the
amount of (TDS) and other impurities at an acceptably low level.
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8. Liquid Gas (L/G) Ratio

Ratio between water and air mass flow rates

Heat removed from the water must be equal to
the heat absorbed by the surrounding air

L(T1-T2) = G(h2 - h1)
L/G = (h2-h1)/(T1-T2)

T1 = hot water temp (°C)
T2 = cold water temp (°C)

Enthalpy of air water vapor mixture at inlet wet bulb temp (h1)
and outlet wet bulb temp (h2)
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1. Selecting a cooling tower
Capacity

* Heat dissipation (kW)

« Circulated flow rate (m3/hr)

e Other factors
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Eﬁ"fg“rfgy Efficiency Opportunities

1. Selecting a cooling tower

Range

* Range determined by process, not by system

Approach
- Closer to the wet bulb temperature
- ->Bigger size cooling tower

 >More expensive
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1. Selecting a cooling tower

Heat Load

Determined by process

Required cooling is controlled by the
desired operating temperature

High heat load = large size and cost
of cooling tower
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Energy Efficiency Opportunities

1. Selecting a cooling tower

Wet bulb temperature — considerations:

 Water is cooled to temp higher than wet bulb
temp

« Conditions at tower site
* Not to exceed 5% of design wet bulb temp

* |Is wet bulb temp specified as ambient (preferred)
or inlet

« Can tower deal with increased wet bulb temp

 Cold water to exchange heat
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Energy Efficiency Opportunities

1. Selecting a cooling tower

Relationship range, flow and heat load
 Range increases with increased

 Amount circulated water (flow)

* Heat load
« Causes of range increase

* Inlet water temperature increases

- Exit water temperature decreases

- Consequence = larger tower
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Energy Efficiency Opportunities

1. Selecting a cooling tower
Relationship Approach and Wet bulb
temperature
 If approach stays the same (e.g. 4.45 ° C)
* Higher wet bulb temperature (26.67 ° C)
= more heat picked up (15.5 kCal/kg air)
= smaller tower needed
 Lower wet bulb temperature (21.11 ° C)
= less heat picked up (12.1 kCal/kg air)

= larger tower needed
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2. Fill media

 Hot water distributed over fill media
and cools down through evaporation

* Fill media impacts electricity use

- Efficiently designed fill media reduces pumping
costs

* Fill media influences heat exchange: surface
area, duration of contact, turbulence
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Energy Efficiency Opportunities

DISTRIBUTION-IMPACT [
REGION —— |

1 Yl 2. Fill media

Comparing 3 fill media: film
fill more efficient

FILM-FILL
REGION

X
bobobod . . -
. Splash Fill Film Fill Low Clog

Splash Type Film Type Film Fill

Possible L/G Ratio 1.1-1.5 1.5-2.0 14-138

Effective Heat Exchange | 30 — 45 150 m?/m3 85 - 100 m?/m3

Area m?2/m3

Fill Height Required 5-10m 1.2-15m 1.5-1.8 m

Pumping Head 9-12m 5-8m 6-9m

Requirement

Quantity of Air Required | High Much Low Low

(BEE India, 2004; Ramarao; and Shivaraman)
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Energy Efficiency Opportunities

3. Pumps and water distribution

« Pumps: see pumps session

« Optimize cooling water treatment

* Increase cycles of concentration (COC) by
cooling water treatment helps reduce make
up water

* Indirect electricity savings

 [nstall drift eliminators

* Reduce drift loss from 0.02% to only 0.003 —
0.001%
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4. Cooling Tower Fans

 Fans must overcome system
resistance, pressure loss: impacts
electricity use

* Fan efficiency depends on blade
profile

* Replace metallic fans with FBR blades (20-
30% savings)

* Use blades with aerodynamic profile (85-92%
fan efficiency)
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& AR #8(container)

¢ LAETEES(Wick)
¢ 1 7Emfg(working fluid)
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2 E 00, 000 — 200, 000 W/m °C
P 180 W/m °C
] 380 W/m °C

PO 2,000 W/m °C
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WOVEN MESH SCREEN SINTERED METAL POWDER

GROOVES IN HEAT PIPE WALL

VAPOR
. . / LIQUID
N N /‘i}/
\ /7 \ V4 \
\ /! \ / \\ HEAT PIPE WALL

SLOTTED METAL SHEET


http://www.nctu.edu.tw/

- B Z }:E_}-'.-'f S ~ 2%
e National Chiao Tung University ?Fiﬁf o—Ef ]]\ }Ti 4 e

B FHERT o BREPN D RARA S

Pressure

§§§§§§§ '
§§§§§§§ Vapour Pressure drop
§§§§§§§§ 11’1 Vap our

§§§§§§§§§§§ v
i i

Capillary /

pressure ..

: Liquid Pressure drop
difference in liquid

M v v “ Distance
3 BRE AR
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Pressure
I Pressure drop
2 in vapour

Capillary
pressure Pressure drop
difference in liquid
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Qmax Ch (];z,in o Tc,out ) ]—;’l Jjin ]—;,out

\»
9
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¥ .%
T L7 171 e — AC* NTU - BT - FIEAD - B

e U R Es 0 — i AT EE A A0 T AY SR DU 4 =0

£=5(C",C},(h4) ,NTU, ) (18-56)
C" = Chin/ Crmax (18-57)
c =S _MnCrn® (18-58)
C._. 7

H 1 oo Ry W8 i Y 5 28 (1) 40 [ % 46 72 Ry rpm B 51 55 _E 00 Z B8 A i A2 248 S
BAr - BlEih k)

. hA
(ha) = EhAic‘“i“ (18-59)
Cmax
1 1
NTU, =—| — 1 (18-60)
N (hd) " (ha)
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& C,/Crin —> o0 [FLEF Y 88 sy =0 2N A L 25 BY M B 18 20T 7% 226 [1) O B Y 26 A2
Has o %TJLMLEEE/‘]EHEEE%\XTE‘%E@ﬁ?&g(&f’ /E%ﬁgch%ﬁ%ﬁmT,\\XT
I AERE )

~NTU,(1-C")
Sl if C* =1

~NTU,(1-C")

—ar | C*e
NTU,
1+ NTU,

(18-61)
ifC" =1

ME 5 C/Cunf{E &A R X/N > Kays and London (1984) 1R &
Lambertson (1958)HYMH 2T » $& H s s T 20 5C $#4 &5 Bl 70 Ut = [B] 18 = 2058 #4L =3
Y &8 B e (R TR 0 |

(18-62)
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B2 3 B S S e R B TR S FLE B
arionaf Chin Fiby WA B 75 5 3 3H IS 32 0 B 5 BLAO I PG - — LSS MBR R A

WE e AIEBHAEE DT AE (B 20y 6 {8 A Bk g8 s st 5
B EMHA)

Q:gcmin (T;z,i _T;,i) (18_63)
7\ 18-621% 7 F 5y - My s\ iy H s B LE BB IR - 20 JE 7t AL BV 5 i

B773% > Razelos (1979) A Hi — S EHH8 77 7% o Bt 07 v 3t B4 360 R 8 P
O < IR > AR 3 BB A TR ¢

_2NTU,C

(1) NTU,, = = (18-64)
@ C.,= ?iCC (18-65)
NTUO m 1
3) & = 21— — (18-66)
1+ NTU,,, 9(c:.,)
g,.[(C*)Zfl)
2C"(1-¢,)

(18-67)



http://www.nctu.edu.tw/

Seal
coverage
10%

e

- -

@axﬁkﬁ
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4

» Cold air, T =30 °C, mic= 9 kg/s

<

22m

.
L

7m

i o 4B LS o ST
P =6000 kg/m’

¢pm =500 kJ/kg-K
o (#imfLIE = - porosity) = 0.75
B (22 82 [ > packing density) = 1300 m*/m’
o (FEHGE ) = 5 rpm
d (HimEK) =2.2m
d, (EmH OEEER) =02 m
72 BN (I ER B B i 2 AE HY J 2% 1& 35K (seal coverage) = 10% = 0.1
BT e MV R E R R 0 D -
B il
T, (R FE) 400°C 30°C
RS A 8 e T A Y A 200° 160°
c, (EEEY) 1120 J/kg- K 1006 J/kg-K
m 9 kg/s 7 kg/s
h 50 W/m*K 40 W/m*-K
R EAey B o - SR st A S F 0.9 XU #Y B Ol Uy - R i Y )R T E

By fa] ?
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L I 1
BlarienalChine Tung Usraplis (BB L= 0.5 m» AR BEERAIENERERS
AIEEE0.9 » A1 - JI T B S — (E EE B KO 0 7 R RE RN — B

HEBSEE - £L=0.5 miGHNEFEBELT ¢
(a)C,=r,  x1120=10080 W/K

C.=r_ _  x1006=7042 W/K

“.Crin = C. = 7042 W/K > Cpay = C;, = 10080 W/K
e Cpyn 7042

C = min __
C 10080

max

(b) H 7> 28R T e B 4 ] TF0 s Y EE {5 95 o AF 20 EI Y £ 2 B % () A Y
hA .
(hd),, _40x160°
(h4),. 50 x200°

(c) 5 fim 0y B2 & (0 Z8 311 R 85 iy o 8 50 (7 Y 8 S8 20 (L [ )
M,=pV =p, x[%(au _a’f)L><(1—?L[§jf$i>_?,‘§< ’ Prosity)}

=0.69861

LB 0 FTLL (hd) =

= 8000 x[%(lf ~0.2%)x0.5x(1 —0.75)} = 3769.9 kg

= c. M,c,,o
ro C i ( . >
min /
£ /7 min

5 NS [z D D[ A N =
3769.9% 500 x - (rpmydi Ry LIFVE TSR )
7042

=22.306
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Natral e Ty 4 55 1t )5 48 T LA
A = B e T R <8 i 2R (L)< 5 (L) x(1-FF 28 BT &= 4 1Y HERY
& 15)

\+

2 (2.22-0.2?)x0.5x1300(1-0.1) =2205.4 m’
4

sONEVIE A TE RS A4, = Ax200°/360° = 1225.2 m?
AARIE 4 TERE A, = Ax160°/360° = 980.18 m”
(f) (hA4), = 50x1225.2 = 61261 W/K
(hd). = 40x980.18 = 39207 W/K

1 1 1 1
(g) NTUO—C 7 T 5o 1+1 =3.3949

(hd), M (ha). 61261 39207

min

(h) FI18-61 (FIAC = 1)
1— e-NTUo(l—C*) | — o~ 33949(1-0.69861)

€cf = 1 C*e—NTUO(l_C*) n 1= 0.69861 % 6—3.3949(1—0.69861) =0.85534

(i) = 18-62

=0.85534x(1— !

EPVIRINED = 0.8551
9(cr)” 9 x22.3061'93j
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@z 34 LY |
Narional Ching=fuigy Upisigrita] ) F1] F Razelos (1979)F 18-64~18-67H & L4 T -
_2NTU,C"  2x3.3949x0.69861

' 218-62 > NTU,, = A =2.7925
G) B 5 1+ C 1+0.69861
k) C = 2C,C* _ 2x22306x0.69861 _ o 4,0
" 1+C 1+0.69861
NTU,
0 &= e L — | = Ik (1— 1 193j:0.73603
1+ NTU,,, 9(C* ) 1+2.7925\  9x18.348"
%((C*)z—l) 0.73603(0.69861>1
_2C(1-¢,) _2x0.69861(1-0.73603)
(m) e=——° i ~ 0.85503

gr((c* )2 | 0.73603(0.698612—1)

o C*em 1— 069861 x erO.69861(1—0.73603)

EAMKET H A 18-6187aT RGE R & FMHE - A8 Ik —5T FE KR

AT{HO0.9 - NILWAEH REEEL  &@\ERXNEGTR > IREEL =

0.6418 m o IF# —4¢ > RN EE = 0.9 H Coin = Co> HILHZ18-54 -
0 _C\liow=Tu) T

: -7 .
&= . c,out c,ln _ c,out c,in , m‘:g: }%?t%{/fﬁ”ﬂ’\]ﬁ[l}\ o
Qmax Cc (Th,in I Tc,out) Th,in i Tc,out
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 “Dumped” heat that can still be reused

« “Value” (quality) more important than quantity

 Waste heat recovery saves fuel

S. No

Source of Waste Heat

Quality of Waste Heat

1

Heat in flue gases

The higher the temperature, the greater the
potential value for heat recovery

Heat in vapour streams

As above but when condensed, latent heat
also recoverable

Convective & radiant heat lost
from exterior of equipment

Low grade - if collected may be used for
space heating or air preheats

Heat losses in cooling water

Low grade — useful gains if heat is exchanged
with incoming fresh water

Heat losses in providing
chilled water or in the
disposal of chilled water

1.High grade if it can be utilized to reduce
demand for refrigeration

2.Low grade if refrigeration unit used as a
form of Heat pump

Heat stored in products
leaving the process

Quality depends upon temperature

Heat in gaseous & liquid
effluents leaving process

Poor if heavily contaminated & thus requiring
alloy heat exchanger
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High Temperature Heat Recovery

Table: Typical waste heat temperature at high temperature

range from various sources

Types of Devices

Temperature (°C)

Nickel refining furnace 1370 — 1650
Aluminium refining furnace 650 -760
Zinc refining furnace 760 — 1100
Copper refining furnace 760 — 815
Steel heating furnace 925 - 1050
Copper reverberatory furnace 900 — 1100
Open hearth furnace 650 — 700
Cement kiln (Dry process) 620 - 730
Glass melting furnace 1000 — 1550
Hydrogen plants 650 — 1000
Solid waste incinerators 650 — 1000

Fume incinerators

650 — 1450
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Medium Temperature Heat Recovery

Table: Typical waste heat temperature at medium
temperature range from various sources

Types of Devices

Temperature (°C)

Steam boiler exhaust 230 - 480
Gas turbine exhaust 370 — 540
Reciprocating engine exhaust 315 - 600
Reciprocating engine exhaust (turbo 230 - 370
charged)

Heat treatment furnace 425 — 650
Drying & baking ovens 230 — 600
Catalytic crackers 425 — 650
Annealing furnace cooling systems 425 — 650
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Source Temperature °C

Process steam condensate 55-88

Cooling water from: Furnace doors 32-55

Bearings 32-88

Welding machines 32-88 >
Injection molding machines 32-88 c_; 0
Annealing furnaces 66-230 g %
Forming dies 27-88 % g
Air compressors 27-50 5 %
Pumps 27-88 5 E
Internal combustion engines 66-120 E, 2
Air conditioning and refrigeration 32-43 § %
condensers S E
Liquid still condensers 32-88 l% g
Drying, baking and curing ovens 93-230 o "é&
Hot processed liquids 32-232 E 2
Hot processed solids 93-232



http://www.nctu.edu.tw/

- w
z 3 K
ioral Clhino Tun__q Unhrcl'siry

N

v Recuperators

- Heat exchange between flue
gases and the air through
metallic/ceramic walls

* Ducts/tubes carry
combustion air for preheating

« Waste heat stream on other
side

¥ L2 #uw jo$ 2 % B - recuperator

Commercial Waste Heat Recovery

Inlet air from
atmosphere

Outside ’

ducting ‘ Preheated
air

Centre tube plate

Tune plate

Figure 1 : Waste heat recovery
using recuperator, Source: SEAV
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Commercial Waste
Heat Recovery

v' Metallic radiation
recuperators

« Simplest recuperator

 Two metal tubes

* Less fuel is burned per furnace
load

« Heat transfer mostly by
radiation

A
GASES
QUTLET

Figure 2. Metallic Radiation

Recuperator (Hardtech Group)
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Commercial Waste Heat Recovery

v Convective Waste Gas "Fid
recuperators

 Hot gas through parallel
small diameter tubes

 Tubes can be baffled to allow
gas to pass over them again

« Baffling increases heat
exchange but more

expensive exchanger is Figure 3. Convective

Recuperator

needed (Reay, D.A., 1996)
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Commercial Waste Heat Recovery

v' Radiation/convective Cooled {\Waste Ges
hybrid recuperators

—

Hot Air to
Procoss

: 5

=)

Combinations of radiation &
convection

—(

More effective heat transfer

Cold Air
Inlet

="t

Radiaton Section | Convediive Saction

More expensive but less bulky
than simple metallic radiation

recuperators , ,
Figure 4. Hybrid Recuperator

(Reay, D.A., 1996)
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Commercial Waste Heat Recovery
v’ Ceramic recuperators
* Less temperature limitations:
* Operation on gas side up to 1550 -C
* Operation on preheated air side to 815 -C
* New designs

- Last two years

 Air preheat temperatures <700° C

 Lower leakage rates
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Regenerator
« Large capacities

* Glass and steel melting
furnaces

 Time between the reversals
important to reduce costs

* Heat transfer in old t
regenerators reduced by W

AR
REGENERATOR  gag AR
REGENERATOR

‘Dust & slagging on surfaces

Figure 5. Regenerator

‘heat losses from the walls (Department of Coal, India, 1985)
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Heat Wheels

* Porous disk rotating
between two side-by-side
ducts

* Low to medium
temperature waste heat
recovery systems

* Heat transfer efficiency
up to 85 %

Exhaust Air

Transfar

Efficiency

Up to 75%
urge

Outside Air |~

It_\\ ‘ N
h‘\\‘h\*\q n-srtyal::llggclan
o it

F,
Oulssde &

Figure 6. Heat Wheel
(SADC, 1999)
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Exchanger

Heat Pipe

 Transfer up to 100 times
more thermal energy than
copper

 Three elements: -
sealed container
- capillary wick structure
- working fluid

 Works with evaporation and
condensation

Figure 7. Heat Pipe
(SADC, 1999)
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Exchanger
Heat Pipe

v Performance and advantage
* Lightweight and compact

* No need for mechanical maintenance, input power,
cooling water and lubrication systems

* Lowers the fan horsepower requirement and
increases the overall thermal efficiency of the
system

» Can operate at 315 °C with 60% to 80% heat
recovery
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Exchanger

Heat Pipe

v Typical application

* Process to space heating

- Transfers thermal energy from process exhaust for
building heating

* Process to process

- Transfers recovered waste thermal energy from the
process to the incoming process air

« HVAC applications

- Cooling and heating by recovering thermal energy
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HEAT PIPE HEAT EXCHANGERS

\ A temperature-controlled

actuator to one end of the

pivot exchanger for control

Heat
pipes

In practice, tilt control 1s effected by pivoting the
exchanger about the center of its base.
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Economizer
« Utilize the flue gas heat for pre-heating the boiler
feed water
* 1% fuel savings if  ue ges oute
- 60 °C rise of feed water < t
* 200 °C rise in combustion e 14—9;
air temp — @ .

Figure 8. Economizer
(Bureau of Energy Efficiency,
2004)
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Economizer

v Shell and tube heat exchanger

 Used when the medium containing waste heat is a
liquid or a vapor that heats another liquid

* Shell contains the tube
bundle, and usually
internal baffles to direct
the fluid

* Vapor contained within
the shell

Tube
outlet

Shell

@ ﬁ Tube
outlet inlet

Figure 9. Shell & Tube Heat Exchanger
(King Fahad University of Petroleum & Minerals,
2003)
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Plate Heat Exchanger

« Parallel plates forming a thin flow pass

* Avoids high cost of heat exchange surfaces

« Corrugated plates to
improve heat
transfer

* When directions of
hot and cold fluids

are opposite, the %

arrangement is

WASTE HEAT

S T STREAM QLT

LicaD T BE
HEATELD IM

WLETE HEAT
T OSTREAM IM

Lical ity T2 BE
HEATED QUT

counter current Figure 10. Plate Heat Exchanger
(Canada Agriculture and Agri-Food)
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Type of Waste Heat Recovery

Plate Heat Exchanger
v" Run around coil exchanger

Heat transfer
from hot to
colder fluid via
heat transfer
fluid

One coil in hot
stream

One coil in cold
stream

@Iflr:..ll:m'g Pumg

Transfer Eficiency

Up To 60%
EEXHALIST AIR:
L
nmn
C o =
] H ']
L o
———
porer g
‘W

OUTSIDE AlR

Figure 11. Run Around Coil Exchanger
(SADC, 1999)
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Type of Waste Heat Recovery

Plate Heat Exchanger
v Waste heat boiler T e

T

« Water tube boiler-hot | [

STEAM DRUM

exhaust gases pass cecomarenm s N & S
over parallel tubes
with water -

\ st~ WATER TUBES

« Capacities: 25 m3 to
30,000 m3/min of

exhaust gas .

I

HOT WASTE GAS
{WASTE HEAT STREAM]

Figure 12. Two-Pass Water Tube Waste
Heat Recovery Boiler
(Canada Agriculture and Agri-Food)


http://www.nctu.edu.tw/

2 38 1

x_;i_iﬁﬂﬂﬂr(:ﬁl'ﬂﬂ Tung University

Type of Waste Heat Recovery

Heat Pump

Cutdoor
Air

Expansion Valve

Compressar

Exhaust
Air

/ ==
Condenser Evaporator
HEAT PLUMP
Cooling & Heating
Coafficient of Parformace 2 and Up
| BN o | i i | B N o i in | i O O

Figure 13. Heat Pump Arrangement

(SADC, 1999)
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Type of Waste Heat Recovery

Heat Pump

v' Developed as a space heating system

v' Can upgrade heat >2X the energy
consumed by the device

v" Most promising when heating and cooling
capabilities are combined
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Type of Waste Heat Recovery

Heat Pump
v Thermo compressor

« Compress low-pressure steam by very high-
pressure steam and reuse as medium pressure

steam

* Nozzle for acceleration of HP steam to a high
velocity fluid.

DISCHARGE
STEAM

MOTIVE _P
"||l AM M.DP.

%l( [TON STEAM

Figure: Thermo compressor
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