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Chapter 5. Modeling Thermal Equipment

5.1 Using physical insight
- Major concerns of this chapter : actual thermal equipment

Heat exchanger :

It is important to select the type of heat exchanger and
calculate how a certain heat exchanger will perform

Distillation separator :

Understanding of separation of binary mixtures expands the
horizons of applications of the simulation and optimization

Turbomachinery :

Studying the turbomachinery shows how the use of
dimensionless group can simplify the equation
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5.2 Selecting vs. simulating a heat-exchanger

- Selecting the heat exchanger:

@ Choosing type of the heat exchanger (Shell & tube, Finned, compact, etc.)
@ Specifying the details (number of tubes, tube diameter, core size, etc.)
3 Heat transfer duty is specified already

- Simulating the heat exchanger:

@ Heat exchanger already exists, either in actual hardware or specific design
@ Simulation of a heat exchanger consists of predicting outlet conditions
3 Performance charicteristics of the heat exchanger are available

(such as the area and overall heat transfer coefficients)
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5.3 Counterflow heat exchanger

- Most favorable AT is achieved with a counterflow arrangement

(Hot side fluid)

—_ r',»"C
q = WrCpn(tn; — tho) e
¢, I/(kg+ K)
(Cold side fluid) f °C
w, kg/s

clef(kg +K)

q = chpc(tc,o - tc,i)
(Heat transfer rate)

q = UAAT,,,

Fig. Typical counterflow heat exchanger
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5.3.1 LMTD (Log Mean Temperature Difference) method for a counter arrangement

(HOt side ﬂUid) dq = _thpthh = _thTh
(Cold side fluid) dq = —w.CpcdT, = =W dT,
(Heat transfer) dq = UdA(T;, — T,) = UdAAT

» d(AT) = d(T, — T,) = dT, — dT, = —dq(— ——
h c

v oy

I i

(; —_— Th — ld 1 ——>Th+(1Th A
x..La,/_dA Heat transfer

: Ty ! surface area

C, «— -« | |« T -« —

i
T.+ dT I il

C

i H_ Fig. Heat exchange at counter flow HX
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5.3.1 LMTD method for a counter arrangement

- represent the heat transfer rate as

—d(aT) UdAAT dAT) _ a2
= = -_ —_—_— T — —_—— —
1/W, — 1/W, AT W, ~w

dq

- integrating on both side,

d(AT) Tho _Tci UA
j AT ! <Th,i —Teo q ( ol ft.0 €0 C’l)

Fig. Heat exchange at counter flow HX
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5.3.1 LMTD method for a counter arrangement
- finally, heat transfer rate at the counter flow hx is represented as

(Tno = Tei) = (Thi — Teo)) 4 AT — ATy

= UAAT},, = UA =
q im 0((Thy — T/ (Tni — Tog)) In(AT,/ATy)

- When ‘select’ the heat exchanger under a certain fluid condition,
LMTD method is a good way to specify the required UA
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5.3.2 e-NTU method for a counter flow HX

- Effectiveness, € :
q

qmax

qd = €Qmax = EWmin(Th,i - Tc,i)

€= 0<e<]

- Number of Transfer unit, NTU :

NTU =

min

- Heat capacity ratio, W, :

<

min

S

max
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5.3.2 e-NTU method for a counter flow HX

- It is possible to represent € as a function of NTU and heat capacity ratio
for all the types of heat exchanger

e =f(NTU, W)

- To 'simulate’ the existing heat exchanger, e-NTU method is a useful way
to obtain heat transfer rate of the heat exchanger
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5.3.2 e-NTU method for a counter flow HX

- To get an €-NTU relation for a counter flow HX (W,,,;, = W},) , effectiveness
IS given as

qa_ _ Wh(Th; — Thyo) _ Thi—Tho
Amax Wmin (Th,i - Tc,i) Th,i - Tc,i

E =

- In a fact that heat transfer rate of each side is same, heat capacity ratio is
represented as

q = Wh(Th,i - Th,o) — VVC(TC,O - Tc,i)
_ Wmin _ Wh _ Tc,o _ Tc,i
Wmax VVC Th,i _ Th,o
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5.3.2 e-NTU method for a counter flow HX

- Meanwhile, rearranging the relation for heat transfer rate and LMTD yields

ATZ - ATl ATZ UA
= UA — = — (AT, — AT

q In(AT, /AT, ) AT, exp[ q (AT, 1)]
Tho — Tei UA '
T —Too ~ 0| ((Tho = Tot) = (Tai = Teo)]

Th,; —T T.,—T,.; [ 1
=exp|—UA <( i = Tho) — (e C’l)> = exp | —UA( — )]

q q | Wmin Wmax

- Right hand side of the equation is represented as

Th,o - Tc,i UA <1 . Wmin

= exp = exp[—NTU(1 — W})]
Th,i - Tc,o Wmin Wmax)] "
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5.3.2 e-NTU method for a counter flow HX

- To eliminate the outlet temperature of the left hand side, following
sequence is needed.

{— (Thi — Tho) {— (Th; — Th,o)
Tho = Tei _ (Tho =Thi) + (Tni = Tei) _— (Thi = Te) _ (Thi — Tei)
Th,i - TC,O (Th,i - Tc,i) + (Tc,i - Tc,o) 1 — (Tco Tcz) 1 — (Thl Th o) (Tco - cz)
(Thl TCl) (Th,l TC,l) (Th,l Th,o)
- In a fact that W, = ~%2—¢L gnd g = i—lho
Thi—Th,o Thi—Tc,;

Th,O — TC,i _ 1—¢
Th,i — Tc,o B 1- gVVr
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5.3.2 e-NTU method for a counter flow HX

- Finally, by reconnecting the left hand side and right hand side, the
relation for heat transfer rate obtained from the LMTD method is
represented as

AT,

—=exp[U7A(AT2—AT1)] - -

1—eW,

AT, = exp[—-NTU(1 + W,.)]

- Thus, it is obvious that LMTD relation and e-NTU relation are two different
form of one heat transfer system. Rearranging the relation for ¢ yields

_ 1—exp[-NTU(1 + W,)]
1 —exp[-NTU(1 — W,)]

&
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5.3.2 e-NTU method for a counter flow HX

- It is possible to get same relation when W,,;,, = W),

Temperature
\\
Temperature

»N

1

(a) 0]

Win = (ch)c Winin = (ch)h

Fig. Temperature profiles in a counterflow heat exchanger
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5.5 Evaporator and Condensers
Liquid — Vapor Vapor — Liquid

One of the fluid changes phase, and no superheating or subcooling

— Its temperature or pressure remains constant

Temperature, °C

L

Area

Fig. Temperature distribution in fluids in a condenser
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5.5 Evaporator and Condensers

- When secondary fluid(hot side) is at a two phase state, temperature is at
a constant state.

(tho ) (thl — (th,o — tc) _ %
rricwera Y cvr Bl overs R ACTR)

q= UA

- Thus, ty,, is represented as

tho =tni — (tn; — te)(1 —e NY)
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5.5 Evaporator and Condensers

- €-NTU relation for the case is represented as

thi —tho
) ) :S:]_—Q_NTU

thi — Lei

- Or as an alternative form

NTU = —In(1 — ¢)
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5.6 e-NTU method for several cases

Shell fluid

VAV W W Wl

-

Tube fluid
Heat-transfer surface One shell pass

2, 4, 6,... tube passes

100

40

Effectiveness €, %

20

0 i 2 3 4 5
NTU = UA/W,,, NTU = UA/ Wiy

Fig. Effectiveness of counter HX Fig. Effectiveness of parallel HX
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5.6 e-NTU method for several cases

Table. e-NTU relation (for NTU)

Flow Arrangement Relation

Im[l — &1 + C,1]

Parallel ow NTU =— s {11.28b)
Counterow NTU = ! ]rL||lr e —| } (O 1)
! c-1™Mzc—1, (C,=
NTU =% (Co= 1) (11.29k)
l—=

Shell and-tube

One shell pass (NTUY), = —(1 + €2 h“-m(!'{ — | j (11.30k)
I-'\q_ I.'H." nocme I.+J
2.4, ... tube passes) e (15 :
E=0 e (11.30c)
L 0
n shell passes Use Equations | 1.30b and 11.30c with
(2n, 4n, . . . tube passes) . " 1
F— e, — 1\~
Y el § ;'_( ] NTU = aNTU), (11.31h, ¢, d)
F-C, , &= 1,
Cross-ow (single pass)
Coe tmixed), Cpg (unmaxed) NTU =—In| | —[/E—J.Jlnfl - F‘LF|| (11.33b)
Coig tmuixed ), Cpgy (unmaxed) NTU =— {({i}‘l In[C,Indl — £} + 1] {11.34b)

All exchangers (C, = 0) NTU = — In{l — &) {11.35b)
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5.6 e-NTU method for several cases

Table. e-NTU relation (for ¢)

Flow Arrangement Relation
| —exp[-NTU(1 + CJ]
Parallel ow E= ¢ (11.28a)
. I —exp[-NTU(I — CH) L
= (L=
Counterow # = T=C,exp[-NTU(I - C,)] &<l
_NTU _ -
E—m c.=1) (11.20a)
Shell-and- tube
- l + exp [—(NTUN(1 + C;
One shell pass (2, 4, . . . tube passes) £ = [| +C, 4 (1 +CH cxpl h fﬂ" (11.30a)
l — exp [—(NTU),(1 + C3!
(1 — e " (1 — &, C,\" !
n shell passes (2n, 4n, . . . tube passes) | ( J ||[ £ ] _['rl (1131a)
] - 1 — &y |
Cross-ow (single pass)
Both fluids unmixed e=1—exp {%}‘IH{TUJ"E{HD[—I_'_rtNTtl':'Tﬂ - |,~| (11.32)
Cpay (mimed), C . (unmixed) £'=(EL.JEJ —exp|—C, [l —exp(—NTU}} (11.33a)
)
Coin tmixed), Cpgy (unmixed) g=1—exp(—C, {1 — exp[-CANTUI] }) (11 34a)

All exchangers (C, = 0) g= | —exp(—NTL} (11.33a)
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5.10 Binary solutions

- Mass fraction of A :

my
Xyq =
my + Mmpeg
NA mA/MA
- M ' : = =
ole fraction of A: Yy, N,+ Ny  my/M, + mgz/Mg

:.-""'"Su'bstarices A and |

Fig. Typical binary solution
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5.11 Temperature-concentration-pressure characteristics

Boxlmg Vapor
temperature
of pure B

- High pressure
Dew-point line

Liquid-vapor

Bubble-point line T
Boiling
temperature
Liquid of pure A
0 1.0
Fraction of A, x, Low pressure
l ) 0 x, 1.0
1.0 0
Fraction of B, x;,
Fig. Temperature-concentration Fig. Temperature-concentration

diagram at a constant pressure diagram for two different pressure
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5.12 Develiping a T vs x diagram

- There exist three tools to develop the binary properties

(Saturation pressure-temperature relation)

D constant.

InP=C+—

Saturation preussre Temperature

(Raoults’ law)

P — X P sat. P of pure A

a a  sat,a

vapor pressure in mixture '
mole fraction of A

in the lig. phase

(Partial pressure) P—P +P
T a b

Pa — yap\
Pb — ybP

total P
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5.13 Condensation of a binary mixture

- A pure substance condenses at constant pressure, the temperature
remains constant

- On the other hand, temperature of a binary mixture changes
progressively

W L @ D @ e
0.6 mole fraction ANCIRATEEC T WEL SF VIR L SRR s .
of butane Vapor Condensation All liquid Subcooled
begins liquid

Fig. Condensation of a binary mixture
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5.14 Single stage distillation

Liquid feed Separator

e RAAAAAA S
1

Partial vaporizer

Liquid

Fig. Single-stage still Fig. Some possible outlet conditions
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5.15 Rectification

Partial vaporization

Heating

Fig. A rectification column

0 Mole fraction x, 1.0

Fig. States of binary system in
rectification column
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5.16 Enthalpy

- Enthalpy values of binary solutions and mixtures of vapor are necessary

- For system simulation, the enthalpy data would be most convenient in
equation form

- More frequently the enthalpy data appear in graphic form as shown in
the Figure below

Higp, fem Peratun

Vapo Loy, tempe ratune

Higp
M

\4——!/

Low temperature

}/)

Enthalpy, kl/kg

0 Mole fraction of A 1.0

Fig. Form of an enthalpy-concentration diagram
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5.17 Pressure drop and pumping

- Pressure drop of an incompressible fluid :

(C : constant, w : mass of flow, n: 1.8 ~ 2.0)

Ap = C(w")

- Power required incompressible fluid :

— n+1

Power = NpympTw = ApQ = C(W") -

RS
Ry
S
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5.18 Turbomachinery

- Dimensional form :

- Non-dimensional form :f(

f(pb Cp; Tl, ), W,D) = Py, —

wy/cp,Tv  wD 1
= = <
D?p, NIPYE P1
p1
b2
w
D
Cp
T

using Pi theorem

pressure input
pressure output
mass flow rate
impeller diameter
heat capacity
input temperature
input density




