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Why Heat Exchanger?



Brayton (Gas Turbine) Cycle

Non-isentropic Process Possible Heat Exchanger Cycles
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Simple and Heat Exchanger Cycles

Intercooled and Reheated Cycles
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Intercooled & Recuperated Marine Engine in Service

The world’s most efficient marine gas turbine
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Courtesy of Rolls-Royce IGTC2003 Tokyo OS-203



Recuperated Gas Turbine Engines
Solar Mercury 50
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Courtesy of Solar Turbine Incorporated



Intercooled Gas Turbine Engines

hot ducts integrated with
intercase

'L,
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intercooler modules
packed around core

* Benefits are up to 4% SFC improvement, cooler cooling air,
reduced NO, emissions (up to 16%) and lower maintenance costs

* Light weight, low pressure ratio heat exchangers critical to
concept
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Turbine Cooling of Gas Turbine Engine

HP compressor inlet | HP compressor outlet .
Fan exit pressure 11 bar pressure 50 ba Turbine entry
(CUSEIEIEROM te mperature 350°C [ temperature 700°C temperature 1700°C
|

IP turbine outlet
temperature 900°C

Mass flow 1200kg/s

I

/
PLATFORM FILM COOLING HOLES . Cooling dir

Courtesy of Rolls-Royce



Advanced Combined Cycles for Max Efficiency

Ein = Eout

mghg,in + mshs,in
= mghg,out + Mmghs out

Msteam hg,in - hg,out _

Mgqs hs,out — hs,in

Whet = Wgas,net T Y X Wsteam net

Work
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Advanced Combustion Cycles for Max Efficiency

Cogeneration & Combined Heat & Power

-

== “ASGENERATOR \- GAS TURBINE
Combustion Turbine with Heat Recovery Steam Generator
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Heat, Air, Ventilation and Cooling (HAVC)

Residential

Residential

HVAC | -

System _

Commercial

Cooling Tower Fan

Cold Water

Loop L aghiller

i TEPump

Outside Air Intake

— Jz I — Hot Water
Damper Cooling Coil & Valve Loop
(Economizer) Supply Fan
' I (Air Handler Unit)
—
] e Dampers __
- f| B (VAVs)
A . .
“ Return Fan Heating Coils
Exhaust Air ' r & Valves
Air from Rooms Air to Rooms
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Space Station Cooling System

External ammonia coolant loops
Moderate temperature water coolant loops
Low temperature water coolant loops

Russian modules use triol fluid for internal cooling

L1111

Russian modules use polymethyl siloxane for external cooling

FAILED AMMONIA PUMP ON
TRUSS WAS REPLACED IN 2010

Habitation modulesin

American segment ‘
Solar

panels l

Main
truss

Habitation
modulesin
Russian

segment

Photovoltaic radiator panels circulate ammonia
to maintain the temperature of the solar panels
generating electricity for the space station

CREDIT: NASA, BOEING KARL TATE / © SPACE.com

TEMPERATURES ON
THE SPACE STATION

How to keep it cool

The International Space Station experiences

big changes in temperature —_—

as it goes from sunlight to darkness twice every
90 minutes in outer space.

—_

he thermal control

system pumps fluids through the
Station to keep the temperature stable for
astronauts, experiments and equipment.

—)
—

o

The internal water loop
collects heat from the cabin air,
experiments and equipment via cold
plates and via an air conditioner
similar to those used on Earth

Inside: 18 to 23°C m

#WorkSmarter

esa

The heat collected inside the station is
2 transferred to an €Xternal loop

Ammonia s a coolant fit for
via heat exchangers.

space because it has a very low.
freezing point: =77 C. As it is very
toxic to humans, it is only used
on the outside of the
Space Station.

The external fluid loop contains
AMMONIa instead of water.

The external ammonia loops release
the heat to space as infrared radiation
via

Outside: 120°C
to -160°C

*The ilustration



Heat Exchangers
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How to enhance heat transfer?



Heat Exchanger Types
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FIGURE 11.1 Concentric tube heat exchangers. (a) Parallel flow. (b) Counterflow.
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Heat Exchanger Types

= %o e
Cross flow <b Cross flow
T=f(x,y) O T=fx)

&6 O

Q{b
N

Tube
flow

(b)

(a)

FIGURE 11.2 Cross-flow heat exchangers. (2) Finned with both fluids unmixed. (b) Unfinned with one fluid
mixed and the other unmixed
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Heat Exchanger Types
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FIGURE 11.4 Shell-and-tube heat exchangers. (a)
One shell pass and two tube passes. (b) Two shell
passes and four tube passes.

FIGURE 11.3 Shell-and-tube heat exchanger with
one shell pass and one tube pass (cross-
counterflow mode of operation)
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Heat Exchanger Types
l l l Flat tube l l — Circular tube l

(a)

)
Corrugations |l|[

(or fins) @l.\
== Q) [TAAAARNT 'I||.

Parallel plates

(d) (e)
FIFURE 11.5 Compact heat exchanger cores. (a) Fin-tube (flat tubes, continuous plate
fins). (b) Fin-tube (circular tubes, continuous plate fins). (c) Fin-tube (circular tubes,
circular fins). (d) Plate-fin (single pass). (¢) Plate-fin (multipass).
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Modeling Approach



Log Mean Temperature Difference (LMTD) Approach

hy, I 1 .

o —»1 q | —> iy Th q= thp,h(Th,i — Tho)

Th.i L _________ ’é _______ J

3 —————— 7/ _________ = A, heat transfer

m, I I surface area _

f“..i e : q :—’ l.‘.'“, ’r‘..“ q == mccp'c(TC’i - TC,O)

T.-.,' L ———— J
An extension of Newton's law of cooling

UAAT, d AT 1 R
q = m an q = UA — Rigot
where,
FIGURE 11.6 Overall energy balances for the hot and 1

cold fluids of a two-fluid heat exchanger. U= and AT =T, —T.
R to tA
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Determination of the Mean Temperature
Chapter 8

* Determination of 7,, (x) is an essential feature of an internal flow analysis.

Determination begins with an energy balance for a differential control volume.

dq e, = ;P dx

I
I
—-—  W— T | Tu+dly, | —-—-—
1
1

0 L
Inlet, i Outlet, o

dqconv = mcp I:(Tm + dTm ) - Tm:l = chdT’"

Integrating from the tube inlet to outlet,

Qeonv = mcp (Tm,o - Tm,i) @



Determination of the Mean Temperature

Chapter 8

A differential equation from which 7, (x) may be determined is obtained by

substituting for dg =g!(Pdx)=h(T,~T,)Pdx.
ar, _ 4P _ P

m

dx:

h(];_Tm)

mcp l’}’le

» Special Case: Uniform Surface Heat Flux

Since total heat rate: eony =95 PL

m

ar, _ 4P
dx .

/(%)

T (x):T ’.+qs—x

m

(2)

7 |

~1

o n N
@ J Entrance region |Fully developed reg:qp)

7 (69)

(T,-T,)

m

T,,(x)

m

g = constant




Determination of the Mean Temperature

Chapter 8
* Special Case: Uniform Surface Temperature r
From Eq. (2), with AT =T, -T, T
d(AT t 4 4
ar, __d(AT) _ P,
dx dx e, AT,

Integrating from x=0 to any downstream location, .
P X — -T (x Px — l
ln = '"( LTl o) - L2,
mcp — T, j

— 1 ¢x
h.=—)qh d
X x-‘.()xx

v T, = constant
|

Overall Conditions: 0 ¥ L

AT, T,-T PL — hA -

=" =exp| - h |=exp| —— = g, =hAAT,,
AT T ]-;?Z i J 7 4
e, nec, AT — AT
m = (3)
In(AT, / AT,)



Determination of the Mean Temperature
Chapter 8

* Special Case: Uniform External Fluid Temperature

AT, T,-T,, U4, 1
= =exp| ——= |=exp| —
AT; Tac _Tm,i mcp rhchml

AT Tm, i

Im

Outer flow

q= UAS A m = \ﬂ\k - 1\\
tot / 5 Nt
AT, — Eq. (3) with T, replaced by 7. e flog p
m, Ei r

Note: Replacement of 7, by T, 5.0 if outer surface temperature is uniform.




Overall Heat Transfer Coefficient

For a wall separating two fluid streams, the overall heat transfer coefficient may be expressed as

1 _[ 1 _ 1 ]_
UA |U.A. ULAL — (hA),

R
TR,

During normal heat exchanger operation, surfaces are often subject to fouling by fluid impurities,
rust formation, or other reactions between the fluid and the wall material. The subsequent
deposition of a film or scale on the surface can greatly increase the resistance to heat transfer
between the fluids.

This effect can be treated by introducing an additional thermal resistance in termed the fouling
factor, R;. Its value depends on the operating temperature, fluid velocity, and length of service of
the heat exchanger

1 1 R, R, 1
fe R fe

UA ™~ Giohd)e oo ™ T Gron ~ (lohn

A f Note: 7,: Tol i
. . 1],: overall surface efficiency of a finned surface
From Chapter 3 where, Mo = 1- Z (1 — Ny ) Ay the entire fin surface area

17¢: the efficiency of a single fin. 25




Fins with uniform cross sectional area

Chapter 3

TABLE 3.4 Temperature distribution and heat rates for fins of uniform cross section

Case Tip Condition
(x=1L)

A Convection:

hO(L) = —kd0/dx| .

B Adiabatic:
db/dx|y-1 =0
C Prescribed temperature:
o) =6,
D Infinite fin (L — «): (L) = 0
0=T—-T, m?2 =hP/kA,
0,=600)=T,—-T, M=/hPkAD,

Temperature
Distribution 6/0;,

cosh m (L — z) + (h/mk) sinh m (L — z)

cosh mL + (h/mk) sinh mL

cosh m (L — z)
cosh mL

(6,/6,) sinh mz + sinh m (L — z)
sinh mL

—mx

Fin Heat
Transfer Rate gy
(3.75) Msinh mL + (h/mk) cosh mL (3.77)
cosh mL + (h/mk) sinh mL
(3.80) M tanh mL (3.81)
h -0./6
(3.82) M (cosh mL — 6,/6,) (3.83)
sinh mL
(3.84) M (3.85)

A table of hyperbolic functions is given in Appendix B.1.
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Overall Heat Transfer Coefficient

1 1 Rf . Rf 1
= + + Ry, + +
UA (nohA)c (UOA)C (noA)h (nohA)h

For finned surface

1 11
UA  U;A;  UyA,

For un-finned surface

1 R In(D,/D;) Ry 1
_ n 1l n ( o/ l) n f,0
hiAi Ai 2mkL Ao hvo

where subscripts i and o refer to inner and outer tube surfaces (A; =xD,L, A, = 7D,L),
which may be exposed to either the hot or the cold fluid.



The Parallel-Flow Heat Exchanger

_,.
|

C,—>» T,,—»:dq:—»T,,HfTh —
VL) dA Heat transfer
BRE surface area
1" =T rdr —

I;

X
FIGURE 11.7 Temperature distributions for a parallel-
flow heat exchanger.

dq = mecydT, = C. dT

dq =— mhcp’h dTh =— Ch dTh

where, C, and C. are the hot and cold
fluid heat capacity rates, respectively.

The rate of heat transfer across the surface area dA may also be

expressed as dg=UATdA
AT =T, —T, — d(AT) =dT}, — dT,
1 1
d(AT) =—dgq (— + —>

Ch Cc
2 d(AT)
| “ar

2
(L) [
CYh C(c 1




The Parallel-Flow Heat Exchanger

AT: Ti_TO Tco_Tci
1n<AT2> =—UA <i+i> 3 In ( 2) — —UA( b, B, 4+ = ’ >
AT, C, C. ATy q q

UA

dq =—mpcpp dI, =— Cp, dT,

dq = mecy . dT, = C.dT,

For the parallel-flow heat exchanger, ATy =Thy —Teq = Thy
ATy = (Tyi = Te;) and ATo = (Tyo = Teo) ATy =Thy ~ ez = The

AT, — AT

=UA
1 IH(ATQ/ATl)

q = UAAT,,,

= - T[(Th,i —T3) — (Tho

- Tc,i
T Tc,o

o TC,O)]
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The Counter-Flow Heat Exchanger

1=
J;j'

r
I I

C,—» Th—>|dq| —» T, +dT, —_—
EI-.L-!{/_‘M Heat transfer
Y surface area
|

C. <-— -, | <« T -

TC+dT( A

T - :
T l | l i e
o el Y ) AT,
d?T(. \ T.C: Fian 'L T
| |
1 2

FIGURE 11.8 Temperature distriButions for a counter-
flow heat exchanger.

For counter-flow heat exchanger
[ATl = Th,l - Tc,l - Th,z’ - Tc,o]
ATy =Tho —Teo =Tho — Tey

For parallel-flow heat exchanger
[AT1 =Thy —Tep =Th; — Te; ]
ATQ = Th,2 - Tc,2 = Th,o - Tc,o




The Counter-Flow Heat Exchanger

C,>>C,
or a condensing
vapor (C,—»=2)

| ——

i

1 X — 2

‘ (a)

C,<<C_.or

an evaporating

liquid (C.—» e2) —

t

"

1 X—> 2

(b)

—_

FIGURE 11.9 Special heat exchanger conditions. (a) C,, > C, or a condensing vapor. (b) An
evaporating liquid or C, < C.. (c) A counter-flow heat exchanger with equivalent fluid

heat capacities (C, = C,).
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The Effectiveness—-NTU Method

Use the log mean temperature difference (LMTD) method of heat exchanger analysis
when the fluid inlet temperatures are known and the outlet temperatures are specified or
readily determined from the energy balance expressions. The value of AT}, for the
exchanger may then be determined.

However, if only the inlet temperatures are known, use of the LMTD method requires a
cumbersome iterative procedure. It is therefore preferable to employ an alternative
approach termed the effectiveness-NTU (or NTU) method.

W
N



The Effectiveness—-NTU Method

actual heat transfer qactual

Effectiveness, € = , =
max. possible heat transfer Gmax

The maximum possible heat transfer rate, g,,,., could be achieved in a counter-flow heat exchanger of
infinite length. In such an exchanger, the maximum possible temperature differenceis T, = T ..

If C. < G, the cold fluid would then experience the larger temperature change, and since L — oo,
it would be heated to the inlet temperature of the hot fluid (T,, = T}, ).

C'c < C’h : dmax — Cc (Th,i - Tc,i)

Similarly, if C, < C, the hot fluid would experience the larger temperature change and would be
cooled to the inlet temperature of the cold fluid (T, = T ;).

Ch < Cc : Qmax = Ch (Th,i - Tc,i)

w
(@}



The Effectiveness—-NTU Method

For general expression, Amax = Cmin (Th,i — Tc,i)

Qactual = ngin(Th,i - Tc,i)

Ch (Th,i - Th,o) Cc(Tc,o - Tc,i)

. Qactual | _ or £ —

Qmax Cmin (Th,i - Tc,i) C1min (Th,i - Tc,i)



The Effectiveness—-NTU Method

To determine a specific form of the effectiveness-NTU relation, consider a parallel-flow heat
exchanger for which C,;, = C,.

Ch(Thi — Tho) Thi—Tho

g = — £ = ——

Cmin(Th,i - Tc,i) Th,i - Tc,i
q = MpCpn(Thi — Tnyo) Cmin Ml Teo— Ty
q = mccp,c(Tc,i - TC,O) Chax ’I’}’Lccp,c Th,i - Th,o

_______

| (ATz) UA(l . 1) . (Th,o—Tc,o) L UA E(1+Cmin)
n — —_— —_— —_—) _—_—m —_—l— 1
AT Ch, C. Thz’ - Tc,i i Cmin | Cmax




The Effectiveness—-NTU Method

To determine a specific form of the effectiveness-NTU relation, consider a parallel-flow heat
exchanger for which C,;, = C,.

— — . . — | To_Tcoi Cmin
Tho —Teo  Tho = Thi+ Thi — Teo ;s = exp [_ NTU (1 + )] -

max

Thi — Tty Thi — Tty

____________

Cmin

\
|

TC,o = (Th,i - Th,o) + TC,i - ‘ - . - ,' :

Cm ax

B (Tho — Thi) + (Thi — Tei) — (Cuin/ Cmax) (Thi — Tho) . Thi — The
B Thi — T, Thi — Tty
—5—|—1—<Omm>8zil—€(1—|— Cmm>i . — 1—eXp{—NTU[1+(len/CmaX)]} )
Cunax /1 max /! 1+ (Crmin/Cnax)




The Effectiveness—-NTU Method

_ 1 —exp{—NTU|[1 + (Chin/Cmax)] }

)
1 + (Cmin/CmaX)
Cmin .
e=f|NTU, where, Cpin/ Cinax is equal to C./C, or C,/C,
Crnax

and number of transfer unit, NTU =

min

w
N



TABLE 11.3 Heat Exchanger Effectiveness
Relations

Flow
Arrangement

Parallel flow

Counterflow

Shell-and-
tube

One shell

pass (2, 4, ...
tube passes)

n shell
passes (2n, 4n,
... tube passes)

Cross-flow
(single pass)

Both fluids
unmixed

Cmax
(mixed), Crnin
(unmixed)

Cmin
(mixed), Cax
(unmixed)

All
exchangers
(C,.=0)

Relation

o 1 —exp[-NTU(1 + C,)] (11.28a)
1+C,
1- ~NTU(1-C,
. exp [ ( )] € <1) (11.292),
1-Crexp [-NTU(1-C,)]
NTU
£ = TeNto (=1

1 — (NTU), (1 + c2)“2302)
51=2{1+Cr+(1+03)1/2x + expl— (NTU), (1 + 0)

1 — exp[— (NTU), (1 + C2)"?)

. {(1—51@)"_1} {(I_EICT)H—C’T}_I (11.31a)
1—¢; 1—-¢

e=1—exp [( é) (NTU)"* {exp[* C,(NTU)"™) - 1}] (1.32)
e= (Ci) (1-exp{-C[l—exp(-NTU)}) ~ (L332)
e=1-exp(—C, 1 {1 —exp[-C,(NTU)|}) (11.342)

e = 1 — exp(— NTU) (11.352)



TABLE 11.4 Heat exchanger NTU relations

NTU = f s,C—
C

min

max

Flow Arrangement

Parallel flow

Counterflow

Shell-and-tube

One shell pass (2,
4, ... tube passes)

n shell passes (2n,
4n, ... tube passes)

Cross-flow (single
pass)

Cmax (mixed), Cin
(unmixed)

Cmin (mixed), Cmax
(unmixed)

All exchangers (C,. =
o)

Relation
[l —e(1+C,

NTU - it —e@+ Gl (11.28b)

1+C,

1
NTU = In <6_) (€, <1y 1:200)

C -1 eC,.—1

€
NTU — € =1)

1—¢

(NTU), = (1+C2) I <—E - 1) (11.300)

E+1
g a-0+G) (11.30¢)
1+cy)"?

Use Equations 11.30b and 11.30c¢ with

F-1 eC, — 1\ (11.31b, ¢, d)
€1 = F= ( ) NTU = n(NTU),
F-0C, e—1

NTU =—In [1 + (%) In(1 — ecr)] (11.33b)

r

NTU =— (%) WG, (1 —¢)+1  (L34R)

7‘

NTU =—1In(1 — ¢) (1..35b)



Effectiveness - NTU

0 1 2 3 4 5
NTU

FIGURE 11.10 Effectiveness of a parallel-
flow heat exchanger

0 1 2 3 4 9
NTU

FIGURE 11.11 Effectiveness of a counter-
flow heat exchanger
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FIGURE 11.12 Effectiveness of a shell-and-tube FIGURE 11.13 Effectiveness of a shell-and-tube heat
heat exchanger with one shell and any multiple exchanger with two shell passes and any multiple

of two tube passes (two, four, etc. tube passes) of four tube passes (four, eight, etc. tube passes)
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FIGURE 11.14 Effectiveness of a single-
pass, cross-flow heat exchanger with
both fluids unmixed

T,;orT,

i Gi

T ;orT,,—>» —w T onT,.

NTU

FIGURE 11.15 Effectiveness of a single-
pass, cross-flow heat exchanger with one
fluid mixed and the other unmixed
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