HEAT EXCHANGE DEVICES

e Heat Exchanger Types
e Qverall Heat Transfer Coefficient

e Heat Exchanger Analysis:
Log Mean Temperature Difference

e Heat Exchanger Analysis:
Effectiveness-NTU Method

e Methodology of a Heat Exchanger
Calculation

e Compact Heat Exchangers



Heat Exchanger Types

Flow Arrangement
parallel-flow counterflow
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Type of Construction
shell-and-tube heat exchanger

Tube

outlet Shell

inlet Baffles

Shell Tube
outlet inlet

one shell pass and one tube pass
(cross-counter mode of operation)



» Tube outlet

™

o

lShell inlet
|
T
I

<« [ube Inlet

.H-.

I

l Shell outlet

one shell pass and two tube passes

yLSheI! inlet

' » Tube outlet

. <«— Tube inlet

l Shell outlet

two shell passes and four tube passes



Compact Heat Exchanger
Fin-tube

l J——Flattube l

3 Plate fin = Circular fin _/

flat tubes, circular tubes, circular tubes,
continuous plate fins continuous plate fins circular fins

Plate-fin

Corrugations

WIS
. /[ (orfins) _(
A : il

S Parallel plates <

single pass multi-pass



Overall Heat Transfer Coefficient

hot fluid, T,

=UA(T, -T,) ="

qI - (T~ T.) 1/UA
cold fluid, T,
111
UA (UA)., (UA),

R” R”
R L Y - SAL £ B

(770 hA)c (770 A)c ’ (770 A)h (770 hA)h

R% : fouling factor (fluid impurities, rust formation, reaction)
n, :temperature effectiveness or overall surface efficiency



temperature effectiveness or overall
surface efficiency

Ty

¢ - fin efficiency

q=n,hA(T,-T,), A=A, +A

: T. U= A, (Tb _Too)+ hA:7; (Tb _Too)

= 1(Ab + A, )(T, —_Tw)

A
=hA 1—Tf(1—nf) (T,-T.)




Overall heat transfer coefficient
for the unfinned, tubular heat exchangers

\T‘
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UA UA  UA

1 R, ln(DO/Di)_I_R}',O_I_ 1

= + +
hA A 27kl A hA

| : INner surface, o : outer surface




Heat Exchanger Analysis: LMTD Method

Assumptions:

e The heat exchanger is insulated from
surroundings.

e Axial conduction along the tubes is
negligible.

e The fluid specific heats are constant.

e The overall heat transfer coefficient is
constant.



Parallel-flow Heat Exchanger

m, Th,i — |q — Th,o
rﬁc’ Tc,i Tc,o

g=(mc,), (Th,i _Th,o) =C, (Th,i _Th,o)

=(mc,) (T, - T.;) =C.(T., - T.,)
= UAAT

mc, =C : heat capacity rate



dq=-m.c dT, =-C.dT,

Heattm_n;fer = mCCp,CdTC = Cchc

—_—

=UdA(T, - T,) =UdAAT







Toi—Tho  Too—Te
IH(ATZ j — _UA( h,i h,o + Cc,0 C,I )
AT, q v

(1,1, )T~ -]

q C,i
1oUA AT =AT

In(AT, /AT,) "




Counterflow Heat Exchanger
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q=UAAT

—
Heat transfer
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©T S SN AT, = AT, — AT,

” In 2
AT,

AT, =T —-T_

T = Th,i _Tc,o
ATz = Thz _Tcz

2 — Th,o - T J
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Special Operating Conditions
J= Ch (Th,i _Th,o) = Cc (Tc,o _Tc,i )

a) C,, >> C_ or a condensing vapor (C,— <)

! .
T g= thp,h (Th,i _Th,o)

= mhhfg



b) C, << C, or an evaporating liquid (C,— <)

f- \\ q=mc, (T.,~T.;)
] _ph,
1 X—> .
c)C, =C, AT, = AT,
1 q=C AT =C, AT,
alioe = O AT, =AT, =AT,,
e \r __AT,-AT,

o " In(AT,/AT,)



Multipass and Cross-flow Heat Exchangers

ATlm =FA Im,CF
F: correction
factor

CF: counterflow
condition

A 1 =Th,i _T,o

C

AT, =T,,-T.,
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Correction factor for a shell-and-tube
heat exchanger with one shell and
any multiple of two tube passes
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exchangers with both fluid mixed
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Correction factor for a single-pass, cross-flow heat exchangers
with one fluid mixed and the other unmixed



Example 11.1

oll !

ﬁ I

hl—.'— ......... — -

|
water

Find:

45 mm

D,=

//-'_ TJ'II. i = ]_DDDC

my, = 0.1 kgfs
oll

Water ,r;:f,{. =0.2 kg;"S

Ty, .= 60°C

\",._ ’T +

T, ;= 30°C

Tube length to achieve a desired hot fluid outlet

temperature
Assumption:

Negligible tube wall thermal resistance and fouling

factors




g=myC, (Th,i _Th,o)
=mM.Cpe (Too —Tei)

— Ty, i= 100°C

c¥p,C
=UAAT, , A=zD,L
q 1 Th. 0 60°C
L= » U= I h =
UzDAT,, (1/h)+(1/h) = T\Nate L
£ T, ,=30°C

(Th,i _Tc,o ) — (Th,o _Tc,i )

In I:(Th,i — T, ) / (Th,o —Te ):I

0 =mM,Cpp(Thi —Tho) =8524 W, =2131J/kg-K (oil at T = 80°C)

AT, =

X

T = g +T.. =40.2°C ¢, =4178 J/kg-K (water at T=35°C)
,0 m C C,i ,
c~p,C

(Th,i _Tc,o ) _ (Th,o _Tc,i )

In I:(Th’i — T, ) / (Th,o —Tes ):I

=43.2°C

AT, =



oll

|
1 —
Water:

45 mm

h;, : water flow In a circular tube - X
water: (T, ~35°C)
1=725x10"°N-s/m*, k =0.625 W/m-K, Pr = 4.85
4m
Re, =——=14,050
nDiu

Dittus-Boelter equation

Nu, = 0.023Re!*Pr"* = 0.023(14,050)"" (4.85)"" = 90

h =NuD§=2250 W/m’-K

D, =



h, : oil flow through an annulus
oil: (T, = 80°C)
p=325x10"N-s/m’, k=0.138 W/m-K

ReD — pum Dh
19)(0:-07)
4(7/4)(D; - D}
> zD, +zD, %~
Re, = p(D.-D) M, M _s6.0

u  pr(D:-D?)/4 7(D,+D)u

The annular flow is therefore laminar. The convection
coefficient at the inner surface may be obtained from
Table 8.2 with D;/D, = 0.56.

— ho I:)h L
h

Nug, === = 5.56, hO=NuDhD =38.4W/m*-K




The overall convection coefficient is then

1 2
—_— — ° K
U (l/hi)+(1/ho) 37.8 W/m

L=—— 9 _66.5m
Uz DAT,,




Heat Exchanger Analysis: e-NTU Method

Useful when only the inlet fluid temperatures are known
Effectiveness of a Heat Exchanger

counterflow heat exchanger with infinite length

I\

maximum
possible

temperature
difference

maximum
possible
temperature
difference




when C_,<C,
Temperature variation in the low
temperature fluid is large.

1 Th,i = Tc,o
maximum
possible ﬂ\q
temperature v B
difference | \"\ h,o
ke il pi C,i

dq=-C,dT,=C.dT,, [dT,|>|dT,|
A — o0 T..,=T,,
Omax = Co (Tc,o — T, ) =C, (Th,i =T, ) =C i (Th,i =T, )



when C, <C,

Temperature variation in the high
temperature fluid is large.

40
maximum

possible Teo dg

temperature \'\I

difference | Nh,o =T

dq=-C,dT, =C.dT,, [dT,|>[dT,]

Omax = G (Th,i _Th,o) =C, (Th,i _Tc,i ) = Cin (Th,i _Tc,i )



in eithercase q,,, =C_. (Th,i _Tc,i)

effectiveness:

g C, (Th,i — Th,o)

Cc (Tc,o _Tc,i )
E = = —
Oimax Cmin (Th,i _Tc,i ) Cmin (Th,i _Tc,i )

0 = &0, = €C .0 (Th,i _Tc,i)

Number of Transfer Unit:

UA
C

NTU =

min



Effectiveness-NTU Relations
Ex) parallel-flow heat exchanger for which







UA g(Th,i _Tc,i)

NTU = — =
Cmin A-I-lm

T, —T

&(T,, ~T.,)In : _T

) (Th,o _Tc,o ) o (Th,i _Tc,i )
(Th,o _Tc,o ) - (Th,i _Tc,i ) = (Th,o _Th,i )_ (Tc,o - Tc,i )

= Cmin (Th,i _Th,o) = Cmax (Tc,o _Tc,i )
=&C i (Th,i - T, )

C

Th,i _Th,o =8(Th,i —T,i), T.,-T,, =20 (Th,i —T..

C c,0 C,i






~T.. C..
00 = exp —NTU(1+C“‘“‘)

“C,o (Th,o _Th,i )+ (Th,i _Tc,o)

C,l

_ (Th,o _Th,i )+ (“h,i _Tc,i )+( N
B “hl _Tc,i




9.9 _a
Th,O _TC,O _ Cmin gcmin Cmax
Th,i _Tc,i 9
ngin
—8+1—8Cmin =1—8 1_|_ Cmin
Cmax Cmax
Too—T i )
oS0 — exp —NTU(1+ i
Th,i Lo, i Cmax _
1- 8(1 + gmi“ ) = exp —NTU(I + C i

J




C._.
gl1+—2 [=1—eXx

max

 1—exp| -NTU(1+C,)]

—NTU(I +

E =
1+C,

QCr

In general, e = f(NTU,C))

C

min

max

C
C

)

min

max



Heat Exchanger Effectiveness Relations

Flow Arrangement

Relation

Concentric tube
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

C oy (mixed),
Cpip (unmixed)

C i (mixed),
Cpay (unmixed)

All exchangers (C, = ()

B | —exp [-NTU(1 + C,)]

& 1+C,
I —exp[—-NTU(1 —C
I = C,exp [-NTU(1 — C,)]
_ NTU _
fTT+NTU e
B =2 1ol . CHE

y 1 + exp [—(NTU),(1 + CH'] |1
1 —exp [— (NTU)(1 + CH™]

[(1 —slc,)ﬂ ] [(1 —le’,)" ]—J
e=|——2) || (2] —¢,

I _El I _El

e=1—exp [(CL) (NTU)*? {exp [— C,(NTU)*"*]—1 }]

'E:(CL)“ —exp {—C:[1— exp(—=NTU)] P

g=1—exp [—Cr_l [1 —exp [-CANTU)]})

g=1—exp (—NTU)

(11.28a)

(11.29a)

(11.30a)

(11.31a)

(11.32)

(11.33a)

(11.34a)

(11.35a)




0 1 2 3 4 5
NTU

Effectiveness of a parallel flow Effectiveness of a counter-flow
heat exchanger heat exchanger
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Example 11.3
T

[

/ \

Q > Tc,o :

\ /

\ 4/

Th,o
finned-tube, cross-
flow heat exchanger
U, =100 W/m*-K
both fluids unmixed

Find:

T, ;=300°C

Ly o yosoe

T, , = 100°C

T, ;=35

Required gas side surface area




NTU = Un A,

Cmin
C.. NTU 5

—> A = U,

&= d

C:min (Th,i _Tc,i ) T =020 T.;=35%C
£=1-exp KCLJ(NTU)"‘22 {exp —C.(NTU)"" | —1}]
or Fig. 11.18
g= rthp,h (Th,i _Th,o) = rl.,]ccp,c (Tc,o _Tc,i)

water: ('FC = 80°C) c,=4197J/kg-K
gas: ¢, =1000J/kg-K




q=m.C,, (Th,i _Th,o) =m.C
C.=mc, =4197W/K

c™p,c (Tc,o _Tc,i)

. Tc 0 C,i
C,=myc,,=C, = ’ - =1889W/K=C ..

h,i _Th,o

q=mcC, (TC,0 =T, ) =3.77x10° W _—T},i=300°C

_ 9 _
B Cmin (Th,i _Tc,i) e

from &NTU relation or from

Fig. 11.18 with
- C. . _ 1889 _ 0.45
C 4197

max

NTU = LéhAh ~2.1, A =

min

_water

m,.= 1 kgls T, =100

T- e 12500 T . — 35¢C

C i NTU =39.7 m’

h

This problem can also be solved by LMTD method.



Methodology of HX Calculation

e heat exchanger design
LMTD, &NTU

e heat exchanger performance analysis
mainly by &NTU



Example 11.5
steam

q=2x10°W ] water | 7, ;= 50°C
| | Y | T 7 m, steam

TFE, o s EDDC

AT 3% 10" ks

l lT \Tube data
m, ™ N = 30,000
D =0.025m
h =11,000 W/m* - K
L =length/pass
m =1kg/s per tube

T, ;= 20°C

Find.:
1) Outlet temperature of the cooling water
2) Tube length per pass to achieve required heat
transfer



Using the LMTD method
q=m.cC,, (Th,i _Th,o) = rhhhfg

=m.Cpe (Too —Tei)

c¥p,C

=UAAT,

A 9

= =2NxzDL
UAT,

L= d
2UN7ZD,FAT,, o

1
(1/h)+(1/h,)

ATlm = FAT]m,CF’ ATlm,CF —

steam
9 T-}'E & = EDGC
q=2x10°W "
e L — 3% 10% ke/s
AT '}'_

T, ;= 20°C

_ (Th,i 'Tc,o ) - (Th,o 'Tc,i )

ln[(Tﬁi-T}p)/(Tﬁo'11J)]




water: ('ITC ~ 27°C)
6
c,=4179J/kg-K , u=8355x10
k=0.613 Wm-K, Pr=5.83

g= rﬁcCp,c (Tc,o _Tc,i) P~ :
Tc,o =Tc,i + . q
mcCp,c

=20°C+16°C=36°C

F, ;= 50°C
m,  Steam

q=2x10°W Tio=50C

water .
m.=3 x 10" kg/s

T, ;= 20°C

_ (Th,i 'Tc,o ) - (Th,o 'Tc,i )

Alincr = ln[(Th,i 'Tc,O)/ (Th’O e ):I

=21°C




1.0
0.9

0.7

- leoleolso f2olis Jholos\os Vo4 oz

0l5 ) | | | 1
0 gl 62 03 L4 05 HD6 07 OB 085 1.0

o —

Ti—1t;
-t 36.5-20
t —t Tt 50-20

P

= (.55



water: (TC R 27°C)
c,=4179J/kg-K , 1#1=855x10"N-s/m"

K=0.613 Wm-K, Pr=5.83 N = 30,000
, D=0.025m
h;: Re, =4—m=59,567 h, =11,000 W/m* - K
wDu L =length/pass

Nu, = 0.023Re},* Pr"* m =1kg/s per tube

=0.023(59,567)"°(5.83)* =308
h =Nu, % =7552W/m’ -K

1 1
U= = =44 K
() + (/1) (1/7552)+ (1/11,000) o W/m

L = . —4.51m
U(N27zD)FAT,, o



Using &-NTU method

NTU = %
C:min
A=2NzDL—> L= C i NTU
2Nz DU
g
E =
Cmin (Th,i _Tc,i)
Ch == Cmax

C. =mc.. =125x10°W/K

min cvp,C

_ 9 _
T 0.53

C,i

~

T, ;= 50°C
/ F;Ih

q=2x10°W Tio=50C

water .
m.=3 x 10" kg/s

steam

T, ;= 20°C




g =0.53

O

min =0

max

O

L — CminNTU

= =4.46 m
2Nz DU

1.0

| '
: 4 ' |
0.8 (8} ~0.50
......... Q}é? D.?E.)
o6 bt M SRl 0T

=l Z 3 4 5
NTU 2 0.75

NTU
FiGURE 11.16 Effectiveness of a shell-
and-tube heat exchanger with one shell
and any multiple of two tube passes (two,
four, ete. tube passes) (Equation 11.31).



Compact Heat Exchangers

A large heat transfer area per unit volume
One of the fluid: gas

Geometric parameters

Ay minimum free-flow area
of the finned passage

A..: frontal area
0= Ayl Ay

Il
D,: hydraulic diameter of the flow passage

a. heat transfer surface area per total heat
exchanger volume

AJ/A: the ratio of fin to total heat transfer
surface area



Colburn j factor:

ju =StPr*?, St=h/Gc,

PVA,
A

GC=pVou =
_m.__m
Aff O-Afr
- GD,
y7;

Re




JH

0.060

0.040

0.030

0.020

0.010

0.008 =

0.006

Tube outside diameter, D, = 16.4 mm

Fin pitch = 275 per meter

Flow passage hydraulic diameter, D, = 6.68 mm

Fin thickness, r = 0.254 mm

Free-flow area/frontal area, ¢ = 0.449

Heat transfer area/total volume, o = 269 m?/m?

Fin area/total area, AJ,JA = 0.830

Note: Minimum free-flow area is in spaces transverse to flow.

103

2 3 4 6 8 104
Reynolds number, Re

Heat transfer and friction factor for a circular tube-circular fin
heat exchanger, surface CF-7.0-5/8J



0.060

5

0.030

0.020

0.010 }——

0.008 | Tube outside diameter, D, = 10.2mm
ig - Fin pitch = 315 per meter

0.006 |- Flow passage hydraulic diameter, D, = 3.63 mm
' Fin thickness = 0.330 mm
- Free-flow area/frontal area, o = 0.534
Heat transfer area/total volume, o = 587 m?#/m”> g
0.004 | Fin area/total area = 0.913 B
Note: Minimum free-flow area is in spaces transverse to flow. | it s i e &

4 6 8 103 2 3 4 6 8 10%
Reynolds number, Re

Heat transfer and friction factor for a circular tube-continuous
fin heat exchanger, surface 8.0-3/8T



Example 11.6

combustlon ‘ water
—>
@/ h =h =1500 W/m*-K
=1 kg/s

- =1.25Kkg/s ’
Th, = 825K ‘\ .—290K T, =370K

surface CF-7.0-5/8J

A =0.20m’ _,‘
D. =13.8mm

Find.:
1) Gas-side overall heat transfer coefficient
2) Heat exchanger volume

Assumption:

Gas has properties of atmospheric air at an assumed
mean temperature of 700 K.



combustion —>

gas
m, =1.25kg/s
T, =825K
A, =0.20m*

nm h=h =1500W/m*-K

(N T16.4 M, =1Kkg/s

w1 L mm Tc,i — 290K9 Tc,o =370K
surface CF-7.0--5/8J

D, =13.8mm

Tube outside diameter, D, = 16.4 mm

Fin pitch = 275 per meter

Flow passage hydraulic diameter, D, = 6.68 mm

Fin thickness, r = 0.254 mm

Free-flow area/frontal area, o = 0.449

Heat transfer area/total volume, @ = 269 m2/m?3

Fin area/total area, AffA = (J.830

Note: Minimum free-flow area is in spaces transverse fo flow.



1) Gas-side overall heat transfer coefficient

111
UA (UA), (UA),

1 R:"’ C R:: h 1
+ ~—+ R, + — +
(nohA)c (770 A)c (770 A)h (”ohA)h

1 1 1
U, R (AIA) T

Uo,hhh

ju =StPr*”, St=h, /Gc,



A

A,

: A =xnD,L, Fin area/total area,

A /A = 0.830
A=A +A

=(7Z'DOL—7Z' g n)+Af’h ®>|D0=16.4mm

_D, A D, =13.8mm
A DL Di A
1~ Do AC + Af,h
Di A A
D, A :
AT AL —)A°z138(1—0.830)=0.143
A DU A A, 164



AR =ln(D°/Di), A =zxD.L—> in
Y 27mLk/ A z D,
aluminum(T = 300K) k=237W/m-K
D, In(D,/D,) .
= =3.51x10"m" - K/'W
2k (A7 A)
Myt Re="Ph D =668 mm, G=10_ T _139kg/s.m’

Aff O-Afr
m, =1.25kg/s, A, =0.20m’, o = 0.449

air (p =]atm, T = 7OOK) U= 338.8%x10'N-s/ m?>

GD, 13.9Kkg/s-m”x6.68x10°m

Re = —
y7, 338.8x10"kg/s-m

= 2740




0.060

0,008 ===

0.040
'

0.030

0.020

i, =0.0096
JH

0.006

103

€
Reynolds num

Re= 2780

be



_— . 2/3 _
jH—O.0096, jH—StPl’ ,St—hh/GCp t = 0.254 mm

air(p=1atm, T =700K) Pr=0.695
Ge, >|D0 =16.4mm
h, =0.0096—" =183 W/m-K
Pr
Mo - 100 ISQ D, =13.8mm
. ~0.89 N r,, =14.38mm
E A =157x10"°m’

60 - e / = 1.75

'-'?_I, (9’0)

40

20

0

122 (h, kA, )" =0. 347

Lo 2.0 25

ST



LI 1 +AhRW+L=O.OIO7m2-K/W
U, h(A/A)

Uo,hhh
U, = 93.4W/m*-K

2) Heat exchanger volume

o = Ah Tube outside diameter, D, = 16.4 mm
V Fin pitch = 275 per meter
Flow passage hydraulic diameter, D, = 6.68 mm
Ah Fin thickness, r = 0.254 mm
a

V Free-flow area/frontal area, ¢ = 0.449
Heat transfer area/total volume, ¢ = 269 m=/m?
U Fin area/total area, AffA = 0.830
NTU = hAh Note: Minimum free-flow area is in spaces transverse to flow.
Cmin
J g
E = =

Omax ~ Comin (Th,i _Tc,i)



combustion —>
gas

m, =1.25kg/s 31.3
T, =825K —

A =020m*> _,

water
85 1 =h =1500 W/m®-K
16.4 m =1 kg/S
mm T =290K, T,, =370K

134 surface CF-7.0--5/8J
. D. =13.8mm

C.=mc,, =1kg/sx4184J/kg-K = 4184 W/K
C,=m,c,, =1.25kg/sx1075J/kg-K = 1344 W/K
Coin = C, = 1344 W/K
4=C,(T.o-T.;)=3.35x10°W

Oax = Conin (Toi = Tei ) = 7.19x10° W

e=—9 —0.466, C =mn _0321
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max
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max 0.75
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FiGURE 11.18 Effectiveness of a single-
pass, cross-flow heat exchanger with both

fluids unmixed (Equation 11.33).



NTU = Un/ ~ (.65

Cmin
A = CauNTU _ 1344 W/K>:0.65 _035m’
U, 93.4W/m?-K

V=2 g =269m/m?

2
vt 9BmM g h3gm?

a 269m’/m




