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3.1 Can both flows be mixed in a cross—-flow heat exchanger.

The fluids might be permitted direct contact, of
course, but we would have to separate them at the exit.
However, it appears that any walls separating the fluids
would either eliminate mixing in one flow or restrict it in
both flows. An exception to this would be crossflow over a
single dividing plate -- not a very effective exchanger,
but a legitimate instance of both flows being mixed.

3.2 Find the appropriate mean radius for heat transfer through

a single spherical shell, such that @ = kA(R)
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3.3 Rework Problem 2.14 using the methods of Chapter 3.

100 = (120 - Tg5)

( Dy = 300¢2) T, . =
UACLMT = = mcp (Tg ~ 20)
In TEU_T_ 503
s0 T = 20 + 1,193 (T, - 200
- e / 120 - Tg
Solve this by trial and error: Ts
B8O g8.1
B85S 93.1
Q0 89 .4

89.7 89.44 % T, =89.7°C

This is the same result as we got in Problem 2.14.

3.4 Consider counterflow heat exchanger shown
with

< = k e R I Totf=
Cc _Ch = 2.4 31 Bow kg ke = 7(9a) = IﬁZD-Tc e
4o ..rt-ui
- T,

TL 3 T (T:: 'T(_ 3=?uu-qm= 3009 \ =

aWL I- Ch e o “:-Iﬂ DBL
Laths case AT = 4OV, :ﬁThz 3onl
Bui' !‘{" .I_"—o.,t L B -C.L‘lﬂm al ’LBS_QGGC-J T’n X would be 200°%

ﬂv‘“d S {"r_'-n:: L.;_.:uu[n‘l JGE -&F_f 2 Tha.
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"]’LMCW F-é 3.17a we rad NTU= J‘ = 246

uqm
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3.S Continued :

The Q, U - 2.45(4180) -
re re

= 26 si2 mi-°C
IMTY wethod
p-8e-42 | R—w" aa\s
O ~ o

=0.84¢C | (,.,«ct.a 304, F = 0.30€

- 4136 (46
--2&54& . = =
s / - AF JLp)) 20(0.%05')( 2239)

LMTO = hloo 30) - (66,15 - %\] j,

453 ‘ OC ——

(There is a 12 L or so disagreement in graph reading.)

3.6 Consider the heat exchanger

) non mﬂ;eum 'L'Cﬁnn_, SQHVAA“J
below: ay 217 OF: K= 0.0007F

. C\!am wal—&( out

i 0.0 §s cleca waler 1n a} CO°F
3
() “ovfo'mh/i{_g-cﬁ.%ﬂ%
12\7_“?3 30, 20%L \m3 ubes N (o2se) §t

a&- schedul e 1601 34 1a

steel pipe id.=0.614in, , Y = O0.025¢Er
0.d4.21.05u. r, = 0.0437 ¢
Take h inside the tubes to be 1380 Btu/ft2-hr-°F and hcond
as 2000 Btu/ft2-hr-°F,

Find T and m . To do this first find U
water ,out densate
based on thé outside guge area.

- _r,':_ &_o“(ro/rd\
R e~

Jteal

S -1
- 0.0437Y . 0.04375 . 0.0437¢ \ >
[ 0.0056 (1 390) + Z G ,fh + + 0.00 os\l

6.0256  2¢00
218.4 Btu /U5, -oF

W

Next look up the effectiveness, ¢

,in Fig. 3.16 or 3.17 for
Cnin/Cpax = 0 and for

- UA 3'8-4[‘30(2"2&1‘!(‘2‘0.0 4375-)] _
NTU = Crain 30(0.0\)(JJ =62.4)(3600) 1.658

own M!! of the G curves we vread €x>0.155

Thew Q-=€cC,... (T, -T:M\ = 0.795(30)(0.01)(¢ 24) 3c00) (212~ &0)
= 8.14« \OG B::(
3
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3.6 lcﬂi""l.ﬂknﬁ‘#i}

. Q 3.\4+10 \b
owd L - T R eee—_— = 839 o
condemsabe 'n,‘;, 970.3 3 he, o
F‘mn.'llj'. _I'-Chul = l‘
oL Dl‘]ﬁf - -——---——I;n N
2\2- 6o !

2 Tk = (@12-60){(0.795) + 6o = 1 3] °F =

[Note that, had we taken each U-tube to be 20 ft lons, the
numbers above would have come out as follows: NTU = 0.779,
€ =0,55, @ = ?.63 x 108, Meand = 5810, and T':rmt = 144.]

3.7 Consider a counter—flow heat exchanger as shown:

3000 kqfhr oF —a ——=— S3.33°C
Hy at GsL — = —— =

— ——— "m'lﬂjfhf a[.
wates at 2101°C

— Wy
Find Tu,o,,q and evaluate A W[ - 6.

(érey), .oﬁﬂ:ﬂfz‘ W)= Eep)y,, (65.5L-53.39)

So: . = 71 Jooo{139.4) . - &
Wio,,0 2N Y e (65:5¢-6333) = 33.35°C -

The temperature changes of the two streams are almost equal -— 32 .28 K
and 32.21 K. Sc this is a balanced counterflow heat exchanger (see
Example 3.2} whose affective LMTID wa can call 32.215 K. These temparature
differences are so similar because Cp and Cp are nearly the same.

5.112(16)

And Q:{ﬁcr)%{c.-;.-’sﬂ,uga.mm stoe— = UACLnte)
1420.8
S50 A
- = = 0.1470 —
300 (32.215) =
3.8 An automobile heat exchanger "'
is of cross—flow type with "
both fluids unmixed as shown: o Tair, o
kY b 75 S
@ = 18 kW at &5 km/hr and T =38 at 65 knflr,
U = t i 0.7
constant (velocity) [ Ereon 11 tnnd—t
L1
(and, since U = 200km/hr = constant (65)0+7, "'ﬁ:c_

the constant must come out as 10.76 (km/hr)Q:3,)
Flot the reduction of @ vs. the speed of the auto.
This is an effectiveness problem and we could use the

charts, but it is simpler to use equatien (3.20) or (3.21)
with Co in/Chay = 03 Thus € =1 - exp(-NTU). To use this we

Copyright 2020, John H. Lienhard, IV and John H. Lienhard, V



3.8(Conkinued)

must first calculate the area of the exchanger. At desiagn
conditions, € = &/(é5 — 3%5)= 0,20, so NTU = 0.223 or

18,000/6
200
and that will not change. MNow we use a tabular solution.

A = 0.223C,;,/U = 0,223 = 3.34 m?

Vﬁll 'LIF“%.I NT W= é'u‘u- € = 1;1.1-“.‘.= Q:C,,..?‘.l.ﬁ‘[‘ ?p Ttalluc_hm

e =02Vl |2 002U 1€ fisyiesane |2 H2ulBL39)| v @
&S | Reo 6,223 0.200 | 41.0 18000 W o
so | 1tk | o240 0.213 | 414 | 14,23 .0
25 | 102 0.2% 0.258 | 42.65 | 3, %6 51.0
16 54 6.390 0.323| 44,1 4,4M 78,

100

X

§

=

i 4

3 so

-
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A

A

-

= 5 L

0

tle toe %o %6 SB Lo To
ﬂ-ul'b ﬁrctc‘l (E*1 kﬂ}h*

3.9 Derive the effectiveness for a counterflow heat exchanger:
Fauaticn (3.9b) for the counterflow case reduces to

e >
qr, -1 )-(T_ -T ) TP
c c c. £ C .
i c [s] i 1 o min
ln IS = kN ol T =in o <
(-14=5) (T_ =T )+aT (=1+=5) 3y LAl TR
Chp' By Gy TR % 1 o i %h ¢ Chin
& C
= “min

&

- = a] c_
= & o —==NTU|E.——ml'lE| where upper sign is for C_ = C_. i

: : c min
min _ 1 max] lower sign is for C, = C_/ .

max 5

We can then drop lower sign & solve for c:

c c
Y ~NTU [l— cﬂ"ﬁ 1-exp [— (1- Emin }NTL]
N c_"_' = e max or £ = max 1
min __ [« C
=t 1- 28 exp ]:1-{1- Elf'-iﬂm*rﬁ
max max
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3.10 Find the limiting effectiveness for the parallel and counterflow
cases:

If NTU - =~ the outlet temperatures for the /é/—flow case -- equal.

Then AThot + ATcold = AToverall and:
_ %n “Th . ATy, 2 1
£ ST . T while o5 = AT T C
min overall ““overall = h
1+ —— 1+ —
LT C
h c
Thus:
. ch ( cc 1 i L,
min Cc+ch G in <
) 14 2l for either C_ or C, = C .
C . (= h min.
max
This compares correctly with Fig. 3.16 or ean. (3.20)

In the counterflow case, the maximum possible heat transfer,
Cmin(Th -T ),will be transferred to the minimum heat capacity.

in in
flow if the heat exchanager is made long enough that NTU approaches
infinity. In this case

£ =1 -

This is borne out in the trend of Fig. 3.16 and by
egqn. (3.21) as NTU approaches infinity.

6
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3.11 Derive ¢ = £ (NTU, C /C ) for a heat exchanger in which

; one
min’ “max
flow is isothermal.
If the hot flow is isothermal, Ch = », and either of eqgns. (3.9)
gives
T -T
c C. AT
|- 2t 1| = mp- | = i 2| - g 2
h “c. h “c. c = - min
i i €
=-NTU
Therefore
1-€ = enNTU or e = l—e_NTU -~

Notice that this is also the limit of both egns. (3.20) & (3.21)

where Cmin/cmax + 0. It is also true if Cc = o,

3.12 A single pass heat exchanger concenses steam at 100°C on the
shell side and heats water from 10 to 30°C on the other side.
U = 2500 W/m=°C and A = 7(0.05 m) (2 m) = 0.3142 m2.

a) Should it be //-or counter-flcw? It doesn't matter since
Th = const. —~—

ety

b) Find the LMTD
Lmrp = {100-10)-(100-30)

- 5 = 79.58°C —
70 —
c) Find mHzo
. _ UA(LMTD) _ 2500(0.314)(79.6) _ kg
™i,0 = Te_aT  ~ ~ 4180(20) R T
: _ Q@ _ 2500(0.314)(79.6) _ kg
steam ~ R, T T 2257000 = DaH7T
d) Find e¢:
. 0 _ 2500(0.314) (79.6) _ _ 4 595 .
Fyp 0.747 (4180) (100-10) -

p “overall

7
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3.13 Two kg/s of air at 27°C and 1.5 kg/s of water at 60°C enter a

heat exchanger. U = 185 W/m2—°c and A = 0.12 m2. Find Th &

o
T if
Co
a) The exchanger is //-flow: Cc=Cair=2(1006)=2012 CM‘_ 20321_
Cp=Cy_o=1-5(4184)=6276 C ax

2

NTU = UA/Cmin = 185(12) /2012 = 1.103

TC =27
. _ _ min o] . - °
From Fig. 3.16, ¢ = 0.57 = c . ( 60—27)' Tc 45.8°C ce———
min out ———
o _2012(45.8-27) _ o
and Tho = 60 E37E = 54.0°C cg————
b) The exchanger is counter-flow: (Cc, Ch’ NTU are the same)
Cmin (T(:out_27 )
From Fig. 3.16, ¢ = 0.57 = ; T = 45,8°Cet—
Cmin 60‘11 cout
§ _2012(45.8-27) _ o
and Tho = 60 537€ = 53.97°C &%————

c) The exchanger is crossflow with one stream mixed:

Q@ Tc ui.:-z”
From Fig. 3.17p), € = 0.615 = len 2 ; T, = 47.3°Ca—
min 60-21 out ——

and T. = 60 — 2012(47.3-27)

h - 6276

= 53.5°C tc—
O —_—

d) The exchanger is crossflow with both streams unmixed

C Tc ~-27
From Fig. 3.17a), € = 0.6 = == ( guk ) ; T, = 468°(-e—
min 60 -21 out
_ .o _ 2012(46.8-27) _ S
and Tho = 60 6276 53.65°C

Copyright 2020, John H. Lienhard, IV and John H. Lienhard, V



3.14 0.25 kg/s of air at 0°C enters a cross—flow exchanger (Ce =
251 W/9C.) 1t is to be heated to 20°C by 0.14 kg/s of air
at S09C (G, = 140 W/°C.) The streams are unmixed. Plot U
vs. A and identify a reasonable operating range.
5020 -
@ = C_(20 - 0) = 5020 W = C_(50 - Tho); Tho = 50 - T30 = 14,.14C

Using Fig. 3.14c and egn. (3.19):

1 1
F(PR,—-> = F[0.4¢(1.79),—)
'R '1.79
= F(0.716,0.559) = 0.85
(50 - 20) - (14.14 - 0) o
and LMTD = = 21.1°C
1n(30/14.14)
Then: 5020 W
q = (UADF(LMTD) or UA = ——————— = 280 —

ts 0.85(21.1) o¢c

__l.ﬂ

$
t.j:: 400 =

The normal range of operation for
§ J various air-to-gas heat exchangers
(See Table 2.1.)

N4

w

§ 200 |
e

4

3

')

<

O - - A 1 ~— g
) 2_ 4 G
heat QXC,LLMLXV- area., A m?
The area should be between 0.6 and 4 m2 —- gay 2 m2,

9
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3.5 A two-shel ass 4 -Yube pass heaX exch ¢ uses 20ka/s of
wakter at 10°C 4o cool 8 \kals of process?d water {rom 80%
to 20%C on the tube side. U= 8ooW/m*-c. Find T . and M.

C\‘ /C(_ o 8/20 = 0'4 = C'l\u-\ /C'\'«K

Thew : —_

Cout

%(Thln ..Thou!-B N -rctn = 0'4('55-)* o = 32°C--i——

= (”.‘CP )Co\o\ (2'2)

and From Fila. 3.14b we vead
F - LMTD)
v £:093 based en R=0.4
axd P = 07851
so - A= zo(aweo) (22) B7.) i —. | _

&0-32) -25-10)
In(sa/18)

800 (6.53

36 U = 2000 & a new exchamggr, 1,225, Tc,= 807, T\‘(-ILO"L) ‘7\_,‘;-70‘!:,
Afbee G mo. T,,=90% and Q 15 reduced b} 30% . What 15 ‘R‘ vow ¢

(1co-86) - (10-25) _ °
= L0.93°C
L. 80/4S —_—

MA‘C'TMF\¢32J443 Eis-lt‘_‘i’-&.l--n 25-80 -0 » E=018

T, 5o 30 *26-10

For the new exc\mmz,g,.- : LMTD =

ND‘\'lCC 'Hnu's" -coulm mus+ reJuce +L¢ lio¥ SlJe f/pw Mk éj 107,
as well as \ncreasm outle+ Hn . of hot flow., I£ Fflow vale 6{'
cold watee s+°35 +§e Same 'H\;n +he new Te,,, wvst be £3.5°C.

Foe the used exchanger: fco-63.9)-(20-25) _ o
MTD =
‘3 ) La(26.5/65) =BI1C
amd From F\a-&\‘ﬂl Teomhag s, SRTJe0. 0.5185 £ 1siTse :zs'“'gzo.ss‘
T‘c'TtL 25~ 160 ! Ti,- Ty Jo-160

so: = O, o2
T\nen-, O.mzw" Qo\a 5 R (U/O(F LMTD)»\QN - CUAF LMTD)OH

Quews ‘ T (UKF - LMTD),

2zooo (0.15)(60.83) ~— Uy (0.22)(79.1)
2000 (6.195)(co.3)

0,3 =

PMV\\ w\f\\c_\-\ w e ob\-mn:

Ui = 81\ W [m*-°C

AnA' \ \ 5 M-
: Ro==2— - L - \A__ 1\ . 0.0066S -
'c' u@\d Waew 8'1\ Ziowa W

10
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3.17 Determine the mass 10 ka/s of NHg

flow rate of cond- at 120°C —
ensate for the heat H,0at :
exchanger shown: 15°%.

,

T, 7y 40 C i, = S480(0) = 54,900%

We do no? kﬁow.whether CNH3 is Cpgy or C
happens if it is Cgi,-

TA _ Isee(90) - 2. a;
Cu. 54800 = e

c. -

min* Let ‘s see what

Fruv\ F:l} 3-\7(. w e

' vead:  Cwwm - 4,35
¢ = C—h-_l_z__o_;.q_o_ = 0.762 Cman 0:3

Cln 120 -5 So Hhe assumphton was

C_Off(‘-&",
The : . - - Stzec  _ T W _
Cpan = Cu-;o‘ .35 .57 107 3
This 3\ves Y

Q= NH, (126-40)= Cy,o (Tco- 1S)

T, = 1§+ 2589 g0y = 43%C
-0 157,000 -_
omd
i - Efﬁi . I57coo 3+ kg B
S S ZIE
FMJLE) ; (L = S4,800(806) = 4J38"COOOW = 43591 W)

3.18 Find the exit temperatures for the heat exchanger in Ex-
ample 3.5 if the configuration is changed to 2 shell pass,
4 tube passes. What area would give the same value of T "
ou
We still have NTU = 1.5 and C;in/Chax = 0.5, so Fig. 3.17d
gives € = 0.67. Then

@ = 0.67(10,000) (110) = 737,000 W,
and we get

Th = 150 - 737,000/10,000 = 76.3 9C —=
D s e ———
Tc = 40 + 737,000/20,000 = 76.859C —~+
o [ —
To get T = 84.44°9C, calculate
150 - 84.44
€ = = 0.5%96
150 - 40

so Fig. 3.17d gives NTU = 1.1 = 0.05A. Then A = 22.0 M2 —~+———

Copyright 2020, John H. Lienhard, IV and John H. Lienhard, V 11



3.19 Plot Ry vs. U o, if a 30 ¥ reduction in U is the maximum
tolerable.

000l —
rearrange: Ry = 1/Ug1a ~ ”unaw
Q e to get: Upgy, [Unew = Umy d] UpeuR
e = Ynewf
W I' luuli) : Unew
i
1-0.3 b
0,600 | —
(]
c Fa Tl W Tealy

Eell
i
=1

0.3 ka/s of water enters the tubes of a I shell-pass, 4 tube-pass heat

exchanger, at 17°C and leaves at 37°C. It cools 0.5 ke/s of air

entering the shell at 250°C., U=432 w;m3-°c. Determine: a) the

exit air temperature; b) the area of the heat exchanger; and c) the

exit temperatures if, after some time, the tubes become fouled with

Rg = 0.0005 m-°C/W.

a) Cn,u: 0.3(4111) = 3342 J/s-7 , Cﬂw: 0,5(1629) = 5!4-.5';'/5-’41
then Q= Cn,u ﬁTmu = 3342 (20)= L6340 Is = Cae AT, 514,5'{25!3:';,5"2

- -

- lqrrsgh,. = f‘za-; gy —

b) with reccu-&nr..: s F"j' 312 ;

(zsv-37) - (1z0-17)

TP = S Gl L
amd F=§;;1?1 o086 ; R+ z_?i’T‘i"‘i =645, so FE # {Mﬂﬁ(&.s},;—sﬁ
J :::io.ssmnlﬂ}*-'i
Thex : A= o} - &h, 640 = 1.022Z Mm*— —-——o

ULmd) F ~ 432(151.a)(1.0)

Copyright 2020, John H. Lienhard, IV and John H. Lienhard, V 12



3.20

{cantinued)

c.) First we must calculate the fouled value of U:

A = = v Rg = 72— + 0.0005; U= ASS.3 ==

Utauled Unew 432 m-%C

We Giad Hhe e ek +L¥H?anjf\ﬂ'l'.‘$ using e f“?chﬂntii metrhod :
§

Coin. o S1AS5
__—Cm.c T334

355.3(\. uﬂ}
S14.5

= 0,154 jf MTU = 0.706

Cuo (Mho 00 ')
Cau (IED - "’1)'
Thes: Ty, = 34.58°C =~ —

Se From Flﬁ' 317 :l we read: €=0.49=

and  Q=(34.58-11)334L = (250-T,,_ )5A.§ se [, = 13520~

f- 10

3.21

You must cool 7B kg/min of a &0i-by-mass mixture of glycer-
in in water from 108°9C to S0°C using cooling water avail-
able at 7°C. Design a it_shell-pass, 2 tube-pass heat
exchanger if U = &37 W/m<-PC. Explain any design decisions
you make and report the area, Ty _p, and any other relevant
features. 2

Since water has much the lower viscosity, we shall run
it in the tube side of the exchanger.

Since water should be cheap and abundant, we shall
take Bﬂzu_qwc as Cpin+ Thus:

cC T
¢ = oh hin - huutlzms—sonnﬁéq
Em:in ‘Thin = T::ll'l} iog - 7

For the best efficiency we want to operate
near the knee of the effectiveness curve. To
operate much to the right of the knee would
mean investing in additional area but it would

give little increase in €. Therefore knee
we shall select a design value of NTU = 1.5.
From Fig. 3.17c we then read:

MNTW

cmin"fcmax - Chchgn = 0.70

Then: Cpin = [(78/60)kg/s1(2760) = 3600 J/9K so,

Cu,0 = 3600/0.7 = 5140 = 5.,_,204177 so r'nqu = 1.23 kg/s =

and the area, A = NTU Cg;,/U 1.5(35600) /637 = B.4B m?
Finally: C,
T =T + =(T, ="

H206ut H20in C. in hnut’

35600

=7 + 0(1&3 - 50) = 47,6°C — —

{(The student desisns, of course, should differ from this
and from one another.)

Copyright 2020, John H. Lienhard, IV and John H. Lienhard,al3



3.22 A mixture of 40% by weight glycerin, 60% water, enters a smooth 0.113 m
I.D. *C. i . n . = 8 k
tube at 30°C. The tube is kept at 50°C and Mysetira = 8 kg/s.
The heat transfer coefficient inside the pipe is 1600 W/m-°C. Plot
the liquid temperature as a function of position in the pipe.

Uat (_‘-’g‘_ﬁ. (3‘12) : Ty &) ~Tmin,, -JTU

h
€ = - & =€ = 4=-EX0or (nDx)
TPtPt *T“I‘ I~ 1 ! e\{P [C-mu. &

Whgh‘_ e wﬂ-‘-c -[I :\'\ becuuu‘. Jrh!fe 15 aﬂll'j OnNMe Hﬁfl’l“ﬂﬁ.\ res..

Thea )
Tma®) = 30 +(50—313){1-Ex?(—%—gﬁ—e)ﬁ(u.ns)x”
= 30 +2.r::i\-— Esc?éo.uzqqa x)]
50 B €£. i
-_r hl.(x) "'I'l.ﬂ'll 7 . 6
A of Text,
40
!
0 &} 28 SE 'J]?“ 100 tir

distune e a-{u\.-sj ube, X m

ProBLEM 3.23  Explain in physical terms why all effectiveness curves in Fig. 3.16 and Fig. 3.17
have the same slope as NTU — 0. Obtain this slope from eqns. (3.20) and (3.21) and give an
approximate equation for Q in this limit.

SoLuTiION As NTU — 0, the exchanger becomes too small to Nu~0 & )
change the temperature of to change the temperature of either stream 'i Lemns ’y ~—
much at all. When the stream temperatures are nearly constant, the 'ﬂ: :“ _‘-in: ;
heat transfer is just ,gx,;_, w..ruj

Q=UA (Thm.in = cnld.in) [,H.\%_L ) e |
and so the effectiveness is just A
UA(Thotin — Teold.i
” Q N ( hot,in u}ld.m) . UA — NTU

Qn‘mx ICmin(:rhf.}t,in = cold,in) Cmi“

Atlow NTU, ¢ = NTU. This applies to any configuration, so all e-NTU plots will have a slope of 1
for low NTU.
With respect to eqns (3.20) and (3.21), first note that
exp(—x) ~1-x+--- asx—0
Then let NTU — 0 in each equation.
l - [1 - (l + Cmin/Cn'mx)NTU]
eqn. (3.20), parallel flow: & = = NTU
% k (1 + Ciin/Crmax)

1 = [1 - (1 = Cuin/Cmax)NTU]
321, flow: & = =
eqn. (3.21), counterflow: & L= (Gl Crsdl L =10 = Cxgi il s NI

Copyright 2020, John H. Lienhard, IV and John H. Lienhard, V 14
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Problem 3.24: We want to cool air from 150°C to 60°C, but we can’t afford a custom-
built heat exchanger. Instead, we find a used cross-flow exchanger in storage. For this
one, both fluids are unmixed. It was previously used to cool 136 kg/min of NH3; from
200°C to 10°C using 320 kg/min of water at 7°C and its U was 480 W/m?2K.

How much air can we cool with this unit, using the same water supply, if U is about the
same? (We would actually want to modify U using the methods of Chapters 6 and 7 once
we had a new flow rate of air; but that’s beyond our scope at the moment.)

Solution: We must first evaluate the area, based on the exchanger’s previous service:

First we must evaluabe the area, based om Hhe previevs seruice,

@ = (e, o) = 3L 235 (200 -100) = 524 733 = 220419L (T 7 7)
B3 L_.,..__._.a
. cHzo-szﬂﬁ
Thus TH:.QQ was Phewouslj = 30.4% OC , S0

‘3_ 30-45-"1 —_ 206 - oo
= = 0,12 == Iadhidnall -
! Zoo <7 o.121s R 30.45 -7 =4.2¢ FfomFﬁ?:.i‘th F=0.972

30.45) - (100-7)

0o (169.6/23)
A=8.8718 m~

Thew -

Q= 524733 s UA LMTD R =480 A@m 0.972

Ta Me new nse .

50-Tuge,) =53
Q=TUNLWDF | 22319(T 0 7)= 480(‘5-%18)0 o .::\w

Lus - - 53 )
Trta\ Mc} errov e S
Thao 7 150 -60 LS \ 2us
-TH“) = 1s0-1 R" Theo - 1 F L
RS 0.\26 S.o0 0.96S |40z, 821 |343,35
22 | ©.105 .00 0,930 | 335, 625 | 353,22
2271 o.n0 | 573 0.9171351,350( 351 640 C lese e,.mgL.
Ty, = 22.7°F
= : = 221-1) = m, . C, (150-60)
rma‘u-j Q 2213']9( > aw “Pp
Iotl
so ‘3%(,k—i 7237 %9
M
15
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3.25 A one tube pass, one shell pass, parallel flew, process heat exchanger
cools Skg’s of gaseous ammonia entering the shell side at 250°C and it
boils 4.8kg/s of water in the tubes. The water enters subcooled at
27°C and -t boils when it reaches 100°C. U = 480 ¥/m" before boiling
begins and 964 W/m2 thereafter. The area of the exchanger is 15m°

and hg, for water is 2.257 (10)% J/kg. Determine the quality of the
water at the exit.
T A |

. 256- = L (

CCJV\Swlu ’Hﬂe Cxchange s as two |

diffecent evchangees VI § 1, 10

sevies, Fcr _.LJ‘ we (alcu‘uuLf; -~ 100
cvaluate CP] 2 /—

=5(2.:25) =
Caon,=5(2125) = w978 [ﬁf ke <

Cu,o = 4:9(1180) = 20060

Thew: 5
| Q = 1197 S'(Za'b-'\'uuh) = 700&0&{)0-11]/ T‘U“’D e 127.7 ¢
€ Camin o
) — . = Olsc’f' e = 250‘127-1 - N
Coes ) S = 0.548, From F‘j-"ﬁ'”'/ MHS e

read: - _UA
NTU= 1362 5% so A =11975(135) 460 = 33.08 w2

Now we ace ready & desl wiilh heat exchan e I, To has anw

area of 4S-33.6% = [1.22 m? s. NTU_ Y2¢a0n.32) _
N.22m- NTU s (2210) = 0:96IS

Frow equ«,—ha\ ('3,21) wre C(}c*‘ y

- TWU - i 1S
C=1\1-¢ = 1= %" - 6.61%

SO .
127,1-1
(1271-7, )
i27.70 - 1o

=06E, Ty, = )10.6°C
‘n.

Thew
Q = [S(za0Y} (121.0-116.6) = 194,190 = 2257(10)° My led

So +\4? aw\oun‘\' A\ y.;n‘?(‘l ‘bf.‘l]"t) l-\"'b Sx'f’a-w\ (I V;\bz OOBGB§
Y)

The es(nir qua\ixﬂ} (I ';'\"‘04'\-‘ Y o= g.a8L = 1.8 9,

16
v
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3.26 0.72kg/s of superheated steam enters a crossflow heat exchanger at
240°C and leaves at 120°C. It heats 0.6kg/s of water entering at
17°C. U = 612 W/mz-’C. By what percent will the area differ if a

both-fluids-unmixed exchanger is used instead of a one-fluid-unmixed

exchanger?

Q= Copopn DV v = 0.221963)240-120) = Cuipo bWy, 42 O,L(‘\,“th%u; )
se Ty,e=%34.61°C
Now Q=[UA LMD F, Bt QUL sl

omd LMTD buov:-l C‘Mnjc so F ~ A:‘. We must nexd (nw‘ F;.

PR =0.584
il el B ol S D . 240-120 _
2027 T 02N, ReFER552 208 [ p.p s

So ‘c‘nm F\j .3\ e , Fboh\ —— 0.94 P Abo’\"\‘ wrned ™ L.OL4
A 0.923, A e micea ~ 1.0%3
2o Ali\(&r&aae = |.064-1.083 =-0.018 =-|,8 75 ——
l.oa3 St

1.8% less area will be needed if we make the change.

3.27 Compare values of F from Figs. 3.14c and d for the same
inlet and outlet temperatures. 1Is the one with the highest

F automatically the most desirable exchanger? Discuss.

We have @ = U*A*LMTD*F, and it’s clear from Figs. 3.14c
and 3.14d that for the same temperatures (the same R and
F, or RF and 1/R) the resulting F is consistently lower
when one flow is mixed. From the equation it’s clear that
to obtain a given heat flux, a higher F wil) require less
uU-A.

It follows that the exchanger with neither—flow-mi:ed
is more desiraable on the face of it. However if F (or
PR) is not large, and R (or 17R) is, then questicns as ta
the cost of manufacture and simplicity of arrangement wil?
dominate. Under these circumstances, the inexpensiveress
of -- say -- the exchanger in Fig. 3.6b is liable to make
it economically competitive with those in Figs. 3.6 a and
C, unless the performance is very greatly improved.
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3.28

Compare values of € for the same NTU and C,i /Chax s in paral-
1el and counterflow heat exchangers. Is tﬂe one with the
highest automatically the more desirable exchanger?

We note in Figs. 3.16, that the counterflow configura-
tion gives & consistently higher € than parallel flow does,
as Chin/C is increased. Therefore if you want to trans-
fer all T the heat that you can from one fluid to another,
the counterflow arrangement is superior. Sometimes this is
not the objective and sometimes configurational concerns are
more important than a maximum €. However, the counterflow
arrangement does give inherently better performance.

3.19

The irreversibility rate of a process is equal to product of
the rate of entropy production and the lowest absolute sink
temperature accessible to the process. Calculate the irrev-
ersibility (or lost work) for the heat exchanger in Example
3.4. What kind of configuration would reduce the irrever-
sibility, given the same end temperatures.

Tout

' . T . Now

S\u}u.c\ ~ MST CF d?_‘ = MC‘, Qv\ ;o'\—:t‘ (qssummﬁ mgow-fressubul-\'\J)

- e "y T . theg), | lier-38)
= Q/b\ hout (4 Coul | ?

Stotat 200 Towm P b : b Gl o 0 —%937

38 +273 |, 5.195(2282)(181-38) , 494273

= = + —
z5.195(2202) W 181 + 27 49-32 In 324213 =1 3"'6-5

So:

I-= T, S = (32+213)1031 = 314,393 T /s

As long as no work is delivered to the surroundings,
the same temperature changes in the fluid streams will yield
the same irreversibility. Another configuration cannot be
used to cut our losses. Heat transfer processes simply do
degrade eneragy.

18
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ProBLEM 3.30: Plot 7,5 and Tx,0 as a function of position in a very long counterflow heat
exchanger where water enters at 0°C, with Cy,0 = 460 W/K, and oil enters at 90°C, with Cy; = 920
WI/K, U = 742 W/m?K, and A = 10 m?. Criticize the design.

SoruTIioN. The capacity-rate ratio is
Cmin _ Cmo 460 1
Cmax - Coil - 920 B 5
Substituting into eqn. (3.21), we have

1 — exp[—(1 = Cimin/Cmax)NTU] 1 — exp[-NTU/2| 0
E = =
1 = (Crin/Crmax) €xp[—(1 = Cmin/Cmax)NTU| 1 — £ exp[-NTU/2|
We find the water temperature from & with eqn. (3.16), noting that water is the cold stream and oil
the hot stream:

_ THzO,out - THgO,in

Toitin — TH,0,in
To make the plot, we can imagine that the area and NTU of the exchanger are increasing as we
move from the water inlet to the final outlet. Let’s call the position x, so that A(x) increases from
zero to 10 m?. We then write NTU in terms of A(x):

UA(x) T42A(x)
Cmin 460
The effectiveness accumulated up to that position is
1 —exp[-NTU,/2]  1—exp[-0.8065A(x)]
" 1-Lexp[-NTU,/2] 1 -1exp[-0.80654(x)]
The water temperature at each location is Th,0,x. Putting Th,0, x for TH,0.0ut, €x for &, and
rearranging eqn. (1)

NTU, = =1.613A(x) for 0<A(x) <10m?

Ex

T1,0, x = T1,0.in + &x (Toilin — T,0,in) = 90&, °C
The local temperature difference is given by eqn. (3.5b), from which the hot stream temperature is:
Ce Ce Ti,0.x ~ 90ex=10
Ch Ch 2 2
The exchanger is more than twice the size needed—right side adds nothing to the performance.

| \ ! ! ! !
80 — —]

Toit, x = Th,0.x + Toilin — (1 - ) TH,0x — = TH,0,0ut = 90 +

60 Tou -

40 — Twater —]

T(x)[°C]

20 -

0 1 2 3 4 5 6 7 8 9 10
Position, A(x) [m?]

19
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S 3% 2\<3/S ltq_uno\ ammoenia (s cooled ‘Frcm 100°%C 4w 30°C 11 the sLt:// —su/c cr\c
a Z—skell-pass, 4 Yfube-pass heat exc\na»geo, \oj 3 ka/s of water ot 0%,

U-"]SO N/mz_oc_ u.S\\bn ‘Hne exchw s Newd, P\o'\' "Hne €K|+ ammonia
"'MFef&'\’UfG as funchion of e @ "5'"3 +ube @uuhns ‘gad"or.

Cl.-\,o: 41117() = 2,53 W% ; C..m3= S5282(2) =10,5&3 W/°C

T 2 10,36
HzO0uuk 7 72,3 3)

C—v‘-\)n .

for the new exchange : (100-30) + \o = 69.0°C
¢

Find Area, At Q=105¢3(70) = 139,900 W = U-A-LMTD- R

B (LOu- 69)-(30-10)
RO = [
p- =Y

F2S (0, "E(Peat0 paifEEt YL o g

|oo-10 &9 -10
p—— ———
0.655%6 1. 196

So A=Q/uU-Lntd-F = (4.39 m?

NOW MC(XH- ‘\“’\a new emé— +2AMFQ—(&'\—LL[-CS' usrng -}-Le Cp'ﬁez_"wencss me\—\m(\,

| Ugowiea | NTU = € (N, 222 = 0,843)| T aur =
Re | T = R | 6440, /16563 | Somn Fray. 3.714) | (00-(100-10)&

0.00005| 723> 4.402 ©. 765 31
0.000! 698 a.26 0. 760 3.6
oc.a02 652_ .99 0-755_ 3L.1
O.0010 1 4-28.6 2.613 ©. 710 36.1
0.001S 353 3 & 0,63 23.3
0.00% 300 1.8 0.65 AL 5

40—
T €

MH3&,¥-
35
O. ! : 0.002-
o .
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5.32Z A 1 shell-pass, 2 tube-pass heat exchanger cools 0.403kg/s of methanol
from 47°C to 7°C, on the shell side. The coolant is 2.2 kg/s of Freon 12
entering the tubes at -33°C. U = 538 W/m2-°C. A colleague suggests that
this arrangement wastes Freon. She thinks you could do almost as well
if you cut the Freon flow rate all the way down to 0.8 kg/s. Calculate
the new methanol outlet temperature that would result from this flow

rate, and evaluate her suggestion.

EV.a/uz«/( (,,/- /,VL [47+7)/; 227 #me/éha/ﬂn} ‘23‘Zd4-r
I=reon :

Clrep = 22(903)=1987 % L Crotham = ©A03 (5392100

Them u:/y ﬂ?ﬂ (%.10)

T 53+ IDZ‘ (40) - -
Fo“/, 19%) L{_q__c__

(Thes gyves (33-12 ‘?)/z s -22,7C 5o
/eshma/'c of 23 wus 01&)

Muw we muSQ‘ Calcu\a}'c <Hu. arca) A= Q/U'-LMTILP

AT+12z.4)— (1+33)
LT = € = 49,17
v (554740 49,1 ¢
avd ot p_-124483 41-1 _ . _
P-— 7’_—_-{-4?3—5— =0.25 2. i A van .94 t/R = 0.51§
we read ¥ =0,93 fm ¥ . 3l 2 :
‘g 3tha. Then A 533@9.)0.93)
A= 1.66 wn?*

If we cut the coolant to 0.8 ka/s, Cg = 0.8(903) = 722.4.
Then Cm /Ch max = 0.708, and NTU = S38(1.66)/722.4 = 1.236.
Fig. }?c gives € = 0.56 for these parameters. Then:

-
TFout + 33 102147 - Tmethg,¢)

€ = 0.36 = =
47 - (-33) 722.4(47 + 33)

Thus: TFr‘eonout = 11.8°C and Tmeth.out = 15.39C

The suggestion loocks quite good —-- the methanol is only
89C warmer. Of course U is probably smaller at the lower
flow rate, so the calculation would have to be iterated.

21
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3.33 The factors dictating the heat transfer coefficients in a certain 2-shell-
pass, 4-tube-pass heat exchanger are such that U increases as (mshe11)0.6'
The exchanger cools 2 kg/s of air from 200°C to 40°C using 4.4 kg/s of
water at 7°C and U = 312 w/m2-°C under these circumstances. If we

double the air flow, what will its temperature be, leaving the exchanger?

Corp = 2(1012) = 2029w ), L Cue=44@n) =1e,319w/7

(CP 1S Pre{-\sj ‘\-emyuahrt boHr Eluids, Correction
wi ll {)TDLJALlj wtr be needed.)

Fuad N To &bo ‘\’[ms’, Q.rs%' ch u

AT. = Cave DTarr _2024(160)
B0 C“Lo 18)22—9

7_0

AT, 6, then Ty = T+ 1161:24.07

QL
Thew A= ¢ Wt < Beos 206D -thon) °
. \ad - S’
i - 4.61- 7 _ 200-40 RP = 0.829
{ at P= Zw = 0.0916 , R= T 205 £ Rz 0.1106

so Q-fw. F\:) 3\4b we read F= O 28
A= 20?_4(|(=0)/3\L(BS‘ ) (6.98) = 12.431 % T

Now the new U is 312(2)0'6 = 473 W/m2—°C. So the new

NTU is UnewA/Cpin__ = 473(13.43)/2024(2) = 1.45 and

(Cnin/Cmax’new = 2(2024)/18,379 = 0.2203. Thus Fig. 3.17c

gives: 200 - Tair

€ =0.72 = out
200 - 7

so the revised temperature of air out is Tairaut = 61.0°C., d4—

22
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3.34 A flow rate of 1.4 kg/s of water enters the tubes of a 2-shell-pass,
4-tube-pass heat exchanger at 7°C. A flow rate of 0.6 kg/s of liquid
ammonia at 100°C is to be cooled to 30°C on the shell side.

U=573 W/m2-°C. a.) How large must the heat exchanger be? b.)} How
large must it be if, after some months, a fouling factor of 0.0015 fg}c
will build up in the tubes, and we still want to deliver ammonia at
30°C? c.) If we make it large enough to accommodate fouling, what
temperature will it cool the ammonia to when it is new? d.) What

temperature does water leave the new en\araed exc\/\ahae—"

Cuzo 1.4 (4190) = s‘aee\q/_vg_ : CM“5= 0.6(5189) = 3n3d W/°C

P . -3 -
Mem  Counn [Cra = 053 € we went € Yo be “"é":_f = 0.153 . Thus

we read Hrom F\}. 314, NTU= 21 =UAC,..,=513A/313 ,

A= LAl m* - )
18
u;; Ned T oL & 208w /[n'-°C bub MNTU as shlb 2.4 Thos:
oV R‘: + ’ . b
Une _ 308 A ” 2 b))
rew 2\= 3.._._-“3"* ) R Zl.Z.Zm
With s area, N = 5:——————1:73(2“21 = 3905 s0 € =087
’ fow 3NW3
" , _ 1o0-Tns, L 5866 Tw0," 1 . _ - <)
e 0T A T RN e o ce T, = 1900 "

Tao,z 49.9C =

Tf we A{esubv Hie axc‘nowyr +o {'uvxc‘nw\ after ‘(ou\m Yo acc\.\rve)\)

x‘f W\l\ MwO\Cfcoo\ e anmmoma b‘j tec. —.\_€ this SLou‘c] bq wn -
aae‘o\'ubk, thew +he weter €low rute wil hare fo be combiled,

I:uk could o\\sa caleu\oke Yy worew *—ew\\ger« Yure \eaq\ﬂz e

old Guled exchemger: o NAEOR) 0 g ez 0.3
3\co

60.63 = 586t Tuio, =1
31323 |06 -1

. Or *
So \“zow“: 38.\ C —X
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3.35 Equation (3.21) is troublesome when cmin/(hax = 1. Develop a working
equation for € in this case. Compare it with Fig. 3.16.

Gl Cow ol g ; Poss € & = exp Ei-x Ty whneh cyes

Lo V- Nexy (=Ur-x30Tu),
to <=5 as X =3 i Thus e betwmes indeterminate amd we vresort

+b Ll HDS?I‘LC‘l’J‘ f‘U\\e %

bk o cl(i\)'w.\,.’,{g._ = NTU exp (- D-x]oTu)
=2 “ A(Denon.)/dx =1 -enp (- - xumex(;(-tl-ﬂu“‘) -
So: £ O whon Coalline > A =

| 4+ JTU

Calculaie d poiats c(umu=) = 0.5, E(nuTu=2)=2/3, C(NTu=3)=34 - el
bodch tue Cmia /lman =1 line am ‘:'j-3.(6) fer‘ftc-“B.

Problem 3.36: Both C’s in a parallel-flow heat exchanger are equal to 156 W/K,
U =327 W/m?K, and A =2 m?. The hot fluid enters at 140°C. If we cut both C’s
in half, what will the exit temperature of the hot fluid be?

Solution: NTU =327(2)/156 = 4.19 and Cpin/Cnmax is 1.00. Cutting the C’s in half
will make the NTU still larger. We see, in Fig. 3.16, that € is constant in this NTU
range. Thus, the exiting hot water temperature is unchanged:

Thot-out =90 °C

Problem 3.37: A 1.68 ft? crossflow heat exchanger with one fluid mixed
condenses steam at atmospheric pressure (h = 2000 Btu/ft2-hr-°F) and boils
methanol (Ts:= 170 °F and h = 1500 Btu/ft2-hr-°F) on the other side. Evaluate U
(neglecting the metal’s resistance), F, LMTD, & Q. Can we evaluate NTU and £?

U =[1/2000 + 1/1500]* = 857 Btu/ft*>-hr-°F

LMTD (per Example 3.2) = Tsteam — Tmethanol = 212 -170 = 42 °F

From Fig. 3.14d, F for P =0 and any R is equal to 1.0

So, using eqgn. (3.14), Q = UAATF = (857)(1.68)(42)(1) = 60,470 Btu/hr

NTU and € are not meaningful, since neither Cyin nor Cpax is known or
relevant. Flow rates have no bearing on Q in this case. This configuration is a
simple case of conduction through a wall with two significant resistances.

24
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Problem 3.38 We can calculate the effectiveness of a crossflow heat exchanger
with neither fluid mixed using the approximate formula:

e = 1 —exp{[exp(-NTU’"®R) — 1][NTU%?)/R]}

where R = Cpin/Cmax. How closely does this correspond to exact results for known
limiting cases? Present results graphically.

Solution As R goes to 0, € therefore approaches 1 — exp(-NTU)

[This is exactly the single stream result, egn. (3.22)]

We evaluate the equation numerically for R = 1, and compare it with Fig. 3.17ain
the following graph. It shows this approximation to be very good at this value of
R. And it will approach being exactly the same, as R is lowered.

| |

01s I

Iy . 7 —

0.5 Vi
= /L e%ua"z«m above.
C A
Rz=""-=-4\

0.1§ ikt =

. | | |

O I z NTU 2> 9
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3.39 Calculate the area required in a 2 tube pass, 1 shell pass, condenser
that is to condense 106 kg/hr. of steam at 40°C using water at 17°C.
U = 4700 W/m2-°C, the maximum allowable terperature rise of the water

is 10°C, and hfg = 2406 kJ/kg.

7= -uTU
é'—h“i‘ﬁ=o.43§: = & (eq,n. ‘3.27-}
Theebe . 1A= %’*— = 0.510%
Vi
Hinat/ 24006 ouo) 7 W
- - Q _uo ,3(:00)(, . 2 =
By C,n= W‘CP o =\ = 6.633 (1Q) =3
U
, Comin 0T _ 6.6%3(10) (0.5108) _ 2
So AFCL\ - ¥ = A00 8“2 N eh—————

3.40 An engineer wants to divert 1 gpm of water at 1809 from his
car radiator, through a small cross—flow heat exchanger with
neither flow mixed, to heat 40°F water to 1409 for shaving
when he goes camping. If he wants to produce 1 pint per
minute of hot water, what will be the area of the exchanger
and the temperature of the returning radiator coolant if U
is 720 W/m2-9¢?

We evaluabe waker propecties at anaveragg -‘—MF o 90°F =32°C .

. _ _ _k b 6T 92l 23103 43
= = GG, = 983850 = ] it
Ch (""('\’)u,o £ [ aes ™3 (atess kjln3) > sec aa\ 1726«-\3]

X (_4\‘31;%0.2.386%'}1_‘3/_“1&_& = \335%

3/ ks"‘—

H

\ o -
Yy T 180 - 5 (\ao-40) = 17,5 O
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PrOBLEM 3.41 To make lead shot, molten droplets of lead are showered into the top of a
tall tower. The droplets fall through air and solidify before they reach the bottom of the tower,
where they are collected. Cool air is introduced at the bottom of the tower and warm air flows
out the top. For a particular tower, 5,000 kg/hr of 2.8 mm diam. droplets are released at their
melting temperature of 600 K. The latent heat of solidification is 23.1 kJ/kg. The dropping pan
size produces 6,700 droplets/m? in the tower. Air enters the bottom at 20 °C with a mass flow rate
of 2,400 kg/hr. The tower has an internal diameter of 0.6 m with adiabatic walls.

a) Sketch, qualitatively, the temperature distributions of the shot and the air along the height of

the tower.

b) If it is desired to remove the shot at a temperature of 60 °C, what will be the temperature of

the air leaving the top of the tower?

c) Determine the air temperature at the point where the lead has just finished solidifying.

d) Determine the height that the tower must have in order to function as desired. The heat

transfer coefficient between the air and the droplets is 2 = 170 W/m2K.

SoLuTiON (a) This is a counterflow heat exchanger. The lead shot is the hot stream and the
air is the cold stream. However, while the lead is solidifying, it remains at its freezing temperature.
The small metal beads will be isothermal (a calculation shows that the Biot number is < 1).

700 1
I~ Lss g Lts ™
< 600 — 600
o
5
© 500
8
S Solid lead
2 400 (— Al
333
300 = 293
Top Bottom
Position

(b) The energy given up by the lead goes to the air.
(mcp)air(Tair,o - Tair,i) = Myead [hsf + Cp,lead(Tlead,i - Tlead,o)]

(2400) (1008) (Tair.o — 20) = (5000) [23100 + (148) (600 — 333)]
Solving, Ty, = 149.4 °C.

(c) We may consider the air between the freezing point and the outlet:
(mcp)air(Tair,o - Tair,solid) = mleadhsf

(2400) (1008) (149.4 — Ty solia) = (5000)(23100)
Solving, Tair,solid =101.7 °C.

(d) The height must be determined in two pieces. One is a single stream exchanger with lead at
its freezing temperature. The other is a counterflow exchanger for the section in which the solid
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lead cools. For each section, we need to find the NTU that gives that section the effectiveness
needed to attain the indicated temperatures. The NTU determines the contact area and therefore
the height of each section.

For both sections the overall heat transfer coefficient is simply the air-side heat transfer coefficient,
since the lead beads have negligible thermal resistance: U = 170 W/m?K. The surface area per
meter height is

A = (6700)7(0.0028)> %(0.6)2 = 0.0467 m*/m
For the single-stream side, with Cpi, = Cair, the effectiveness is
oz Tiir,o — Tairsolid _ 1494 - 101.7 01554
Tlead,i - Tair,i 600 — 293
We can solve eqn. (3.22) for NTU = 0.1688. If the single-stream side has length L

UA  (170)(0.0467)Lgs

NTU = = =0.1688
® 7 Cmin  (2400/3600)(1008)
so that Ly, = 14.3 m.
For the two-stream section, Cpyin = Clead, and
&= Tiead.i — Tead.o . 600 — 333 — 0.870

Tlead,i - Tair,i B 600 — 293
With Cpin/Cmax = (5000)(148)/(2400)(1008) = 0.306, we may read from Fig. 3.16: NTU = 2.5.
(Substitution into eqn. (3.21) confirms this result.) Solving
UA _ (170)(0.0467) Ly _55
Cmin  (5000/3600)(148) '

NTUy =

so that L, = 64.7 m.
The total height of the tower, L, is

L=Ls+Lis=143+64.7=79m
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PrOBLEM 3.42 The entropy change per unit mass of a fluid taken from temperature 7; to
temperature 7, at constant pressure is s, —s; = ¢, In(7, /T;) in J/K-kg. (a) Apply the Second Law of
Thermodynamics to a control volume surrounding a counterflow heat exchanger to determine the
rate of entropy generation, S gen> 1 W/K. (b) Write S gen/Cmin as a function of &, the heat capacity
rate ratio, and 7j,; /T, ;. (c) Show (e.g., by plotting) that S gen/Cmin 18 minimized when Cpin = Cpax
(balanced counterflow) for fixed values of & and T}, ; /T .

SoLuUTION (a) The entropy generation is just the difference between the entropy carried out by
the flows and the entropy carried in by the flows, so

. T T, T T,
Seen = MpAsy + 1 As. = (mcp),In hol (mcp)eIn %21 =Cyln hol C.In[=2| (1)
Ty, T, Th,i T,

Note that the entropy of the hot stream decreases.

(b) We’ll need to distinguish between the cases when Cj, > C, = Cpip and C, > Cp, = Cpyip When
using eqn. (3.16). For Cj, > C,:

C
Tho =Thi— 3C_C(Th,i —T.i)
h

and
Tc,o = Tc,i + S(Th,i - Tc,i)

4y 2
+8(Tc,i - )] ( )

Th,o = Th,i - S(Th,i - Tc,i)

Substituting into eqn. (1) gives

S Te.
= :ﬂln[l—g&(l— ) +1In

Cmin Cc Ch Th,l
For the case Cj, < C,:

and

Ch
Tc,o = Tc,i + SC_(Th,i - Tc,i)

Cc
Substituting into eqn. (1) as before gives

Soen T.. C. Cy (Thi
g :1n[1—g(1—ﬂ)]+—1n[1+s—h( ’“—1)] (3)
Chin Ty, Ch

Both eqn. (2) and (3) have the form:

Sgen —f ( Ch Th,i)

ne, —, ——
Cmin Cc Tc,i
(¢c) For R = Cpin/Cmax- Then 0 < R < 1. For Cj, > C,:

' T.. T, :
l—Rs(l— ) 1+g(ﬂ—1)}
Ty, T,

S en 1
£ - +1In
=a, constant>0 =b, constant>0

=—1In
Cmin R

1
= 2 In(1-aR) +b

29

Copyright 2020, John H. Lienhard, IV and John H. Lienhard, V



The easiest way to think about this function is to plot the first term for a few values of a, noting that
0 < a < 1. From the following plot, it’s clear that the lowest values of Sgen/Cin Will be at R = 1.

! 1 T T T T T T ]
n ito |
0
R
Py
= -1 ]
N | |
T L _
_3 — —
R O N I S B
0 01 02 03 04 05 06 07 08 09 1
R
For C, < C¢:
gen:ln[l—s(l— ) +—1n1+Rs(i—1)]
min Th,i C,l
N———
=c, constant<( =d, constant>0

:c+lln(1+Rd)
R

Plotting the relevant part of this expression, we see that it also has a minimum at R = 1.

3 T T T T T T T 1
< 2= d=225 .
§ ’\ —
=
< —
0 d=0
» I R R IR R N B B
0O 0.1 02 03 04 05 06 07 08 09 1
R
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Another way to approach this is to plot S gen/Crmin for fixed T}, ; /T, ; and several values of €.

0.10 | |

0.05

S gen/ Crnin

0.00

~0.05 —

Tyi/T.; =1.5,C. < Cy
\ \ \ \ \

0 0.1

02 03 04 05 06 07 08 09 1

—0.0
—0.1
—0.2
—0.3
—0.4
—0.5
—0.6
—0.7

0.8

0.9

1.0

0.10 | |

0.05

S gen/ Chnin

0.00

Th,i/Tc,i = 15, CC > Ch
| | | | |

-0.05
0 0.1

02 03 04 05 06 0.7 08 09 1

R

—0.0
—0.1
—0.2
—0.3
—0.4
—0.5
—0.6
—0.7

0.8

0.9

1.0

We can see clearly that balancing the exchanger, so that Cyax = Cpin, minimizes the entropy
generation rate for a given effectiveness and given inlet temperatures. (Note that fixing the effec-
tiveness does not fix the size of the heat exchanger: for any operating point, the exchanger would
need to be sized so as to provide the desired effectiveness.)

REFERENCE: G.P. Narayan, J.H. Lienhard V, and S.M. Zubair, “Entropy Generation Minimization
of Combined Heat and Mass Transfer Devices,” Int. J. Thermal Sciences, 49(10):2057-2066, Oct.
2010.

31

Copyright 2020, John H. Lienhard, IV and John H. Lienhard, V



ProOBLEM 3.43 Entropy generation in a power cycle lowers efficiency relative to the Carnot
efficiency. Heat exchangers contribute to this loss. As seen in Problem 3.42, balanced counterflow
heat exchangers can help to limit entropy generation. Let’s look at the entropy generation of a
balanced exchanger.

a) Let AT =T, — T, < T¢,in (in kelvin). Show that the entropy generation rate in a small area
dA = Pdx (with P the perimeter) of the exchanger is

. 1 UPAT?
ngen = dQ (—L - ,ZTh) = TCZ dx
b) Show that the total entropy generation rate is
AT )

S cn = Q (—
£ Th,in Tc,in
c) If a fixed heat load, Q, needs to be transferred, how can entropy generation be reduced?
Discuss how cost and other considerations affect your answer.

SoLuTION (a) Equation (1.7) gives the rate entropy generation when heat flow from one
temperature to another. For a heat transfer per unit area of dQ (W/m?) going from T}, to T,
eqn. (1.7) becomes

SII , 1
gen Q ( C Th )
If AT =T, — T, and AT < T in, then

e

T. T, T. T.+AT T. T. T2
With dQ = UAT dA from eqn. (3.2) and dA = Pdx , we get
AT UPAT?

dSé’en = dQ = dx (1)
c
(b) For a balanced counterflow exchanger, the temperature difference between hot and cold
streams is constant through the whole length of the exchanger (because C. = Cj, the streams have
the same temperature change in response to heat transfer between them). Therefore, the temperature

varies as a straight line from inlet (x = 0) to outlet (x = L) with a slope a = (T, out — T¢in)/L:
T.(x) =Tejn+ax/L
Putting this into eqn. 1 and integrating from O to L
¢ :JL UPAT? i UPATZ( R ):( QAT ):( QAT
7)o (Tjn+ax/L)? a TeinTeou)  \TeinThin

(2)
Tc,in Tc,out )
where the last step follows from 7jin = T¢out + AT = T.ou. (Recall from Example 3.2 that a
balanced exchanger has LMTD = AT so that Q = UA AT.)

(c) From eqn. (2), entropy generation can only be reduced if AT is reduced. Holding Q = UA AT
fixed, a reduction in AT can be achieved by increasing the area or by increasing U. Increasing the
area means a larger heat exchanger and greater capital cost. We’ll see in Chapter 7 that increasing
U at fixed flow rate generally means roughening the surface or reducing the size fluid passages; but
those changes can increase pressure drop, susceptibility to fouling, and/or cost.
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PrOBLEM 3.44 Water at 100 °C flows into a bundle of 30 copper tubes. The tubes are 28.6 mm
O.D. and 3 m long with a wall thickness of 0.9 mm. Air at 20 °C flows into the bundle, perpendicular
to the tubes. The mass flow rate of water is 17 kg/s and that of air is 25 kg/s. (a) Determine the
outlet temperature of the water if Zwater = 7200 W/m?K and Zair = 110 W/m?K. (b) To improve
the heat removal, aluminum fins are placed on the outside of the tubes (see Fig. 3.6b). The surface
area of the fins and tubes together is now 81 m?. Explain in words why the fins improve heat
removal. If the conduction resistance of the fins is small and Zair is unchanged, what is the new
outlet temperature of the water? Hint: See Problem 3.38.

SoLUTION (a) This cross-flow heat exchanger has the water stream unmixed. First find UA:

UA = (Rwater + Riube + Rair)_1
-1

1 t 1
=|= + +=
(hwater(SOnDl-L) 30kaDL By (307D, L)
1 0.0009 1 -
— 307(3
7(3) (7200(0.0268)  (396)(0.0277) (110)(0.0286))

-1
=282.7 (5.182 x 1073 +8.205 x 107 +3.179 x 10-1) = 874.9 W/K

Observe that the air-side resistance is the largest by two orders of magnitude, and that the tube wall
resistance is entirely negligible.

We have Cj, = (rirc)m0 = (17)(4210) = 7.16 x 10* W/K and C, = (rirc,)air = (25)(1007) =
2.52 x 10* W/K. The NTU is
UA 8749
C. 2.52x104
This is very, very low! Figure 3.17b shows that £ will be tiny. Neither stream will experience much
change in temperature, and the water leaves at about 100 °C.

(b) Fins are added in order to increase the area on the air-side, thereby lowering the air-side
thermal resistance. If the conduction resistance of the fins is negligible, they are isothermal at the
tube surface temperature. (In Section 4.5, we show how to calculate a fin’s conduction resistance.)

1 0.0009 1 )‘1

NTU = = 0.0347

vd = ((7200)307r(0.0268)(3) " (396)307(0.0277)(3) | (110)(81)

-1
- (1.833 % 107% +2.902 x 107 + 1.122 x 10—4+) = 7,642 W/K

The NTU is
UA 7642

C. 252x10%
In this case, neither stream is mixed, and r = Cpyin/Cax = 0.352. With Fig. 3.17a, € ~ 0.25. More
precisely, we may use the equation given in Problem 3.38:

e =1-exp {[exp(-(0.303)"78(0.352)) — 1] (0.303)°**/ (0.352)} = 0.246
Using eqn. (3.16), we find

NTU = =0.303

C.
Tusier,ou = Ty = & (Thyy = T,) = 100 = (0.246)(0.352) (100 ~20) = 93.1 °C
h
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