ChE 306: HEAT TRANSFER
FALL 2010
Homework #9: Ch 10 & 11
(80 points + 15 bonus points)
DUE: FRIDAY, NOVEMBER 12

1. A 15 °C copper rectangular surface measuring 0.6 m by 1.5 m and coated with Rain-X is oriented horizontally
above a pool of saturated steam kept at a pressure of 0.51 bars so that it condenses in a dropwise form.

A. What is the rate of heat transfer from the vapor to the copper surface? (W)

B. How fast does liquid water form (use hg,’)? (kg/s)

C. If the Rain-X were stripped away, would the heat transfer rate increase, decrease or stay the same? Why?

A. Here, dropwise condensation has a convection coefficient h, determined by equations 10.49 or 10.50.
Because the steam is at 0.51 bars (sub-atmospheric pressure), T, is below 100 °C, so equation 10.49 applies.
To find Tsy, use the steam table A.6. Here, at 0.51 bars, the saturation temperature is 355 K (approx 82 °C).

hpe = 51104 + 2044 * 82 = 218712 W/m*-K

q=h A (Tsat - Ts) (switched order to give a positive q for heat transferred from saturated steam to surface)
=218712 W/m2-K * (0.6 * 1.5 m2) * (82 - 15 K)
=1.32%10"W

B. What is m-dot? m-dot = q/hg,” = 1.32 * 10"W / (hgy +0.68 ¢y (Toat - Ty))
From Table A.6: at Tsat: hfg =2304 kl/kg (or 2304000 J/kg)
at Tfilm cp,] = 4.184 kJ/kg-K (or 4199 J/kg-K)

m-dot = 1.32 * 10" J/s / (2304000 J/kg + 0.68 (4184 J/kg-K) (82-15 K))
m-dot = 5.3 kg/s

C. If there were no rain-X, the surface would be more wettable, and drops would adhere to the surface longer,
reducing the value of h. Thus the heat transfer rate (and the rate of condensation) would decrease.



2. A fire-tube boiler uses the hot products of a combustion reaction (flowing in the tubes) to boil water flowing
over the outside of the tubes. When the boiler was first installed U was found to be 400 W/m*-K. After one year,
both sides of the tubes have become fouled. R¢;” = 0.0015 and R¢,” = 0.0005 m?-K/W. Should the boiler be
cleaned to remove the fouling? You may consider the resistance to conduction through the pipe to be negligible.

KNOWN: Imunal overall heat transfer coefficient of a fire-tube boiler. Fouling factors following one
vear's application.

FIND: Whether cleaning should be scheduled.
SCHEMATIC:

Products of
combustion

ASSUMPTIONS: (1) Neghgible tube wall conduction resistance, (2) Negligible changes in h, and
by,

ANALYSIS: From Equation 11.1, the overall heat transfer coefficient after one vear 1s

Rg=00015m2-KIW
R o=0.0005 m2-KIW

U (+=0) = 400W[mz-K

1 1 1
2ol L fRF 4R},
U b by A f.o

Since the first two terms on the right-hand side correspond to the reciprocal of the mnitial overall
coefficient,

=;q+1 0.0015+0.0005)m> -K /W = 0.0045 m> -K/W

|
U 400 W/m*“-K
U=222 W/m? K

COMMIENTS: Peniodic cleaning of the tube mner surfaces 1s essential to maintaining efficient fire-
tube boiler operations.

The answer is YES! A reduction in U by nearly HALF can cause big heat transfer problems!



3. Work Incropera and DeWitt Problem 11.16
(C) Calculate the required length of the heat exchanger if operated in co-current flow, and
compare your answer to (A).

EKNOWN: Inner tube diameter (D = 0.02 m) and flmd inlet and outlet temperatures corresponding to
design conditions for a counterflow. concentric tube heat exchanger. Overall heat transfer coefficient (U
= 500 W/m’ K) and desired heat rate (q = 3000 W). Cold fluid outlet temperature after three years of

operation.
FIND: (a) Required heat exchanger length, (b) Heat rate, hot fluid outlet temperature, overall heat
transfer coefficient, and fouling factor after three years.
SCHEMATIC:

o Th, j=1600°C

\L
T Tho=140°C
Q

Water Toj=20°C

o — >, L

ASSUMPTIONS: (1) Negligible heat loss to the surroundings, (2) Negligible rube wall conduction
resistance, (3) Constant properties,

ANALYSIS: (a) The tube length needed to achueve the prescribed conditions may be obtamned from Eqs.
11.14 and 11.15 where AT, = Ty - T., = 80°C and ATy = Ty, - Tc; = 120°C. Hence, ATy, = (120 -
80)°C/In(120/80) = 98.7°C and

-9 J000W ~0968m <
(7D)UATyy (7% ﬂ.ﬂZm]SODW/m'- K x98.7°C

(b) With q = C(T,, - T, the following ratio may be formed in terms of the design and 3 vear

conditions.

q _ Ce {Tc.o‘Tc_.i) _60°C
a3 Ce { Teo —Tr:.1} 45°C

=1.333
3
Hence,

q3 =q/1.33=3000W/1.333=2250W <
Having determuned the ratio of heat rates, it follows that

a _ Cn(Thi-Tho)  20°C

= = _ = =1333
B Ch(Thi-Tho); 160°C—Tp o(3)

Hence,
Ty o(3) =160°C—20°C/1 333=145°C <
With ATim, 3 = (125-95)/1(125/95) =109.3°C,
Us= a3 _ 250W_
(7DL) ATy 3 x{ﬂ.DZm]U.?ﬁSm{lDQJ“Cl

=338W/m> K <



With U=[(I/; }|+t'1,."h0j:|_1 and U3 =| (1/h )+ (1/h, }+R§_C]'1.

1 1 |1 1)

5|33 3500 lm” K/W=9.59x10" m” - K/W <
3 ) 200 )

RE‘.C =

COMMENTS: Over time fouling will always contribute to a degradation of heat exchanger
performance. In practice it 15 desirable to remove fluid contanunants and to implement a regular
mamtenance (cleaning) procedure.

C. The only thing that changes from part A is the dTLM.
For co-current flow the inlets for both fluids are on the same side...
dTLM = (160 - 20) - (140 - 80) / In (160-20)/( 140-80) =94.4 C

Following from above, L = 1.01 m (it’s not incredibly different- just an extra 5 cm, but counter flow still
provides better heat transfer).



4. Water enters a shell and tube heat exchanger at 45,500 kg/h and an inlet temperature of 80 °C. The shell and
tube exchanger has 2 shell passes and 8 tube passes with a total outer surface area of 925 m*. The water is heated
to 150 °C using heated air at 350 °C. The air exits the heat exchanger with a temperature of 175 °C.

A. Determine the flow rate of air in the heat exchanger, assuming perfect insulation.

B. Determine the overall heat transfer coefficient, U, for this process. Use the e-NTU method and Tables 11.3

and/or 11.4.

ENOWDXN: Heat exchanger with two shell passes and eight tube passes having an area 92:’1111:; 45,500
ko'h water 1s heated from 80°C to 150°C: hot exhaust gases enter at 350°C and exat at 175°C.

FIND: Ovwerall heat transfer coefficient.
SCHEMATIC:

/—?‘,:J.:Jﬁc‘?"c {T '350(: .
75T
Two shell and @ N‘

T 80°C
eight tube o1 45,500k g/h T lS0°C gﬂ
passes, A=925m? T =150C .D;
Tho-175°C stance

ASSUNMPTIONS: (1) Neghgible losses 1o surroundings, (2] Constant properiies, (3) Exhanst gas
properiies are approximated as those of armosphenc air.

PROPERTIES: Table A-6, Water (T, =(80+150)°C/2=388K): c. = ¢y s= 4236 Jkz K.

ANATYSIS: Since this 15 2 shell-and-tube heat exchanger, we will use the ¢ - NTU method, for

which

45,500 kg/h
3600 s'h

q=Ce(Te o —Tei)=535x% 10 WK [150-80)°C = 3.75 = 10° W

C. =, = x 4236 J’kg - K = 535 x 10* WK

Then we can find C; fiom an energy balance on the hot stream,
Cp = ¢/(Thi - Tio) =3.75 x 10° W/(350-175)°C = 2.14 x 10* WiK
Thus
C, = e/ e = 0.40
£ =Q/Cynin (Thj - Trj) =3.75 x 10° Wr2.14 x 10* W/K (350- 80)°C = 0.648

From Eqs. 11.31band c, withn =2,
£ _qlim _
F= | G -1 | =145 g= FF 1 =(.429

g-1 ) il

From Eqs. 11.30c and 11.30b,

E= L-'El - .'].q_]?ji.:] =30
(1=C)~
Yo 2—']': _E_l_ -
(NTU), = {1 + Cr) In| —— | =0.637
LE+1]
and from Eq. 11.314,
NTU = n{NTL), = 1.27
Therefore,
U=NTU = Copn/A =127 x 214 x 10" W/K/(925 m;} =29 5 W/m™K <

COMMENTS: Compare the above result with representative valoes for aw-water cachangers, as
given i Table 11.2.



5. A shell and tube heat exchanger with 2 tube passes and 1 shell passes is used to heat water (shell-side) with
engine oil (tube-side). There are 100 tubes per pass. The tubes are made of copper and have an inside diameter
of 0.95 cm and outside diameter of 1.15 cm. The tubes are perfectly clean on the inside, but have a fouling
factor on the outside of Re,” = 0.002 m*-K/W. Water enters the shell at 1.2 kg/s at 31 °C and exits at 67 °C. Oil
enters the tube-side at 112 °C and a flow rate of 1.5 kg/s. h, for the water = 134 W/m?>-K and h; =46 W/m>-K.
A. What is the rate of change of internal energy of the water?

B. What is the outlet temperature of the oil?

C. Determine UA in terms of L, an as-yet undefined length of the tubes.

D. How long must the tubes be per pass to achieve the required heat transfer? Use the LMTD method with the
fudge factor, F. (see class handout for graphs needed!)

A.dU=mcp (Tout - Tin) = 1.2 kg/s * ¢, @ Tmean =49 oC * (67-31 C)
From Table A.6, cp at 49 C (or 322 K) is 4.181 kJ/kg-K or 4,181 J/kg-K
thus, dU = 1.2 kg/s * 4181 J/kg-K * 36 K = 180,600 W.

B. matching dU1 = - dU2

180,600 W =m cp,oil (Tin - Tout) = 1.5 kg/s * ¢, i at mean T J/kg-K* (112 - T, K)

Slight problem here. Since we don’t know T, yet, we’ll need to guess a To, determine Tmean, look up cpoil, and
then solve for To. Hopefully we’ll be close, otherwise the problem might require iteration.

Let’s guess To =92 C, so Tmean = 102 C (375 K).

By interpolation in Table A.5, cp = 2222 J/kg-K.

plugging in, 112 - T, = 180600 W / (1.5 kg/s * 2222 J/kg-K)

T,=57.8 C.

This is a bit off of our guess, so let’s iterate one time.
Tiean = 112+ 58 /2 =85 C (358 K) cp = 2152 J/kg-K
Now, T, =56.0 C This is satisfactory.

C. I/UA = 1/hoAo + Ri/A, + In (12/11)/2 pi L Keopper + Re/Aj + 1/hiA; (term 4 = 0, no Rfi)

factor out L from each of the terms & flip.

I/UA = 1/L * {(1/134 W/m2-K*pi*0.0115 m) + (0.002/pi*.0115) + (In (0.0115/0.0095)/2*pi*401) +
1/(46W/m2-K*pi*.0095m)}

1/UA =1/L * (.206 + 0.055 + 7.5 * 10-5+ 0.728) = 0.99 / L

orUA=1.01L

(or if you included the number of tubes and number of passes as part of the area, then UA = 2020 L)

D. q = UANNpF dTLM
=1.01 *L * 100 * 2 * “F” * {(112-67) - (56-31)}/ In ((112-67)/(56-31))
Using the Figure from the handout for 1 shell, 2 tube passes,
to fing F (Fg), need Z and eta. Z= (112 -57.8) /(67 -31)=1.51
eta=(67-31)/(112-31)=0.44
For 1 shell & 2 tube passes, F is approximately 0.6
q=dU=180,600 W=1.01 * L * 100 * 2 * 0.6 * 34.0 °C (dTpu)
Thus, L=43.8 m
This is pretty long.... probably needs a redesign, perhaps change to 4 or 8 tube passes, or increase the number of
tubes.



6. Work Incropera and DeWitt 11.38. Use the e-NTU method.

KNOWN: Temperature, convection coefficient and condensation rate of saturated steam. Tube
diameter for shell-and-tube heat exchanger with one shell pass and two tube passes. Velocity and mlet
and maximum allowable exit temperatures of cooling water.

FIND: (a) Mimnmm number of tubes and mbe length per pass, (b) Effect of tube-side heat transfer

enhancement on tube length.
SCHEMATIC:
Meond = 2.73 ks, Ty, = 340 K
= Zai W
ho 10,000 Wim“=K ? o T:fn < 3000
AT L >
Ntubes — <+ Tgi=15°C
D = 0,019m Um = 0.5 m/s

ASSUMPTIONS: (1) Neglgible heat exchange with surroundings, (2) Neghgible ube wall
conduction and fouling resistance, (3) Constant properties, (4) Fully developed mternal flow
throughout.

PROPERTIES: Tuble A-6, Sat. water (340 K): hg; =2.342 x 106 J/kg; Sat. water

— 3 = : 9
(TC =22.5°C = 295 K): =998 kg/m . cp = 4181 Jkg K. =959 x 10 6 N-s/m”, k=0.606 WmK,
Pr=6.62.

ANALYSIS: (a) The required heat rate and the maximmum allowable temperature nse of the water
determune the munimmum allowable flow rate. That 1s, with

4= cond = Meondby =2.73 ke /sx2.342x10° 1 /kg = 6.39x10° W

q _ 639x10° W
cpel(Teo-Tei) 41817/kg-K(15°C)

=1019 kg/s

mc,miﬂ =
With a specified flow rate per tube of m¢ ; =pupn D/4 =998 kgﬁm3 x05misxn (D.Ul?m)z.-'# =
0.141 kg/s, the minimmm mumber of tubes 15

=m¢_;,mjn =101.9 kg/s — 70 <
mey;  0.141kg/s

Nmin

To determine the corresponding tube length. we must first find the reqm.red heat transfer surface area.
With Rep = oug D/t = 998 kg/m’ (0.5 m/s) 0.019m/959 x 10°° N-s/m” = 9 886, the Dittus-Boelter
equation vields

B = (k/D)0.023 Refy > P04 )04

| & g,
—(0.606 W/m-K/0.019m)0.023(9386)*' (6.62)°% = 2454 W/m? K



+ [—1,,-1 -1 .2
}mu.:.:,L:[hi +ho] =1970 W/m? K

With Cr =0, Cmin = il cpe = 101.9 kg/s x 4181 Jkg'K =4.26 x 10° W/K. qmax = Couin (Thi — Te.)

=426 x 100 WK (340 — 288) K= 2215 x 10’ W and & = q/qgyx = 0.289. Eq. 11.35b yields NTU = —
In({l-g)==1n(1-0.289)=0.341. Hence the tube length per pass 1s

A NTUxCpyp 0.341x4.26x10° W/K

= = = =0.858m <
INZD  INaDU  2x720x7(0.019m)1970 W/m? -K

(b) If the rube-side convection coefficient is doubled, h; = 4908 W/m” -K and U= 3292 Wim™ K.

Since q. Cr, Cnin. Qmax and hence £ are unchanged. the number of transfer units 15 sull NTU = 0.341.
Hence, the tube length per pass i1s now

_ NTUxCppin _ 0.341x4.26x10° W/K

Y ——=0.513m <
INADU  2x720x7(0.019m)3292 W/m~-K

COMNMENTS: Heart transfer enhancement for the flow with the smallest convection coefficient
sigiificantly reduces the size of the heat exchanger.



7. Open heart surgery is normally done in hypothermic conditions, where the patient’s blood is cooled before the
surgery and re-warmed afterward. A proposed concentric tube counterflow heat exchanger is designed to have a
length of 0.5 m and inside tube diameter of 55 mm (thin-walled), and has an overall heat transfer coefficient, U,
of 500 W/m*-K. Given that the blood enters the heat exchanger at 18 °C and 0.05 kg/s, and water enters the
annulus at 60 °C at 0.10 kg/s,

(A) What is the temperature of the blood exiting the exchanger?

(B) How long would the exchanger need to be to achieve a blood outlet temperature of 37 °C?

You may assume the mean temperature of the water to be 55 °C, and the heat capacity of the blood to be 3500
J/kg-K.

]IC\CL‘E‘DL& Dumencions, fhud flow cates, and fluid temperatures for a counterflow heat exchanger vsed to
1eat blood.

FIND: (2) Outlet temperanme of the blood, (b) Effect of water flowrate and inlet temperature on heat rate
and blood outlet temperature.

SCHEMATIC:
U= 500 Wim? K —D =55 mm
| T Water)
= Qo 1
;“cz ;ig Eg.l‘g { (| ] 50=7,,=70°

ey = 3500 Mk K L=05m 0.05<m, <020 kgy's
ASSUNMPTIONS: (1) Negligible ;);ar, loss to surroundings. (2) Consiant properTies.

PROPERTIES: Toble 4 6, Water LTm % 535°C) cp=4183 Mg K

ANALYSIS: (a) Using the e - NTU method. we first obtam Cy = (mycp p ) = (0-10 kg/s = 4183 kg K)
= 4183 WIK and Cc = (11,¢, o) = (0.05 kgs x 3500 Jkg K) = 175 W/K = Cuy. Henee, (Can/Cans) =
0.41% and

ua  [300W/ K] 7(0.055m)(0.5m)
NTU=— =-— =0.147.
Coun T5W/K

From Eq. 11.29a. £ =021, Hence, fromEq. 11.22
4= Cqin (Toi —Tei ) =021(175W/K)(60-18)° C =1544 W .
From Eq. 11.7,

o 15HW .
e e S S e B <
e 175 W/K

[B) Here, aimoe we are given a desired outlet temperatore and want to find & ||:1'||__-|_'|_ ibe probhlem becomes o
tesign prablem. (haviawsly, the tehes must be bonger to heat the blood w37, Yoo can use sither LMTD or e-

MWTLU method at this poind, Since LMTD is generally shorier, 1'Il chooge that ane il o lutree
T O Be Fenien, L i —r 7
" ) ,41 - {_."—.-?-I'J F:'z{r.‘:m - —
Lol # @ !

5 {ﬂF*’&}EESﬂa 1'_..-"{&;,.:,]‘] [22) =552y w

witrea = = 3325 Wz B0 MEYAITS Vg ) (T, - o |
7, = $2.1°%
_ (bo-33) = (52-1-4F)
ST = e - 332’15:_
e In (ber322)
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8. The shell and tube heat exchanger below is being retrofit to heat a feed stream of ethylene glycol, using

supplied plant water that is available in excess.

For the specifications given, determine:

(a) the required mass flow rate of the plant water through the exchanger, m,.

(b) the number of tubes per pass in the exchanger, Nt.

(c) the temperature of the recombined plant water streams, Ts. (you may assume c, is constant so that

my (T5-T4) =- (mg-m4) (T5-T3).

Split stream (water) /;ﬂ - (/) . Trz
Ethylene Glycol (tubeside)
T
Water (shell side »Y
my, Tg LEr T‘ v
my, Ty
Water
( my, T2 Ethylene Glycol
/
gd “ CPHf IC -ﬂ/)
y A <
{53 g UAE ST, e
0 7 - @9 )z L) (57 57%)
= (202 Kw
() o ?h' (2o M
i 7

f’ﬁ(ﬁ# T ) (4 J‘?!Fﬁ kY?Q.s‘:;‘;)
tﬂ#» 717 *’-’35

OuSe. ega.&ﬁ

{

(G2-57)-(52-37)

“W T (F2-372)
F b/f-.:sw. -F;J ;‘,r’_,p_-.,
. 5737  72.52
Fe goigy = 3 Koo g5pn =2,
- F e .75

[2oz2ecs W

(73 75) (2346 7¢)

Az

U = Tom

Cesy 236

ETHYLENE GLYCOL FEED (TUBE)
Inlet Temperature (T,) = 37 °C
Outlet Temperature (T,)= 57 °C

Flow Rate =24 kg/fs {my)
KT/ fo- £

= - 505
PLANT WATER (UTILITY- SHELI }
Available supply: 30 kg/s:92 °C {my, Ta
Exchanger Qutlet Temp (T4) = 52 °C

Co = 4|9 KIles-£
EXCHANGER DESIGN:
Owerall Heat Transfer Coefficient (based on
outside area) U, =732 Wim'-K
Length=35m
Tube side: 2-pass, 1.4 em outer diameter
copper tubes, w/ wall thickness 0.25 em
Shell side: 1-pass; baffle spacing of 20 cm

Ay = ?2-7'7»4“(7?3;.&”7-!\’9
R ?2-7? at -
Nr P oldm XS m) (2D

=269

(M =2 ]

> Assumhg G )5 Condlail

) (*%“%)@w‘ﬁr?

s T 7,

I
My
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+ 707 (52




