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CHAPTER 8

EXAMPLES

For flow of liquid metal through a circular tube, the velocity and temperature
profiles at a particular axial location may be approximated as being:

u(r) =c,
T()-T, =¢, [l -1? /1]

What is the value of Nup at this location?
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P.2 Corrected sohition

A system for healing water from an inlet temperature of 7, , = 20°C to an outlet temper-
ature of T, , = 60°C involves passing the water through a thick-walled tube having
inner and outer diameters of 20 and 40 mm. The outer surface of the tbe is well insu-
lated, and electrical heating within the wall provides for a uniform generation rate of
g = 10°Wim',
L. For a water mass flow rate of m = 0.1 kg/s, how long must the tube be to achieve the
desired outlet temperature?
2. If the inner surface temperature of the tube is 7, = 70°C at the outlet, what is the local
convection heat transfer coefficient at the outlet?

SOLUTION

Known:  Internal flow through thick-walled tabe having uniform heat generation,

Find:
1. Length of tube needed to achieve the desived outlet temperature.
2. Local convection coefficient at the cutlet.

Schemetiv:

4= 10% Wim?

Yater | 22, = 40 mm 1 :?',‘,,= 70°C
e ;= 20 mim e
= 0.1 kgls ' et = 605C
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B, = 40 mm 1

N = 1= 20 mim
nii= 0L kgls

L Oullet, o
et x

Inlet, §

Assumptions:
1. Steady-state conditions,
2, Uniform heat flux,
3. Incompressible liquid and negligible viscous dissipation,
4. Constant properties,
S, Adinbatic outer tube surface.

Properties:  Table A6, water (T, = 313 K): o, = 4179 Mkg K.

Analysis:

1. Since the ouler surface of the tube is adiabatic, the rate al which energy is generated
within the tube wall must equal the rate at which it is convected to the water,

E_ﬁ: = Yeony
With

£, = 40~ DL
it fallows from Equation 8.34 that

{;]:17[' (D} = DYy L=ncT,,~T,)

HEO

or
L= "*jw(7l,. o~ 1)
(D, - Df)g '
4 X0 kg/s X 4179 kg K
7(0.04° ~ 0.02%) m* X 10° W/m?

(60 —20)°C = 17.7m =l

2. From Newton's law of cooling, Equation 8.27, the local convection coefficient at the
lube exit is
/ b
r(? = g
15‘0 - trm,u
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3. Steam condensing on the outer surface of a thin walled circular tube of diameter
I gl A Y & &
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“T00°C, Water flows thiough the fube af a rate of h = 0.25ka S and o oot i

outlet temperatures are Tryi = 15°C and Tpo = $7°C. What is the convection
coefficient associated with the water flow?
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4. Ethylene glycol at 60°C with a velomt} of uy = 4 cm/s enters the 6 m long heated

b T
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“calming section. In the heatcd part, the wall of the tube is maintained at a uniform
temperature of Ty = 100°C by condensing steam on outer surface of the tube.
Calculate the exit temperature of ethylene glycol.
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5. In the final stages of a production, pharmaceutical is sterilized by heating it from
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tube of 12.7 mm diameter. A uniform heat flux is maintained by electric
resistance heater wrapped around the outer surface of tube. If the tube is 10 m
long what is the required heat flux? If the fluid enters the tube with a fully
developed velocity profile and a uniform temperature profile, what is the surface
temperature at the tube exit and a distance of 0.5 m from the entrance? Fluid

properties

are

approximated

ds;

p=1000kg/m’,c_ =4000kI/kgK,

n=2x10"kg/ms, k=08W/mK, Pr=10. (Use figure given below)
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m/s. The length of the tube is 10 cm. A constant heat flux is imposed on the tube
wall. Calculate the heat transfer if' the exit bulk temperature s 77 °C. Also
calculate the exit wall temperatwre and the value of h at the exit.
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is maintained at 175°C by swirling combustion gases. The engine oil(new ) enters at 75 °C

.What flow rate must be supplied to maintain an outlet temperature of 100°C . What is the

corresponding heat transfer rate? Assume that flow is laminar and experimental observations
indicate that the flow is both hydrodynamically and thermally developing together.

Solution
SCHEMATIC:
Tg =176°C
I T <100°C
. ______b b b oaew b mem b e B R eed 8 o & e B I T N T T U R O
m=7?
Tm. = 7500 S ———

l-mma X Tube, D =10mm { =

ASSUMPTIONS: (1) Laminar flow, (2) Tube wall is isothermal, {3) Incompressible liquid with
negligible viscous dissipation, (4) Constant properties.
PROPERTIES: Tuble A-5, Engine oil, new (Ty, = (Tyi + Ty 0)/2 = 361 K); p = B47.5 kg/m3,

Cp =
2163 I/kg K, v=2.931 x 107 m%fs, k = 0.1379 W/m K, Pr=390.2, ;1 = 0.0245.

Not knowing the mass flow rate , we can not calculate the Reynolds number,

We will flow the following steps:

1) Reynolds number

Re, = 4dm

ruD

2) Since flow is in combined entrance region we can use the following equation




w2k iy = I RRNE)

4) We write following equation log mean temperature difference

AT AT, — AT,

LMTD — _—/:'\TT——
Inf —
AT,

AT] = T\-.- - Tmi
AT, =T, ~T

m

5) Energy balance

L3

me, (T, —T

mi

b {(xDL) AT, yyrp

)=

We now have an equation in mass flow rate m .Now see the solution by MAPLE 2017

> restart;
>
> k= 0,1379; # Thermal conductivity

k= 0,1379
> L = 5; # Tube length

=23
10 .
= 10000 3 # D=d tube diameter
d = .01000000000

> o= 0.0252;

n = (.0252
> ¢cp = 2163;

cp = 2163
> Pr = 390;

Pr = 390
> o= (L), ﬂ},Pr;

Gz == 3940.979542 m
3.606
> oA
A= 1 2y
tanh(2.264-Gz Y +17.Gz 3 J
A= 3.60
' 0.1433315164 | 0.006813644455
tanh
m'! /3 m? /3



B = 197.0095673 m tanh( 0'0{)02513449221 )

1 21
> Ci= tanh[?;.432-Pr6 .Gz ® );

. 1/6
C o tanh[ 0.6119221971 390 J

m!/ 8

/

1 [13.79000090 [3.66 /

0.6119221971 3901 6
tanh 176
mn '

I
[ ( 0.1433315164 0.006813644455 J]
tanh +

mi i3 1112 /3

+ 1970095673 m tanh[ 0.0002537440221 )n

11

25.
> e e,
AT v = m( 100. ) ’

75

AT = 86,90148750

LAMTD
> T = 1003
T = 100

nio

> T ,:= 75

ni

i

75

mi
> # m is mass flow rate
>
>
> eq = m-cp- (To = Tyy) — Weme (d) L-AT s
eq =
, ! [183.2397570 {3.66 /

0.6119221971 390"/ 6 /
tanh 176
I

In

(01433315164 | 0.006813644455
tanh l“l /‘3 Il12/3

+ 197.0095673 m tanh( 0.0002537440221 ]]J -+ 54075 m

m

> eql = evalf(eq);



eql =
- 1.654018293 [188.2397570 [3.66 .
tanh — 176
m
0.1433315164 0.006813644455
tanh 173 -+ 373
m ' m-’
+ 197.0095673 m tanh( 0'0002531;7440221 JD + 54075, m

> plot(eq, m=0..0.03);

1004

~100+

—-200+

-300+

~400+

-500

~ 600+

> fsolve(eql, m);

0.02501504890
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8. Water at 60 °C enters a tube of 1 in (2,54 cm) diameter at a mean flow velocity of
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Y, Air at 2 atm and 200 °C is heated as it flows through a tube with a diameter of 1 in

S d eyt vetoeity ot O v Catentate e e ran el per W IeRgl B T

tube if a constant heat flux condition is maintained at the wall and the wall
temperaiure 13 20 °C above the air (emperature, all along the length of the tube.
How much would the bulk temperature increase over a 3 m length of the tube?
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— A -co-thamelortube-havine—a- %W&’T@ﬁﬁm%%ﬁmm L R
constant wall temperatare of 90 °C. Water enders the {ube al 40 °C and leaves at

60 °C. If the entering velocity is 3 m/s, calculate the length of tube necessary 10
accomplish the heating.
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> restart;
e
-~

24[¢

1 1 2.5
> eq = —— + 2.0-logl0 + : ];
Jr 3.7 146700.0- /7
2.0 m[o.oooz?ozmzm + 0-00001704158146
eq = 1 + \/?
Jr In{10)

>
> plot(eq, f=0..0.05);

201

15-

10+

54
O - i i T -..,‘;'h i s focaciz 4
0.01 0.02 A3 0.04 0.05
s T
> fsolve{eq, f=0.02..0.03);
0,02146498275

7 20 = (2 026)(M(® o) Q(Q 050>

L"‘:’z,_l}él_gm
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1L Air a1 300 K and 1 alm emers a smooth tube having a diameter of 2.0 cm and

T —————— g -or-H-em—The-atr-vetoet 18- 4t0-mys What-constant-heat -t mst-be—— e
applied at the tube swrface to result in an air temperature rise of 5 °C? What
average wall temperature would be necessary for this case?
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12, The sm face of a2 50 mm diameter, thin-walled tube is maintained at 100°C In one

DB | il E sl D
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tempelatule of 25°C and a mean velocity of 30 m/s. Compare the heat flux from
the tube to the air for two cases.

KONOYWN: Swrface temperature and diameter of a tube. Velocity and temperatae of air in cross
flow, Velociry and temperature of air in fully developed intemal flow.

FIND: Convection heat flux asseciared with the external and infemal flovs,

SCHENIATIC:
To100C oy,
_!; =25 o C
u'ml :30737/5 B D-0.0S?H
Tm =25 °C .—f""‘v -

ASSUNMPTIONS: (1) Steady-state conditions, (2) Uniform eylinder swface temperature. (3) Fully
developad interna? flow.

A 3
PROPERTIES: Table A-4. Alr (208K): v =15.71 > 10 6 m /s k= 0.0261 WK, Pr=0.71.

ANALYSIS: Forthe exrernal and inrernal flows.,

VD CupD 30w 0.05m

6

Rep = = 5
¥ v 15.71s 107 m":’s

From the Zhukauskas relation for the exrernal flow, with € = 0.26 and m = 0.6,

0.6 37 . 1:4

Nup = € Re™ P (pyypy ) 4 wom(@ 55 104) 0757 1 2203,

D

Hence, the convection coefficient and heat fluy ars

— k—_ 00261 Wi I
h=—Tup =202 WK s Wi

D 0.05m
¢ =h(T—T. ) =116 4W/m?> K{100-25)" C =8.73-10% Wim?. <

Using the Dittus-Boslter correlation. Eq, §.60, for the fnferna/ flow, which is aubulan,

04 45 o4

e =0.023(9.55: 107 | " (0.71)" =195

\ur) 0.023 Rer Pr

— K 0.0261 Wim K X
h=— NuD = s YR s 101 Wil K
D 0.05m

and the heat flux is
q =h(Ty~ Tyy) =101 Wim~ K (100 -25)°C =7.58 %107 Wim>, <

COMDMNENTS: Convection effects associated with the two flow condlitions are comparable,
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13. A thin-walled insulated 0.3 m diameter duct is. used o rouie. chilled air.at 0,05

natural cireulation provides a convection coefficient of 2 W/n' K at the ouler

surface of the duct. If chilled air enters & 15 m long duct at 7 °C, what are the exil
temperature and the rate of heat gain?
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Example

inside diameter:

a) Dfetermjﬂe the pressure drop over the pipe length and the corresponding pump power
requiremnent if the pipe surface is smooth,

b} If the pipe 1s made of cast iron and its surface is clean Determine the pressure drop
over the pipe length and the corresponding pump power requirement

¢) For the smooth pipe condition generate a plot of pressure drop and pump requirement
for the mean velocities in the range from 0.05 to 1.5 m/s.

SOLTION

INOWN: Temperature and velocury of water flow i a pipe of prescribed dumensions.

FIND: Pressure drop and pump power requirement for (a) 2 smooth pipe. {b) a cast izon pipe with 2 clean
surface, and (&) smooth pipe for 2 range of mean velocities 0.03 o 1.5 mee.

SCHEMATIC:

Cast iron pipe,
D=025m

U, =1 mis

T, =300K -
f/

-
ASSTDMPTIONS: (1) Steady, fully developed fiow.

PROPERTIES: Table i6 , Water (300 K): p =997 kgt’, 1 =855 » 107 Nesm'. v = pip = 8.576 «
107 mis.

L =100C m

ANATYSIS: From Eq. 8.22a and 8.22b, the pressure drop and prunp power requireinent are
]

Ap=f%‘§3—1. P=Ap‘§":.ﬁp(irD2/4)um (1.2

The friction factor, £, may be determined from Figuee 8.3 for different relarive roughness. /D surfaces or
from Eq. §.21 for the smooth condirien, 3000 5 Rep. 55 » 10°,

£=(0.7901 (Rep ) ~1.64) )

where the Reynolds number is
Cuyp D Imyfsx0.25m

=7.915-10° £
Vo 8376107 m2js

Reny
(a) Smoor surjace: fromEgs. (3), (1) and (2),

; - -2
{0,790k (2915107 )-1.84] ~ =0.01451

Ap = 0.01451(997;:3/ '’ x1m?/s2 /2x0.25m)1&00 m=28910"kefd m =0230bar <
4] l', 3 Kl R
p=289x10% N/ m’ (,v.\:o.zs" m? fa)lmfs =141 ¥ mjs = 1 42KW <
() Cast iron clean surface: with e = 260 i, the relative roughness is eD =260 % 10025 m=1.04
# 107, From Figore 8.3 with Re; =292 x 10°, find f= 0.021. Hence,
Ap = 0,402 bar P=197LkW <

(c) Smzoth surface: Using THT with the expressions of part {a), the pressure drop and pump power
cquirement as a funciion of meai velocity, Un, for the range 0.05 Sup 5 1.5 m's are computed and

plotted below, .
Continned. ..
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— Prestige drop,
e BN Py, Pk,

The prassure drop is 2 strong function of the mean velocity, So is the PUIMP powwer sece 1113 proportional
 hath Ap and the mean velocity.

COMDMENTS: (1) Note that L'D = 4000 >> (XD & 10 for turbulent Sow and the assumprion of fully
developed conditions 1s justified.

(2) Surface forthing results in increaced surface roughness and increasss operating costs throngh
MICTeasmg pUInp POWer reqUIIe e,

3) The IHT Workspoce used to generats {he sraphical results follows.
) H a grap.

N Pressurs drop:

Gp=f ot un* 2 Li{2* D} I Eq {1}, 5q 5.2%a
_har = dejtap ! 1.002% I {Marsitn, Pa fo har unts
Fovwer =dexap " (pi* D*2/4 5" um IEq{2; 2958230
Power_kW = Power ) 1000 11 BERA for sealing graplics result
il Reynelds number and friction factor:
ReD=um?*[1{nu i =a {3)
f= {0.790 " In(ReDy. 164142 # Eq (4); Eq B.21, saeath suriqes condiion

I Properties Tool - Water:
13 ater praserty functions T degendans
% pibars);

Fram Tapls A6

UGty (O=2afikuid or 1=sat gpor)

Mo = rho_TEWaier | m,x I Dansity, Ka/m*2

nu = nu_TEWaier, Tm,y # Kinernatic iscosiy |, "2
i1 Assigned variablzs:

umi = i Weanelstity | mis

Tm =300 I ean femparature, K

0 =02% 1T Tube diametar m
L=15850 I Tulss length. m

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructionzl purposes only
to students enrolled in courses for which the textbook has been adopted, Any other reproduction or translation of this work beyond that
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.
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Airat 1 atm and 27 °C enters a 5.0 mm chameter smooth tube with a veloc1ty of 3 m/s.
The length of the tube is 10 cm. A constant heat flux is imposed on the tube wall.
Calculate the heat transfer if the exit bulk temperature is 77 °C. Also calculate the exit
wall temperature and the value of h at the exit.

% _FTF5+ e,ucal\—wlré’— +he ,F\c:auu f”e@?fha and do se lo:j \J»@L_snf

prc{:ef-%‘,es ot e aversae boll '}'\“/h!?e,ﬁ;x Wi
Tm'z: Q_Q'f"q,'} :.::‘5296 = QDQ‘(;}%
A
= A8.92 X106 s
Fr=0.9043
L= 0. 054U W/mZ
fRer= VD — (3)(0.005) — §253
D=
Y (noras®)
So 4+hot 4he -,Cch,._) s lamine— The #obe. L—.f,@-}L. is redher sha-
s> we eXfect a thermeol ertrance effect ond shall cansald 'ﬂ@dﬂﬁ.
§.9.The inverse Graetr number is computed os

A
& = x - 0.4 =0.036

&DPP (§28)(0-308)0.055)

ﬂ\em_}&r‘e_/ _P:.r s .-C,Dqs"'oﬂ'}‘ e, Q-Ho in The Mosselt numbe- ot €X">L
.From (’}:’iadf“e. 5’6«:5

MNoy— InD =043 = 95D
C'B lr\n)\z,

T\']& ’}‘0‘*"@] lf}ga'jl '}FOAS—F\QF s oé)'}“c:aifed in Fermns Q-{— '7”'\2— O\JEJ‘Q” en-efa:j
lg;\\c;r\c.e'.

@ mcp()mo-—Tm:)
At eatronce f:M FH by [, 5o the mess flews is

M= (149 T (0.0025) (8.0)= 6.94 157 ks /s
ang)
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G (6.9 )5 o€ (33 ~29) = 8,49 W Mk
Thos uae/'M@\j ;F‘r‘\c;; e heet ‘fr“gh@ge/- ooty s - QC-‘KJ@\H o] ‘fY.‘-;-’}‘p’I)

MusH c:@m?gi“& @{5’

Q-:; (Q;’)(TTDL)::SQ@\&U
ond

s = 2222 W/nt

Nowz 95D = (To-Th) = (2222)(6.005) - 54 &

i The wall '}'empew:b}urp._ at ext % Hhus
Gl = fy+F=Aed

P

ond hee=t 'ILF-QA.S-Fe/“ coeff:@‘c_ia& s
T:{ = _ﬁ_si___m = 2922. =965 wWinFT

Xzf o -
Og-Te), ,  Fh



