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8-2
General Flow Analysis

8-1C Engine oil requires a larger pump because of its much larger density.

8-2C In fluid flow, it is convenient to work with an average or mean velocity V,,, and an average or mean temperature T,
which remain constant in incompressible flow when the cross-sectional area of the tube is constant. The V., and T,, represent
the velocity and temperature, respectively, at a cross section if all the particles were at the same velocity and temperature.

8-3C The generally accepted value of the Reynolds number above which the flow in a smooth pipe is turbulent is 4000.

8-4C For flow through non-circular tubes, the Reynolds number as well as the Nusselt number and the friction factor are

based on the hydraulic diameter Dy, defined as D, = ;AC where A is the cross-sectional area of the tube and p is its
p

perimeter. The hydraulic diameter is defined such that it reduces to ordinary diameter D for circular tubes since
_AA.  4nD? /4

D
T D

=D.

8-5C The fluid viscosity is responsible for the development of the velocity boundary layer. For the idealized inviscid fluids
(fluids with zero viscosity), there will be no velocity boundary layer.

8-6C In the fully developed region of flow in a circular tube, the velocity profile will not change in the flow direction but the
temperature profile may.

8-7C The friction factor is highest at the tube inlet where the thickness of the boundary layer is zero, and decreases gradually
to the fully developed value. The same is true for turbulent flow.

8-8C The friction factor f remains constant along the flow direction in the fully developed region in both laminar and
turbulent flow.

8-9C In turbulent flow, the tubes with rough surfaces have much higher friction factors than the tubes with smooth surfaces.
In the case of laminar flow, the effect of surface roughness on the friction factor is negligible.
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8-10C The region from the tube inlet to the point at which the boundary layer merges at the centerline is called the
hydrodynamic entry region, and the length of this region is called hydrodynamic entry length. The entry length is much
longer in laminar flow than it is in turbulent flow. But at very low Reynolds humbers, Ly, is very small (L, = 1.2D at Re = 20).

8-11C The hydrodynamic and thermal entry lengths are given as L, =0.05Re D and L; = 0.05RePr D for laminar flow, and
L, = L; 10D in turbulent flow. Noting that Pr >> 1 for oils, the thermal entry length is larger than the hydrodynamic entry

length in laminar flow. In turbulent, the hydrodynamic and thermal entry lengths are independent of Re or Pr numbers, and are
comparable in magnitude.

8-12C The hydrodynamic and thermal entry lengths are given as L, =0.05Re D and L; =0.05Re Pr D for laminar flow, and
L, =~ L; =10D in turbulent flow. Noting that Pr << 1 for liquid metals, the thermal entry length is smaller than the

hydrodynamic entry length in laminar flow. In turbulent, the hydrodynamic and thermal entry lengths are independent of Re or
Pr numbers, and are comparable in magnitude.

8-13C The region of flow over which the thermal boundary layer develops and reaches the tube center is called the thermal
entry region, and the length of this region is called the thermal entry length. The region in which the flow is both
hydrodynamically (the velocity profile is fully developed and remains unchanged) and thermally (the dimensionless
temperature profile remains unchanged) developed is called the fully developed region.

8-14C The heat flux will be higher near the inlet because the heat transfer coefficient is highest at the tube inlet where the
thickness of thermal boundary layer is zero, and decreases gradually to the fully developed value.

8-15C The heat flux will be higher near the inlet because the heat transfer coefficient is highest at the tube inlet where the
thickness of thermal boundary layer is zero, and decreases gradually to the fully developed value.

8-16C The logarithmic mean temperature difference AT, is an exact representation of the average temperature difference

between the fluid and the surface for the entire tube. It truly reflects the exponential decay of the local temperature difference.
The error in using the arithmetic mean temperature increases to undesirable levels when AT, differs from AT; by great

amounts. Therefore we should always use the logarithmic mean temperature.

8-17C When the surface temperature of tube is constant, the appropriate temperature difference for use in the Newton's law of
cooling is logarithmic mean temperature difference that can be expressed as

AT, AT
™ T In(AT, /AT))
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8-18C The number of transfer units NTU is a measure of the heat transfer area and effectiveness of a heat transfer system. A
small value of NTU (NTU < 5) indicates more opportunities for heat transfer whereas a large NTU value (NTU >5) indicates
that heat transfer will not increase no matter how much we extend the length of the tube.

8-19 The average velocity and mean temperature are to be determined from the given velocity and temperature profiles.
Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Analysis The average velocity in a tube with a radius of R = D/2 is

2 R
Vavg :?Iou(r)r dr

=0.025m/s

=— 2 2 | —0.0125(r 1—R2 2
Vavg 2.[ 0.05|[l (r‘/R) ]dr_ ( )

2 2
R R 0

The mean temperature in a tube with a radius of R = D/2 is

Th = 2R2 IORT(r)u(r)r dr

Vavg

m 2

R
T =2(0'05)I r[400 +80(r / R)? - 30(r / R)*][L— (r / R)*]dr
VagR™ 70
R
:%f [400r +80r(r /R)? —30r(r / R)*] ~[400r(r / R)? +80r(r / R)* —30r(r /R)®] dr
0

=%(105R2): 420K

Discussion Note that the average velocity is half of the maximum velocity (velocity at the center of the tube) for the given
profile. This suggests that the given velocity profile has a profile of a fully developed laminar flow or it is parabolic.
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8-20 The mass flow rate and the surface heat flux are to be determined from the given velocity and temperature profiles.
Assumptions 1 Steady operating conditions exist. 2 Properties are constant.
Properties The density of 1 atm air at 20°C is p = 1.204 kg/m® (Table A-15).

Analysis The average velocity in a tube with a radius of R = D/2 is

2 R
Vavg :?IOU(I’)I‘ dr

R
2 (R 2o 2| —005(r2-R%)? |
Vaug _?J'O 0.2[1—(r/R) ]rdr_?{T 0 =01m/s

The mean temperature in a tube with a radius of R = D/2 is
2

R
T, = T(r)u(r)rdr
m Vang2 J-O

2(0.2)
V... R?

avg

R
T, = jo [250+200(r / R)*][L—(r / R)?]r dr

4 (R 3 ) ;
=?J.O [250r +200r(r / R)*]-[250r(r / R)“ +200r(r / R)>]dr

2 (73.93R?)
R

=2957K

The mass flow rate is

M= Nayg A, = NaygD? /4 = (1.204 kg/m*)(0.1m/s)(0.08 m)? /4 = 6.05x 10~ kg/s
The surface heat flux is determined using

ds =h(Ts —Tp,)
where T, =T(r,) =250+ 200(R/R)® =450 K

ds = (100 W/m? - K)(450 — 295.7) K = 15.4 kW/m?

Discussion Since T, > T, this indicates that the air is being heated, thus a positive value for the surface heat flux.
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8-21 Air flows inside a duct and it is cooled by water outside. The exit temperature of air and the rate of heat transfer are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The surface

temperature of the duct is constant. 3 The thermal resistance of the duct 10°C
is negligible.
Properties The properties of air at the anticipated average temperature of \/
30°C based on the problem statement are (Table A-15) Air
p=1.164kg/m? 50°C D =25cm
7m/s

¢, =1007 J/kg.°C
L=12m

Analysis The mass flow rate of air is |

2 2
= PAN g = p(”%)vavg (1164 kg/m%@ﬁ mfs) = 0.4000 kg/s

A, = DL = 7(0.25 m)(12m) = 9.425 m?

The exit temperature of air is determined from

(859425
T, =T, — (T, ~Ty)e "™ =10 (10-50)e (400N _1547°C
The logarithmic mean temperature difference and the rate of heat transfer are

AT, = T -T, _ 15.47-50 _1736°C

In T, -T, In(10—15.47j
T, -T, 10-50

Q = hAAT,, = (85W/m?2.°C)(9.425m?)(17.36°C) = 13,908 W = 13.9 kW

Discussion The average temperature of air is (50 + 15.5)/2 = 32.8°C. This is close to the assumed temperature of 30°C.
Therefore, there is no need to repeat calculations.
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8-22 Combustion gases passing through a tube are used to vaporize waste water. The tube length and the rate of evaporation

of water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is constant. 3 The thermal resistance

of the pipe is negligible. 4 Air properties are to be used for exhaust gases.

Properties The properties of air at the average temperature of (250+150)/2=200°C are (Table A-15)

¢, =1023J/kg.°C
R =0.287 ki/kg.K

Also, the heat of vaporization of water at 1 atm or 100°C is

T~=110°C

;

hyy = 2257 kilkg (Table A-9).

Exh. gases
Analysis The density of air at the inlet and the mass flow rate of 250°C
exhaust gases are 5m/s

D=3cm

150°C

P 115kPa

P =0.7662 kg/m® .

TRT  (0.287 kilkg.K)(250 + 273K)

2 2
= PAV g = p[%}/avg — (0.7662 kg/ms)mﬁ mis) = 0.002708 kg/s

The rate of heat transfer is
Q =mc, (T; —T,) = (0.002708 kg/s)(1023 J/kg.°C)(250 —150°C) = 277.0 W

The logarithmic mean temperature difference and the surface area are

T, -T, -
AT =—2——~< = 10-20 __ 79 g5oc
(T Te ) 110—150)
T, -T, 110 - 250
Q = hAAT,, — A Q 2170 W =0.02892 m?

T hAT,, (120 W/m?.°C)(79.82°C)
Then the tube length becomes

2
A = DL L =t 002892m7 507 0 _30.7¢m

D 7(0.03m)
The rate of evaporation of water is determined from
Q _ 0.2770kW

hy 2257 kikg

Q = Mgygphy — > Mgy = =0.0001227 kg/s = 0.442kg/h
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8-23 Combustion gases passing through a tube are used to vaporize waste water. The tube length and the rate of evaporation

of water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is constant. 3 The thermal resistance

of the pipe is negligible. 4 Air properties are to be used for exhaust gases.

Properties The properties of air at the average temperature of (250+150)/2=200°C are (Table A-15)

¢, =1023J/kg.°C
R =0.287 ki/kg.K

Also, the heat of vaporization of water at 1 atm or 100°C is

T,=110°C

;

hyy = 2257 kilkg (Table A-9). Exh. gases

250°C

Analysis The density of air at the inlet and the mass flow rate of 5 m/s

D=3cm

150°C

exhaust gases are

_P_ 115kPa —0.7662 kg/m® '
RT _ (0.287 kilkg.K)(250+ 273 K)

Yo,

2 2
= PAV g = p[%}/avg — (0.7662 kg/ms)mﬁ mis) = 0.002708 kg/s

The rate of heat transfer is
Q =mc, (T; —T,) = (0.002708 kg/s)(1023 J/kg.°C)(250 —150°C) = 277.0 W

The logarithmic mean temperature difference and the surface area are

T -T, -
ATy =—=———== 150-2%0 24 g70c
[T Te) 110 -150
T, -T, 110 - 250
Q 277.0W

Q = hAAT,, —— A, =0.08676 m?

" hAT,, (40 W/m2.°C)(79.82°C)
Then the tube length becomes

A 0.08676m?
D x(0.03m)

A, =aDL——L = =0.921m=92.1cm

The rate of evaporation of water is determined from

Q _ 0.2770kW

hy 2257 kikg

Q = Mgygphy — > Mgy = =0.0001227 kg/s = 0.442kg/h
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8-24 Steam is condensed by cooling water flowing inside copper tubes. The average heat transfer coefficient and the number
of tubes needed are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is constant. 3 The thermal resistance
of the pipe is negligible.

Properties The properties of water at the average temperature of

(10+24)/2=17°C are (Table A-9) Steam, 30°C
p =998.7 kg/m?® \/
c, =4183.8J/kg.°C Water 24°C
Also, the heat of vaporization of water at 30°C is Al,?ni Bl
hyy =2431kJ/Kg.
| L=5m

Analysis The mass flow rate of water and the surface area are I

2
(4 m/s) = 0.4518 kg/s

7(0.012 m)?
4

. 7D
m= pAcVavg = p( 4 }/avg =(998.7 kg/ma)

The rate of heat transfer for one tube is
Q=rmc p(Te —T;) =(0.4518 kg/s)(4183.8 J/kg.°C)(24 —10°C) = 26,460 W
The logarithmic mean temperature difference and the surface area are

AT, = Teoli 24210 g 63ec

n T, -T, In(30_24j
T, -T, 30-10

A, = 7DL = 7(0.012 m)(5m) = 0.1885 m?

The average heat transfer coefficient is determined from

G =hA.AT H 0 26,460 W ( 1 kW
- S m

T AAT,,  (0.1885m?)(11.63°C) 1000 Wj ~121kWim®.C
The total rate of heat transfer is determined from

Qutal = Meong tg = (0.15Kkg/s)(2431kJ/kg) = 364.65 kW
Then the number of tubes becomes

 Quia 364,650 W

Ngpe = =2 -138
we T T 26,460 W
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8-25 Steam is condensed by cooling water flowing inside copper tubes. The average heat transfer coefficient and the number
of tubes needed are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is constant. 3 The thermal resistance
of the pipe is negligible.

Properties The properties of water at the average temperature of

(10+24)/2=17°C are (Table A-9) Steam, 30°C
p =998.7 kg/m® v
Cp = 4183.8J/kg.°C Water 24°C
Also, the heat of vaporization of water at 30°C is 10°C D=12cm
hyy = 2431KkJ/kg 4m/s

Analysis The mass flow rate of water is |

2
(4 m/s) = 0.4518 kg/s

7(0.012 m)?
4

. 7D
m= pAcVavg = p[ 4 }/avg =(998.7 kg/ms)

The rate of heat transfer for one tube is
Q=rmc p(Te —T;) =(0.4518 kg/s)(4183.8 J/kg.°C)(24 —10°C) = 26,460 W
The logarithmic mean temperature difference and the surface area are

AT, = Teoli 24210 g 63ec

n T, -T, In(30—24j
T, -T, 30-10

A, = 7DL = 7(0.012m)(5m) = 0.1885m?

The average heat transfer coefficient is determined from

G =hA.AT H 0 26,460 W ( 1 kW
- S m

T AAT,,  (0.1885m?)(11.63°C) 1000 Wj ~121kWim®.C
The total rate of heat transfer is determined from

Quotal = Meona Nty = (0.60 kg/s)(2431k/kg) =1458.6 KW
Then the number of tubes becomes

N, - Quar _L458600W _ o)
Q  26460W
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£E
8-26 E Prob. 8-24 is reconsidered. The effect of the cooling water average velocity on the number of tubes needed to
achieve the indicated heat transfer rate in the condenser is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T_i=10 [C]

T e=24[C]
T_s=30[C]
L=5[m]

D=1.2e-2 [m]
m_dot_cond=0.15

"PROPERTIES"

Fluid$='water'

C_p=CP(Fluid$, T=T_ave, x=0)*Convert(kJ/kg-C, J/kg-C)
rho=Density(Fluid$, T=T_ave, x=0)

h_f=enthalpy(Fluid$, T=T_sat, x=0)

h_g=enthalpy(Fluid$, T=T_sat, x=1)

h_fg=h_g-h_f

T ave=(T_i+T_e)/2 "T_ave = 1/2%(T_i+T_e)"

T sat=T_s

"ANALYSIS"

A_c=pi#*D"2/4 "Cross-section area"

A _s=pi#*D*L  "Surface area"
m_dot=rho*A_c*V_avg
DELTAT_Im=(T_i-T_e)/In((T_s-T_e)/(T_s-T_i))
Q_dot=m_dot*C_p*(T_e-T_i)
Q_dot=h*A_s*DELTAT Im
Q_dot_total=m_dot_cond*h_fg*1e3
N_tube=Q_dot_total/Q_dot

Vavg[m/S]Ntubes 200—————————7 T T 1

0.3 183.6

0.4 137.7

0.5 110.2 160+

0.6 91.81

0.7 78.70

0.8 68.86 120}

0.9 61.21 ©

1.0 55.09 Za

1.2 45.91

1.4 39.35 80r

1.6 34.43

1.8 30.60

2.0 27.54 40+

25 22.03

3.0 18.36

35 15.74 ol
;‘r-g ﬁg; 0 1 2 3 4 5 6
6.0 9.181 Vavg [M/s]

Discussion At lower velocities (0.3 < V44 < 3 m/s), the number of tubes needed decreases sharply with increasing Vayg. At
higher velocities (3 < Va4 < 6 m/s), the number of tubes needed does not change significantly with increasing Vayg.
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8-27 Steam is condensed by cooling water flowing inside copper tubes. The average heat transfer coefficient and the cooling
water mean velocity needed to achieve the indicated heat transfer rate in the condenser are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is constant. 3 The thermal resistance
of the tubes is negligible.

Properties The properties of liquid water at the bulk mean fluid temperature of T, = (T; + T,)/2 = (60°C + 5°C)/2 = 32.5°C are
(Table A-9):

c,=4178 kg’ K and p =994.8 kg/m’

Also, the heat of vaporization of water at 68°C is hyy = 2338 kJ/kg %
Analysis The total rate of heat transfer from the condensation is Steam Q Q
Quotat = MeongNtg = (0.6 kg/s)(2338 kI/kg) = 1402.8 KW S Q
The rate of heat transfer for one tube is ] QAQ Q\
. ) __ \
Q= (Ngtoml = 1402 8 kW =200.4 kW Cooling
tube water flow

Thus, the average heat transfer coefficient can be determined from

Q 200.4 kW

= = 5 =19.15 kW/m” - K
AAT,,  (0.3927 m?)(26.65K)

Q=hAAT,, -

where

AT, =———5 = (C-60K _ 26.65K and A =zDL = z(0.025m)(5m) = 0.3927 m?

i Ts = Te |n[68_60j
T, -T, 68-5

Also, the rate of heat transfer for one tube is

=0.8721kg/s

_ ' 200400 kW
Q=mc,(T,-T)) — m= Q =
prie cp(T,—T))  (4178J/kg-K)(60-5) K

Thus, water mean velocity is

Vi = m _ 4m - 4(0.87321kg/s) =179 mis
pPA. pzD°  (994.8 kg/m>)z(0.025m)

Discussion The water mean velocity needed to achieve the indicated heat transfer rate in the condenser can be reduced by
increasing the number of tubes.
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8-28 E Prob. 8-27 is reconsidered. Steam is condensed by cooling water flowing inside copper tubes. The effect of the
cooling water mean velocity on the steam condensation rate is to be evaluated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T i=5[C]
T_e=60 [C]
T_s=68 [C]
L=5[m]
D=2.5e-2 [m]
N_tube=7

"PROPERTIES"

Fluid$='water'

C_p=CP(Fluid$, T=T_b, x=0)*Convert(kJ/kg-C, J/kg-C)
rho=Density(Fluid$, T=T_b, x=0)

h_f=enthalpy(Fluid$, T=T_sat, x=0)
h_g=enthalpy(Fluid$, T=T_sat, x=1)

h_fg=h_g-h_f

T b=(T_i+T_e)/2 "T_b=1/2%T_i+T_e)"

T sat=T_s

"ANALYSIS"

A_c=pi#*D"2/4 "Cross-section area"
A_s=pi#*D*L  "Surface area"
m_dot=rho*A_c*V_avg
DELTAT_Im=(T_i-T_e)/In((T_s-T_e)/(T_s-T_i))
Q_dot=m_dot*C_p*(T_e-T_i)
Q_dot=h*A_s*DELTAT _Im
Q_dot_total=m_dot_cond*h_fg*1le3
N_tube=Q_dot_total/Q_dot

0.7 ——— 77— T——————
Vavg [m/s] mcond [kg/s] I
0.001 0.0003364 0.6 7
0.1 0.03364 i
0.2 0.06728 0.5¢ 1
0.3 0.1009 @t 1
0.4 0.1346 2 04f ]
0.5 0.1682 =
0.6 0.2018 2 o3l ]
0.7 0.2355 8
0.8 0.2691 E .l ]
0.9 0.3027 '
1.0 0.3364
1.2 0.4037 0.1F ]
1.4 0.4709 i
1.6 0.5382 O ————————
1.8 0.6055 0 0.4 0.8 1.2 1.6 2
2.0 0.6728 Vavg [M/s]

Discussion The rate of steam condensation increases linearly with increasing mean velocity of the cooling water.
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8-29 Hot air at 1 atm passing through a tube is used to boil water. The average heat transfer coefficient and the rate of
evaporation of water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is constant. 3 The thermal resistance
of the tube is negligible.

Properties The properties of air at the bulk mean fluid temperature of T, = (T; + T¢)/2 = (300°C + 150°C)/2 = 225°C are
(Table A-15):

cp=1029 J/kg'K and p =0.7085 kg/m’ Vent
Also, the heat of vaporization of water at 120°C is hy, = 2203 ki/kg (Table A-9). Baiter
Analysis The density of air at the inlet and the mass flow rate of exhaust gases are

2 2
1= p AV g = p[”%)vwg —(0.7085 kg/ms)ma mfs) = 0.009738 kg/s

The rate of heat transfer is
Q =mc 0 (T; —T.)=(0.009738 kg/s)(1029 J/kg - K)(300 —150)K =1503 W

Thus, the average heat transfer coefficient can be determined from

Q 1503 W

= =22.86 W/m? - K
AATi,  (0.7854 m?)(83.72 K)

Q=hAAT,, — h=

Hot air

where

AT, = =83.72K

T.-T, _ (150-300)K
T, 120 150
120 300

A, = DL = 7(0.05 m)(5m) = 0.7854 m?

and

Also, the rate of heat transfer from the condensation is
Q =Mgong h fg
Thus, the rate of water evaporation is

—— Q _ (1503/s)(36005/h)
cond — - 3
hyg  2203x10° J/kg

= 2.457 kg/h

Discussion The rate of water evaporation can be increased by increasing the heat transfer rate.
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£E
8-30 E Prob. 8-29 is reconsidered. Hot air at 1 atm passing through a tube is used to boil water. The effect of the tube
length on the average convection heat transfer coefficient is to be evaluated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
T_i=300 [C]
T_e=150 [C]
T_s=120 [C]
D=5e-2 [m]
V_avg=7 [m/s]

"PROPERTIES"

T b=(T_i+T_e)/2 "T_b=12%T_i+T_e)"
C_p=CP(air, T=T_b)*Convert(kJ/kg-C, J/kg-C)
rho=Density(air, T=T_b, P=101.3)

T sat=T_s

h_f=enthalpy(water, T=T_sat, x=0)
h_g=enthalpy(water, T=T_sat, x=1)
h_fg=h_g-h_f

"ANALYSIS"

A_c=pi#*D"2/4 "Cross-section area"
A_s=pi#*D*L  "Surface area"
m_dot=rho*A_c*V_avg

DELTAT _Im=(T_e-T_i)/In((T_s-T_e)/(T_s-T_i))
Q_dot=m_dot*C_p*(T_i-T_e)
Q_dot=h*A_s*DELTAT _Im
Q_dot=m_dot_cond*h_fg*1e3

L [m] h [W/m2K] Oor————

3.0 38.1 as| ]
35 32.65 ,

4.0 28.57

45 25.40 %

5.0 22.86 < A
55 20.78 yE

6.0 19.05 s |

6.5 17.58 = 20r 1
7.0 16.33 <

8.0 14.29 15} ]
9.0 12.70 » 4
10 11.43 10} |
11 10.39 » 4
12 9.524 5 L L " L n L L L L L R L .

13 8.792 2 4 6 8 10 12 14 16
14 8.164 L [m]

15 7.619

Discussion As the tube length increases, so does its surface area. Thus, the average convection heat transfer coefficient
decreases with increasing tube length.
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8-16
Laminar and Turbulent Flow in Tubes

8-31C Yes, the volume flow rate in a circular pipe with laminar flow can be determined by measuring the velocity at the
centerline in the fully developed region, multiplying it by the cross-sectional area, and dividing the result by 2 since

v :Vangc = (Vmax /Z)AC'

8-32C No, the average velocity in a circular pipe in fully developed laminar flow cannot be determined by simply measuring
the velocity at R/2 (midway between the wall surface and the centerline). The mean velocity is Viax/2, but the velocity at R/2
is

2

3V
V(R/2)=vmax[1_r_2J _ Vmax.
r=R/2 4

8-33C The friction factor for flow in a tube is proportional to the pressure drop. Since the pressure drop along the flow is
directly related to the power requirements of the pump to maintain flow, the friction factor is also proportional to the power
requirements. The applicable relations are

mAP

2
Lo and Wyymp =——

AP =

8-34C Yes, the shear stress at the surface of a tube during fully developed turbulent flow is maximum since the shear stress is
proportional to the velocity gradient, which is maximum at the tube surface.

8-35C In fully developed flow in a circular pipe with negligible entrance effects, if the length of the pipe is doubled, the
pressure drop will also double (the pressure drop is proportional to length).

8-36C In fully developed laminar flow in a circular pipe, the pressure drop is given by

o BilVay  324Vay

R? D?

The mean velocity can be expressed in terms of the flow rate as V,,, = AL = #/ Substituting,
D14

C

R2 D2 D2 aD%/4  mD*

Therefore, at constant flow rate and pipe length, the pressure drop is inversely proportional to the 4™ power of diameter, and
thus reducing the pipe diameter by half will increase the pressure drop by a factor of 16 .

p_ 8lVay S2uNay 324 V1284V
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8-37C In fully developed laminar flow in a circular pipe, the pressure drop is given by

- 8LV 4yq B 324V 54

RZ D’
When the flow rate and thus mean velocity are held constant, the pressure drop becomes proportional to viscosity. Therefore,
pressure drop will be reduced by half when the viscosity is reduced by half.

8-38 In fully developed laminar flow in a circular pipe, the velocity at r = R/2 is measured. The velocity at the center of the
pipe (r = 0) is to be determined.

Assumptions The flow is steady, laminar, and fully developed.

Analysis The velocity profile in fully developed laminar flow in
a circular pipe is given by

rZ
V(r) =Vnax [1_?J

3\—’
i > r
where V. is the maximum velocity which occurs at pipe T
——
f——

V(r)=Vimax(1-F°/R?)

center, r = 0. At r =R/2, _

2
V(R/2) =V, (1—%] V. (1_lj _ HVmax

4 4

Solving for V.« and substituting,

_V(RI2) _ 46 mis)

max 3

V =8m/s

which is the velocity at the pipe center.

8-39 The velocity profile in fully developed laminar flow in a circular pipe is given. The mean and maximum velocities and
the volume flow rate are to be determined.

Assumptions The flow is steady, laminar, and fully developed. V(1)=Vmae(1-T2/R?)
Analysis The velocity profile in fully developed
laminar flow in a circular pipe is given by

r2 — R
V(r) =Vimax (l_EJ 44— T r
——) 0
The velocity profile in this case is given by
> Vmax

V(r)=4@1-r?/R?)

Comparing the two relations above gives the maximum velocity to be V.« = 4 m/s. Then the mean velocity and volume flow
rate become

Vinax _ 4mls

g =, =2m/s

\

V =Vag A =Vaye (1R?) = (2m/s)[7(0.10m)*]=0.0628 m®/s

avg ¢
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£E
8-40 E In fully developed laminar flow inside a circular pipe, the velocities at r/R = 0.5 are measured. For each measured
velocity, (a) the maximum velocity is to be determined, and (b) the velocity profile is to be plotted.

Assumptions The flow is steady, laminar, and fully developed.

Analysis (a) The velocity profile in fully developed laminar flow in a circular pipe is given by

u(r/R) =V, [1- (r/R)?]

where V. is the maximum velocity which occurs at pipe center, r/R = 0. At r/R = 0.5,

_u(r/R=0.5)
0.75

U(r/R) =V 5 [1-05%1=0.7V, .y — Vi

Thus, Vi1 = ?E)l?;s =4m/s for midway velocity of 3 m/s

max.2 = EZ)L7/5$ =8m/s for midway velocity of 6 m/s
9ml/s . .
max3 =5 7p = 12m/s  for midway velocity of 9 m/s

(b) The problem is solved using EES, and the solution is given below

"GIVEN"

V_midway 1=3[m/s] "u(r=R/2) =3 m/s"
V_midway 2=6 [m/s] "u(r =R/2) =6 m/s"
V_midway_3=9 [m/s] "u(r =R/2) =9 m/s"
"ANALYSIS"
u_1=4/3*V_midway_1*(1-r_ratio"2)
u_2=4/3*V_midway 2*(1-r_ratio”2)
u_3=4/3*V_midway_3*(1-r_ratio"2)

U(r/R)=Vmax(1-r*/R?)

r’R Uy [m/s] u, [m/s] us [m/s]

-1 0 0 0 S

09 076 1.52 2.28 NS

08 144 2.88 4.32 ~<
07 204 4.08 6.12

06 256 5.12 7.68 0.5
05 3.00 6.00 9.00 N\
04 336 6.72 10.08 \
03 364 7.28 10.92 ” \
0.2 3.84 7.68 11.52 = O oy
01 3.96 7.92 11.88 /
0 4.00 8.00 12.00 /
0.1 3.96 7.92 11.88 05 V4
0.2 3.84 7.68 11.52 '

0.3 3.64 7.28 10.92 _
04 336 6.72 10.08 =
05  3.00 6.00 9.00 A== ‘
0.6 2.56 5.12 7.68 0 4
0.7 2.04 4.08 6.12

0.8 1.44 2.88 4.32

0.9 0.76 1.52 2.28

1 0 0 0

Uy \ usz

8 10 12

Discussion At the pipe wall (r/R = —1 and 1), the velocity is zero because of no-slip condition.
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8-41 Water flowing in fully developed conditions through a tube, (a) the maximum velocity of the flow in the tube and (b) the
pressure gradient for the flow are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Flow is isothermal.
Properties The properties of water at 15°C are p = 999.1 kg/m® and z = 1.138 x 10" kg/m's (from Table A-9).

Analysis The Reynolds number of the flow is

Vo D i
Re — PVavg _ 4m _ 4(0.02 kgls) —745.9
u Dy 7(0.03m)(1.138x107% kg/m -s)
Since Re < 2300, the flow is laminar. The average velocity is
Vv m 4m _ 4(0.02 kg/s) — 0.02832 m/s

avg —

PA. paD?  (999.1kg/m®)7z(0.03m)?
(a) For fully developed laminar flow, the maximum velocity occurs at the centerline and is determined as
Umax = 2Vayg = 0.0566 m/s

(b) The pressure gradient can be obtained from the average velocity,

R%(dP dP 8. 32u
L B v

dx RZ ™ p?2
-3
[d_Pj _ _(0.02832 mjs) 32113810 Eg/ M-S) __115pa/m
dx (0.03m)

Discussion The negative sign for the pressure gradient indicates that there is pressure loss along the tube. Another indication
is that fluid flows from high pressure point to low pressure point.
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8-42 Water flowing through a tube, the Darcy friction factor and pressure loss associated with the tube for (a) mass flow rate
of 0.02 kg/s and (b) mass flow rate of 0.3 kg/s are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Flow is isothermal.
Properties The properties of water at 15°C are p = 999.1 kg/m® and z = 1.138 x 10 kg/m's (from Table A-9).
Analysis (a) The Reynolds number and the hydrodynamic entry length for the 0.02 kg/s flow are
_ MVaygD _Am 4(0.02 kg/s)
u Dp 7(0.05m)(L.138x10 2 kg/m -s)

Re =4475<2300 (laminar flow)

Lijam ~ 0.05Re D =0.05(447.5)(0.05m) =1.12m <200m  (fully developed flow)

The average velocity is

m am_ _ 4(0.02 kg/s) —0.0102 m/s

V =
PA.  paD?  (999.1kg/m®)7(0.05m)?

avg —

For laminar fully developed flow, the Darcy friction factor and pressure loss are

64 64

f=—=—-—-=0.143
Re 4475
\ 2 3 2
AP, = pr M9 _ 0143 (200m) (999.1kg/m~)(0.0102m/s)” _ 29.7 Pa
D (0.05m) 2

(b) The Reynolds humber and the hydrodynamic entry length for the 0.5 kg/s flow are
4m 4(0.5kgls)

Re = =
Dy 7(0.05m)(1.138x1072 kg/m - s)

=1.119x10* > 10,000  (turbulent flow)

Ly turb 10D =10(0.05m) =0.5m <200m  (fully developed flow)

The average velocity is

m o __4m _ 4(0.5kgls) 02549 m/s
PA.  paD?  (999.1kg/m3)7(0.05m)?

\

avg —

For turbulent flow, the Darcy friction factor and pressure loss are

f =(0.790InRe—1.64) " = 0.0305

\ .2 3 2
L AVayg 00305 (200 m) (999.1kg/m>)(0.2549 m/s)

D 2 (0.05m) 2

= 3960 Pa

Discussion Even though the laminar flow friction factor is higher than the turbulent flow friction factor, the pressure loss in
turbulent flow is larger due to larger average velocity of the flow.
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8-43 The average flow velocity in a pipe is given. The pressure drop and the pumping power are to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The entrance effects are negligible, and thus the flow is fully
developed. 3 The pipe involves no components such as bends, valves, and connectors. 4 The piping section involves no work
devices such as pumps and turbines.

Properties The density and dynamic viscosity of water are given to be p = 999.7 kg/m® and n = 1.307x107 kg/m:s,
respectively.

Analysis (@) First we need to determine the flow regime. The Reynolds
number of the flow is

Water
NawgD  (999.7 kg/m?)(1.2 mis)(2x10° m) 1.2 mis D=0.2cm
Re = = 3 =1836
H 1.307x107° kg/m-s
L=15m
which is less than 2300. Therefore, the flow is laminar. Then the friction ! |
factor and the pressure drop become
_b4_ 5 50m40
Re 1836
\V .2 3 2
Ap = f b PVag _ 0349 15M (999.7 kg/m*)(1.2 m/s) 1kN : ( 1kPa2 j _188KPa
D 0.002m 2 1000 kg-m/s“ \1kN/m

(b) The volume flow rate and the pumping power requirements are
V =V, Ac =Vayg (D% /4) = (1.2mM/s)[(0.002m)? / 4] = 3.77x10° m® /s

1000 W
1kPa-m?3/s

W, = VAP = (3.77x107° m® /5)(188 kPa)(

oump j =0.71W

Therefore, power input in the amount of 0.71 W is needed to overcome the frictional losses in the flow due to viscosity.

Discussion Note that for turbulent flow, the entry length is L, y,, =10D = 2cm. Therefore, the assumption for fully
developed flow is valid for this 15-m long pipe.
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8-44 For a given mass flow rate, the hydrodynamic and thermal entry lengths for water, engine oil, and liquid mercury flowing
through a tube are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Flow is isothermal.

Properties The properties of water, engine oil, and liquid mercury at 100°C are listed in the following table:

Liquid M (kg/m-s) Pr
Water (Table A-9) 0.282 x 10°° 1.75
Engine oil (Table A-13) 17.18 x 10°° 279.1
Lig. mercury (Table A-14) 1.245 x 10 0.0180

Analysis The hydrodynamic and thermal entry lengths can be calculated using the following equations:
4m

Ly jam #0.05ReD, L;|an =0.05RePrD, where Re=——

y y ﬂDlLI

Hence, the calculated Reynolds numbers, hydrodynamic and thermal entry lengths are

Liquid Pr Re Ln, tam (M) L+, tam (M)
Water 1.75 1806 2.26 3.95
Engine oil 279.1 29.64 0.0371 10.3
Lig. mercury 0.018 409.1 0.511 0.00920

Discussion Note that for Pr > 1, L; jam > Ly, 1am, @nd for Pr < 1, Lt jam < Lp, 1am-
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8-45E For a given mass flow rate, the average velocity, hydrodynamic and thermal entry lengths for water, engine oil, and
liquid mercury flowing through a standard 2-in Schedule 40 pipe are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Flow is isothermal.

Properties The properties of water, engine oil, and liquid mercury at 100°F are listed in the following table:

Liquid p (Ibm/ft3) 4 (Ibm/ft-s) Pr
Water (Table A-9E) 62.00 4578 x 107 454
Engine oil (Table A-13E) 54.77 163.0x 10°° 3275
Lig. mercury (Table A-14E) 842.9 9.919 x 10°* 0.02363

Analysis The average velocity, hydrodynamic and thermal entry lengths can be calculated using the following equations:

m 4m
Vavg :E, Ly tam ~0.05ReD, L; |, ~0.05RePrD, where Re =i

From Table 8-2, the actual inside diameter for a standard 2-in Schedule 40 pipe is 2.067 in. Hence, the calculated average
velocities, hydrodynamic and thermal entry lengths are

Liquid Pr Re Vayg (ft/s) L, 1am (ft) Lt 1am (ft)
Water 4.54 1615 0.0692 13.9 63.1
Engine oil 3275 4.535 0.0784 0.0391 128
Lig. mercury 0.02363 745.2 0.00509 6.42 0.152

Discussion As viscosity increases, the hydrodynamic entry length decreases. As Prandtl number increases, the thermal entry
length increases also.
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8-46 An engineer is to design an experimental apparatus that consists of a 25-mm diameter smooth tube; (a) the minimum
tube length and (b) the required pumping power to overcome the pressure loss in the tube at largest allowable flow rate are to
be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Flow is isothermal.

Properties The properties of water, engine oil, and liquid mercury at 100°C are listed in the following table:

Liquid p (kg/m®) M (kg/m-s) Pr
Water (Table A-9) 957.9 0.282 x 10°° 1.75
Engine oil (Table A-13) 840.0 17.18 x 10 279.1
Lig. mercury (Table A-14) 13351 1.245x 10 0.0180

Analysis The upper limit of the Reynolds number for laminar flow in tubes is Re ~ 2300. The hydrodynamic and thermal

entry lengths can be calculated using the following equations:
AVaygD
Ly am = 0.05ReD, L;m ~0.05RePrD, where Re =T

(a) Hence, the calculated average velocities, hydrodynamic and thermal entry lengths for Re = 2300 and D = 0.025 m are

Liquid Pr Vavg (M/s) Lh, 1am (M) Ly 1am (M)
Water 1.75 0.02708 2.88 5.03
Engine oil 279.1 1.882 2.88 802
Lig. mercury 0.018 0.008579 2.88 0.0518

In order for the experimental apparatus to be equipped for the entire Reynolds number range for water, engine oil, and liquid
mercury to flow in hydrodynamically and thermally fully developed laminar flow conditions, the tube length should be 802 m
or longer.

(b) For fully developed laminar flow at Re = 2300, engine oil requires the longest tube length and has the highest average
velocity among the three fluids. The required pumping power to overcome the pressure loss should be determined using the
properties and flow parameters of engine oil. The Darcy friction factor is calculated using the upper limit of the Reynolds
number for fully developed laminar flow:

F-08_ 0 00783
Re 2300
The pressure loss is
V.2 3 2
AP, = L AVag _ 0.02783 (802.4 m) (840.0 kg/m*)(1.882 m/s) —1329x10° Pa

(0.025m) 2
Hence, the required pumping power to overcome the pressure loss in the tube at largest allowable flow rate is

. . D2
Wpump, L =VAP :Vavg A AP :Vavg TAPL

2 2
Woump. =Vavg ”%APL = (1.882 m/s)wa.szg x10° Pa) = 1230 W
Discussion Note that engine oil with very large Prandtl number has resulted in a very large thermal entry length. Therefore a
different fluid with lower Pr should be considered as an alternative for this experiment, so that the tube in this experimental
apparatus can be made much shorter than the 802m required for the engine oil.
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8-47 A tube with constant surface heat flux, the convection heat transfer coefficients at the tube outlet are to be determined for
water, engine oil, and liquid mercury.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Properties The properties of water, engine oil, and liquid mercury at Ty, = (T; + T,)/2 = 100°C are listed in the following table:

Liquid Cp» J/kg'K k, W/m-K M kg/m-s Pr
Water (Table A-9) 4217 0.679 0.282 x 10°° 1.75
Engine oil (Table A-13) 2220 0.1367 17.18 x 10 279.1
Lig. mercury (Table A-14) 137.1 9.46706 1.245 x 10 0.0180

Analysis The hydrodynamic and thermal entry lengths can be calculated using the following equations:
4m

Ly jam #0.05ReD, L;|an =0.05RePrD, where Re=——

y y ﬂDlLI

Hence, the calculated Reynolds numbers, hydrodynamic and thermal entry lengths are

Liquid Pr Re Lh, lam, M Lt tam: M
Water 1.75 1806 2.258 3.951
Engine oil 279.1 29.64 0.03706 10.34
Lig. mercury 0.018 409.1 0.5113 0.009204

Since the Reynolds numbers are less than 2300, and the hydrodynamic and thermal entry lengths are less than 15 m, therefore
the flow is laminar and fully developed at the tube outlet. Hence, the Nusselt number for constant surface heat flux is Nu =
4.36. The convection heat transfer coefficients at the tube outlet are

Liquid h = (k/D)Nu, W/m*K
Water 118
Engine oil 23.8
Lig. mercury 1650

Discussion Liquid mercury has high h due to its large k value.
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8-48 The tube surface temperatures necessary to heat water, engine oil, and liquid mercury to the desired outlet temperature of
150°C are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature.

Properties The properties of water, engine oil, and liquid mercury at Ty, = (T; + T,)/2 = 100°C are listed in the following table:

Liquid Cpy JIkg'K k, W/m-K M kg/m-s Pr
Water (Table A-9) 4217 0.679 0.282 x 10°° 1.75
Engine oil (Table A-13) 2220 0.1367 17.18 x 10 279.1
Lig. mercury (Table A-14) 137.1 9.46706 1.245 x 10 0.0180

Analysis The hydrodynamic and thermal entry lengths can be calculated using the following equations:
4m

Ly jam #0.05ReD, L;|an =0.05RePrD, where Re=——

y y ﬂDlLI

Hence, the calculated Reynolds numbers, hydrodynamic and thermal entry lengths are

Liquid Pr Re Lh, lam, M Lt tam: M
Water 1.75 1806 2.258 3.951
Engine oil 279.1 29.64 0.03706 10.34
Lig. mercury 0.018 409.1 0.5113 0.009204

Since the Reynolds numbers are less than 2300, and the hydrodynamic and thermal entry lengths are less than 15 m, therefore
the flow is laminar and fully developed at the tube outlet. Hence, the Nusselt number for constant surface temperature is Nu =
3.66. The convection heat transfer coefficients and the tube surface temperatures can be determined using

k

h=—Nu
D

hAs] T _ T ~Ti exp[-hA, /(ric,))]

and Te =T, — (T, —T;)exp| ———
e =T =(Is =Ti) p{ me,, 1—exp[-hA; /(mc,,)]

The calculated convection heat transfer coefficients and tube surface temperatures are

Liquid h, W/m*K T, °C
Water 99.4 157
Engine oil 20.0 203
Lig. mercury 1390 150

Discussion Liquid metals such as mercury, due to their high thermal conductivities, are particularly applicable to cases where
large amount of energy must be removed from a relatively small space.
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8-49E Liquid isobutane is flowing through a standard 3/4-in Schedule 40 cast iron pipe, (a) the pressure loss and (b) the
pumping power required to overcome the pressure loss are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Flow is isothermal. 4 Flow is fully developed.
Properties The properties of isobutane at 50°F are p = 35.52 Ibm/ft® and 2= 1.196 x 10 * Ibm/ft's (from Table A-13E).
Analysis From Table 8-2, a standard 3/4-in Schedule 40 pipe has an actual inside diameter of

D =0.824in.
The Reynolds number for the flow is

4m 4(0.41bm/s)

Re = =
Dy 7(0.824/12t)(1.196 x10~* Ibm/ft -s)

=6.201x10* >10,000 (turbulent flow)

The average velocity is

Mo 4m 4(0.4 Ibm/s) =3.041ft/s

V =
PA.  paD? (3552 Ibm/ft3)7(0.824/12 ft)?

avg —

From Table 8-3, the equivalent roughness of cast iron is &£ = 0.00085 ft. Since accuracy is an important issue, the Darcy
friction factor is calculated using the Colebrook equation rather than the Haaland equation:

Lo 22, 25

Jr 37  Reyf
Copy the following lines and paste on a blank EES screen to solve the above equation:
D=0.824/12
epsilon=0.00085
Re=6.201e4
1/f_sqrt=-2.0*log10((epsilon/D)/3.7+2.51/(Re*f_sqrt))

Solving by EES software, the Darcy friction factor is
Jf=0204 — f=00416
(a) The pressure loss in the pipe is

LpVang:O'0416 (30ft)  (35.52 Ibm/ft?)(3.041ft/s)>

L = 92.7 Ibf/ft?
D 2 (0.824/12ft)  2(32.2Ibm - ft/Ibf -s?)

(b) The pumping power required to overcome the pressure 1oss is

. . m 0.41bm/s
Woump, L = VAP = —AP_ _ QA4S g5 7106172 — 1,04 If - fu's

p = (35.52lbm/ftd)

Discussion Note that for turbulent flow, the entry lengthis Ly ,, 10D =0.687 ft . Therefore, the assumption for fully
developed flow is valid for this 35-ft long pipe.
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8-50 Water is flowing through a standard 1-in Schedule 40 cast iron pipe, (a) the pressure loss and (b) the pumping power
required to overcome the pressure loss are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Flow is isothermal. 4 Flow is fully developed.
Properties The properties of water at 15°C are p = 999.1 kg/m® and z = 1.138 x 10> kg/m's (from Table A-9).
Analysis From Table 8-2, a standard 1-in Schedule 40 pipe has an actual inside diameter of
D =1.049in.=0.02664 m
The Reynolds number for the flow is
_ 4m _ 4(0.5kg/s)
Dy 7(0.02664 m)(L.138x1072 kg/m -s)

Re =2.10x10* >10,000  (turbulent flow)

The average velocity is

m 4m2 - 4(03'5 kgfs) = 0.8978 mis
PA.  paD*  (999.1kg/m®)7z(0.02664 m)

V

avg —

From Table 8-3, the equivalent roughness of cast iron is £ = 0.26 mm. Since accuracy is an important issue, the Darcy friction
factor is calculated using the Colebrook equation rather than the Haaland equation:

Lo 22, 25

Jr 37  Reyf
Copy the following lines and paste on a blank EES screen to solve the above equation:
D=0.02664
epsilon=0.26e-3
Re=2.10e4
1/f_sqrt=-2.0*log10((epsilon/D)/3.7+2.51/(Re*f_sqrt))
Solving by EES software, the Darcy friction factor is

Jf=02008 — f=0.0403
(a) The pressure loss in the pipe is

V.2 3 2
L AVayg — 0.0403 (200m)  (999.1kg/m?)(0.8978 m/s) _122kPa

D 2 (0.02664 m) 2

(b) The pumping power required to overcome the pressure 1oss is

. . m 0.5kg/s
Wy = VAP, = T ap, = (02K05)

A —121.8kPa = 61 W
p (999.1kg/m®)

Discussion Note that for turbulent flow, the entry length is L, ,,, ~10D = 0.2664 m. Therefore, the assumption for fully
developed flow is valid for this 200-m long pipe.
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£E
8-51 E Prob. 8-50 is reconsidered. The effect of the pipe roughness on the pumping power is to be evaluated.
Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
T_b=15[C]
D=1.049*0.0254 [m]
L=200 [m]
m_dot=0.5 [kg/s]

"PROPERTIES"
rho=Density(water, T=T_b, P=101.3)
mu=Viscosity(water, T=T_b, P=101.3)

"ANALYSIS"

A_c=pi#*D"2/4  "Cross-section area"
Re=4*m_dot/(pi#*D*mu)

V_avg=m_dot/(rho*A_c)
1/f10.5=-2.0*log10((epsilon*1e-3/D)/3.7+2.51/(Re*f"0.5))
DELTAP_L=f*L/D*rho*V_avg"2/2
W_dot_pump_L=m_dot*DELTAP_L/rho

sy — S S S S
& [mm] Wpump, L [W]

0.1 49.07

0.11 49.93 I ]
0.12 50.77 58| ]
0.13 51.59 » ]
0.14 52.39 3

0.15 53.18 j I ]
0.16 53.95 g oAr 1
0.17 54,7 £ I ]
0.18 55.44 _;Q

0.19 56.17 » ]
0.20 56.88 50} ]
0.21 57.58 I ]
0.22 58.27

0.23 58.95 I ]
0.24 59.62 a6l e e e e ]
0.25 60.28 0.08 0.12 0.16 0.2 0.24 0.28
0.26 60.93

Discussion A 100% increase in the pipe roughness from 0.13 to 0.26 mm would increase the pumping power required to
overcome the pressure loss by 18.1%.
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8-52 The flow rate through a specified water pipe is given. The pressure drop and the pumping power requirements are to be
determined.

Assumptions 1 The flow is steady and incompressible. 2 The entrance effects are negligible, and thus the flow is fully
developed. 3 The pipe involves no components such as bends, valves, and connectors. 4 The piping section involves no work
devices such as pumps and turbines.

Properties The density and dynamic viscosity of water are given to be p = 999.1 kg/m? and p = 1.138x107 kg/m:s,
respectively. The roughness of stainless steel is 0.002 mm (Table 8-3).

Analysis First, we calculate the mean velocity and the Reynolds number

to determine the flow regime:
) ) . Water
D=4cm
Vg = Lo Y Q0TS 55705
Ac D14  x(0.04m) /4 7L/s
Vg D s -
Re — PVavgP _ (999.1kg/m~)(5.570 m/s)(0.04 m) _1.956x10° L=25m
u 1.138x107° kg/m-s

which is greater than 10,000. Therefore, the flow is turbulent. The relative roughness of the pipe is

The friction factor can be determined from the Moody chart, but to avoid the reading error, we determine it from the
Colebrook equation using an equation solver (or an iterative scheme),

-5
i:_2_0|og {;‘/_D+ 2.51 N i=—2.0|og 5x10 n 2.51
37 1.956x10°,/f

Jf 37 ReT) T

It gives f = 0.0161. Then the pressure drop and the required power input become

V.2 3 2
Ap—f V9 o016t 25m (999.1kg/m*°)(5.570 m/s) 1kN : ( 1kpa2j:156.0kPa
D 0.04m 2 1000 kg - m/s“ A\ 1KN/m
. . 1kW
w = AP = (0.007 m® / s)(156.0 kPa)| ————— | =1.09 KW
pump. ( ) )[1 kPa - m3/sj

Therefore, useful power input in the amount of 1.09 kW is needed to overcome the frictional losses in the pipe.

Discussion The friction factor could also be determined easily from the explicit Haaland relation. It would give f = 0.01589,
which is sufficiently close to 0.0161. Also, the friction factor corresponding to € = 0 in this case is 0.01557, which indicates
that stainless steel pipes can be assumed to be smooth with an error of about 3%. Also, the power input determined is the
mechanical power that needs to be imparted to the fluid. The shaft power will be more than this due to pump inefficiency; the
electrical power input will be even more due to motor inefficiency.

Note that for turbulent flow, the entry length is Ly, 4 ~10D =10(0.04 m) = 0.4 m . Therefore, the assumption for
fully developed flow is valid for this 25-m long pipe.
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£E
8-53 E Prob. 8-52 is reconsidered. The effect of the pipe diameter on the pumping power is to be evaluated.
Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T_b=15[C]

L=25 [m]
Vol_dot=0.007 [m"3/s]
epsilon=0.002 [mm]

"PROPERTIES"
rho=Density(water, T=T_b, P=101.3)
mu=Viscosity(water, T=T_b, P=101.3)

"ANALYSIS"

A_c=pi#*D"2/4  "Cross-section area"
V_avg=Vol_dot/A_c

Re=rho*V_avg*D/mu
1/f10.5=-2.0*log10((epsilon*1e-3/D)/3.7+2.51/(Re*f"0.5))
DELTAP_L=f*L/D*rho*V_avg"2/2
W_dot_pump_L=Vol_dot*DELTAP_L

D [m] Wpump,L [W] 35000 T T T T T T T T T T T T T T T T T T T T T
0.020 32292 i

0.021 25385 30000} |
0.022 20188 I

0.023 16225 250001 |
0.024 13165

0.025 10777 =

0.026 8893 — 20000 1
0.027 7394 3

0.028 6190 E 15000} |
0.029 5215 £

0.030 4420

0.031 3767 10000F 1
0.032 3227

0.033 2779 5000} |
0.034 2403 I

0.035 2087 ol o T
8-832 i%g 0.02 0.025 0.03 0.035 0.04
0.040 1092 D [m]

Discussion A decrease in the pipe diameter by one-half, from 4 to 2 cm, would cause almost a 30 times increase in the
pumping power requirement.
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8-54 A fluid with mean inlet temperature T; is flowing through a tube, of diameter D and length L, at a mass flow rate M ; an
expression for the mean temperature of the fluid T,,(x) is to be determined from the given surface heat flux,
gs (X) =a+bsin(xz/L).

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Heat conduction in the x-direction is negligible.
4 Work done by viscous forces is negligible.

Analysis Applying the energy balance to a differential control volume in a tube gives

e, dTy =G ()pdx  — T,y =G (X)—2—dx
me

Integrating from the inlet (x = 0) to x yields

Ta(X) p LS
j dT,, _m—cpjoqs(x)dx

Ti

P
Tn() =T, =,—j a+bsin(xz /L) dx
me 0

Ta(X)-T; =L{ax —b—Lcos(X—ﬂH
mc L /],

p T
Ta(X) =T, = ,L{ax + bt —b—Lcos(X—”H
mc, T T L

Noting that the perimeter of the tube is p = zD , hence the expression for the mean temperature of the fluid as a function the
x-coordinate is

Ta(X) =T, + —”D {ax + b—L - b—Lcos(X—”ﬂ
mc L

p V4 V4

Discussion The mean fluid temperature difference of the tube inlet (x = 0) and outlet (x = L) is

T, T, =T, (L)-T, =22 aL+b—L—b—Lcos[ﬁj =£{aL+2b—L}
mc, T L me, Vs
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8-55 A fluid is flowing in fully developed laminar conditions in a tube with diameter D and length L at a mass flow rate M ;
an expression for the difference in mean temperature at the tube inlet and outlet is to be determined from the given surface
heat flux, g, (x) = aexp(-bx/2).

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Heat conduction in the x-direction is negligible.
4 Work done by viscous forces is negligible.
Analysis Applying the energy balance to a differential control volume in a tube gives

e, dTy =G ()pdx  — T,y =G (X)—2—dx
me

Integrating from the inlet (x = 0) to outlet (x = L) yields

IT° aT, :%J‘Oqu(x) dx
p

Ti

p L
T, T, :,—j aexp(~bx/ 2) dx
me 0

2a -
T, -T, = L{— Texp(—bx / 2)}

mc, 0
al2 2
T, -T, =%{E—Eexp(—bu2)}
p

Noting that the perimeter of the tube is P = 7D , hence the expression for the difference in mean temperature at the tube inlet
and outlet is

T,-T :@F—Eexp(—bl_/z)}
me, b b

Discussion Note that if c, is to be determined, it should be evaluated at the bulk mean temperature Ty, = (T; + Te).
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8-56 Water enters a 25-mm diameter and 20-m long circular tube, (a) an expression for the mean temperature T,,(x), (b) the
outlet mean temperature, and (c) the value of a uniform heat flux on the tube surface that would result in the same outlet mean
temperature calculated in part (b) are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Heat conduction in the x-direction is negligible.
4 Work done by viscous forces is negligible.

Properties The constant pressure specific heat of water at 35°C is ¢, = 4178 J/kg'K (Table A-9).
Analysis (a) Applying the energy balance to a differential control volume in a tube gives
Me,dTy, =d,()pdx  —  dT, =4, () ——dx
mc,
Integrating from the inlet (x = 0) to x yields

T

T (%) p X
j dT, _m—cpj'oqs(x)dx

X
Ta(X)-T; :%L?X dx
p

2

ap | x

T (X) ~Tj = ——|
m() =T, mcp(zj

Noting that the perimeter of the tube is p = zD , hence the expression for the mean temperature Tp,(X) is

azD

T, (X)) =T, + X

p

(b) The outlet mean temperature is at x = L, hence

3
arD |2 _pgoc , (A00WIm?)z(0.025 m)
2me,, 2(0.1kg/s)(4178 J/kg - K)

Te=Tn(L)=T; + (23m)? =44.9°C

(c) For uniform heat flux on the tube surface, the overall energy balance on the tube can be expressed as
] mc, mc,
s :TS(Te -T) :ﬁ(Te -Ti)

Using the outlet mean temperature from part (b), the value of a uniform heat flux on the tube surface that would result in the
same outlet mean temperature is

- (O1KGF)(A178IKG - K) 1) o _ 25) K — 4600 Wim?
7(0.025m)(23m)

Discussion Using 35°C as the temperature to evaluate the constant pressure specific heat of water turned out to be
appropriate, since the bulk mean temperature is T, = (T; + T,) = 35°C.
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8-57 The rectangular tube surface temperature necessary to heat water to the desired outlet temperature of 80°C is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature.

Properties The properties of water at T, = (T; + T¢)/2 = 50°C: ¢, = 4181 J/kg'K, k=0.644 W/m'K, 1= 0.547 x 10~ kg/m:s,
and Pr = 3.55 (Table A-15).

Analysis The hydraulic diameter is

c= 2 4D 63333 !
p 2(a+b)
The Reynolds number, hydrodynamic and thermal entry lengths are I_ a ,I o
Re AVaygDn  m(4A, I p) _Am _ 4m 4(0.01kg/s)
P A it pu 2(a+b)u  2(0.075m)(0.547 x1073 kg/m -5)

= 488 < 2300
Ly am ~0.05ReD;, =0.813m <10m  and L, ,y ~0.05RePrD =2.89m <10m

Hence, the flow is laminar and fully developed. From Table 8-1 with a/b = 2 for constant surface temperature, we have

Nu=339 — h :LNU =3.39 0.644 Wim - K
D 0.03333m

j=65.5W/m2~K
h

The tube surface temperature can be determined using
Te —T; exp[-hA, /(mc )]

T T —Tyexs -S| L T
Te=Ts (T T')ex'o[ ch T = T e, f(c,)]

_ 80°C —(20°C) exp(—2.35)
1-exp(-2.35)

T, =86.3°C

where

hA,  (65.5 W/m? - K)2(10 m)(0.025 m + 0.050 m)
mc (0.01kg/s)(4181J/kg - K)

=235

p

Discussion The Nu = 3.39 for rectangular tube with a/b = 2 for laminar fully developed flow with constant surface
temperature is slightly lower than its circular tube counterpart, Nu = 3.66.
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8-58 A circuit board is cooled by passing cool air through a channel drilled into the board. The maximum total power of the
electronic components is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat flux at the top surface of the channel is uniform, and heat
transfer through other surfaces is negligible. 3 The inner surfaces of the channel are smooth. 4 Air is an ideal gas with
constant properties. 5 The pressure of air in the channel is 1 atm. 5 Flow is fully developed in the channel.

Properties The properties of air at 1 atm and estimated average temperature of 25°C based on the problem statement are
(Table A-15)

p=1.184kg/m?
k = 0.02551 W/m.°C
v =1562x10"° m?/s
¢, =1007 J/kg.°C
Pr =0.7296

Electronic components,
50°C

i
R
S
e e ey

L=20cm
Air channel ' !
A. = (0.002 m)(0.14 m) = 0.00028 m? 0.2cm x 14 cm

A = (0.14m)(0.2m) = 0.028 m?

Analysis The cross-sectional and heat transfer
surface areas are 15°C

To determine heat transfer coefficient, we first need to find the Reynolds number,

4A,  4(0.00028 m?)

Dh = =
P 2(0.002m+0.14m)

=0.003944 m

_ VagDn  (4m/s)(0.003944 m)

Re = ) =1010
v 1.562x107> m*/s

which is less than 2300. Therefore, the flow is laminar and the thermal entry length is
L, =0.05RePr D, = 0.05(1010)(0.7296)(0.003944 m) = 0.1453m < 0.20m

Therefore, we have developing flow through most of the channel. However, we take the conservative approach and assume
fully developed flow, and from Table 8-1 we read Nu = 8.24. Then the heat transfer coefficient becomes

K\ = 0:02551Wim.C

h=—
Dy, 0.003944 m

(8.24) =53.30 W/m?.°C

Also,

= pVA, = (1.184 kg/m*)(4 m/s)(0.00028 m?) = 0.001326 kg/s
Heat flux at the exit can be written as ¢ = h(T, —T,) where T, =50°C at the exit. Then the heat transfer rate can be
expressed as Q = gA, = hA, (T, —T,) , and the exit temperature of the air can be determined from

hAs (Ts _Te) = n;]Cp (re -Ti)
(53.30 W/m? .°C)(0.028 m?)(50°C — T, ) = (0.001326 kg/s)(1007 J/kg.°C)(T, —15°C)
T, =33.5°C

Then the maximum total power of the electronic components that can safely be mounted on this circuit board becomes

Quax = MC, (Te —T;) = (0.001326 kg/s)(1007 J/kg.°C)(33.5-15°C) = 24.7 W

Discussion The bulk mean temperature of air is (15 + 33.5)/2 = 24.3°C. This is very close to the assumed temperature of
25°C. Therefore, there is no need to repeat calculations.
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8-59 A circuit board is cooled by passing cool helium gas through a channel drilled into the board. The maximum total power
of the electronic components is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat flux at the top surface of the channel is uniform, and heat
transfer through other surfaces is negligible. 3 The inner surfaces of the channel are smooth. 4 Helium is an ideal gas. 5 The
pressure of helium in the channel is 1 atm. 6 Flow is fully developed in the channel.

Properties The properties of helium at the estimated average temperature of 25°C based on the problem statement are
obtained from EES to be

p =0.1636 kg/m*®

k =0.1502 W/m.°C Electronic components,
vy =1.214x10™ m2/s . 50°C
cp =5193J/kg.°C —_—
B —
Pr =0.6867 Helium
Analysis The cross-sectional and heat transfer 15°C . | I
surface areas are 4mjs  Airchannel

0.2cm x 14 cm
A. = (0.002 m)(0.14 m) = 0.00028 m?

A = (0.14m)(0.2m) = 0.028 m?
To determine heat transfer coefficient, we need to first find the Reynolds number

4A,  4(0.00028 m?)

D = =
"7 p  2(0.002m+0.14m)

=0.003944 m

_ VagDn  (4m/s)(0.003944 m)

Re = 5 =1300
v 1.214x107" m*“/s

which is less than 2300. Therefore, the flow is laminar and the thermal entry length is
L; =0.05RePrD,, = 0.05(130.0)(0.6867)(0.003944 m) = 0.0176 m << 0.20 m

Therefore, the flow is fully developed flow, and from Table 8-1 we read Nu = 8.24. Then the heat transfer coefficient
becomes

k 0.1502 W/m.°C
h=—Nu=—1t""""~
D, 0.003944 m

(8.24) = 313.8 W/m?.°C
Also,

m = pVA. = (0.1636 kg/m®)(4 m/s)(0.00028 m?) = 0.0001832 kg/s
Heat flux at the exit can be written as ¢ = h(T, —T,) where T, =50°C at the exit. Then the heat transfer rate can be
expressed as Q = gA, = hA (T, —T,) , and the exit temperature of the air can be determined from

me(re _Ti) = hAs(Ts _Te)

(0.0001832 kg/s)(5193 J/kg.°C)(T, —15°C) = (313.8 W/m?.°C)(0.028 m?)(50°C —T,)

T, = 46.58°C

Then the maximum total power of the electronic components that can safely be mounted on this circuit board becomes

Qnax = M, (T, —T;) = (0.0001832 kg/s)(5193 /kg.°C)(46.58 —15°C) = 30.0 W

Discussion The bulk mean temperature of air is (15 + 46.6)/2 = 30.8°C. This is sufficiently close to the assumed temperature
of 25°C. Therefore, there is no need to repeat calculations.
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8-60 E Prob. 8-58 is reconsidered. The effects of air velocity at the inlet of the channel and the maximum surface

temperature on the maximum total power dissipation of electronic components are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
L=0.20 [m]

width=0.14 [m]
height=0.002 [m]

T i=15[C]
Vel=4 [m/s]
T_s=50 [C]

"PROPERTIES"

Fluid$="air'

c_p=CP(Fluid$, T=T_ave)*Convert(kJ/kg-C, J/kg-C)
k=Conductivity(Fluid$, T=T_ave)

Pr=Prandtl(Fluid$, T=T_ave)

rho=Density(Fluid$, T=T_ave, P=101.3)
mu=Viscosity(Fluid$, T=T_ave)

nu=mu/rho

T_ave=1/2%(T_i+T_e)

"ANALYSIS"

A_c=width*height

A=width*L

p=2*(width+height)

D_h=(4*A_c)/p

Re=(Vel*D_h)/nu "The flow is laminar"
L_t=0.05*Re*Pr*D_h
"Taking conservative approach and assuming fully developed laminar flow, from Table 8-1 we read"

Nusselt=8.24
h=k/D_h*Nusselt

m_dot=rho*Vel*A_c
Q_dot=h*A*(T_s-T_e)
Q_dot=m_dot*c_p*(T_e-T_i)

Vel )
[m/s] [(\?N]

1 9.438
2 16.07
3 20.94
4 24.64
5 27.54
6 29.88
7 31.79
8 33.39
9 34.74
10 35.9
11 36.9
12 37.78
13 38.55
14 39.23
15 39.85
16 40.4
17 40.9
18 41.35
19 41.76
20 42.14
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Ts )

[C] [(3\,]
30 10.58
35 141
40 17.62
45 21.13
50 24.64
55 28.15
60 31.65
65 35.14
70 38.64
75 42.13
80 45.61
85 49.09
90 52.56
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8-40
8-61 A computer is cooled by a fan blowing air through its case. The flow rate of the air, the fraction of the temperature rise
of air that is due to heat generated by the fan, and the highest allowable inlet air temperature are to be determined.

Assumptions 1 Steady flow conditions exist. 2 Heat flux is uniformly distributed. 3 Air is an ideal gas with constant
properties. 4 The pressure of air is 1 atm. 5 Flow is fully developed in the channel.

Properties We assume the bulk mean temperature for air to be 25°C
based on the problem statement. The properties of air at 1 atm and this
temperature are (Table A-15)

p=1.184kg/m?
k = 0.02551 W/m.°C
v =1562x10"° m?/s Cooling
¢, =1007 J/kg.°C ar =

@
Pr=0.7296 &vw*:y%
. . . . — = =
Analysis (a) Noting that the electric energy consumed by the fan is converted to
thermal energy, the mass flow rate of air is

=

Q +We|ect, fan _ (8x10+10) W
Cp (T, -T;) (1007 J/kg.°C)(10°C)

Q=mc,(T,-T;) >m= =0.008937 kg/s

(b) The fraction of temperature rise of air that is due to the heat generated by the fan and its motor is

o) 10W

mc,  (0.008937 kg/s)(1007 J/kg.°C)

=1.11°C

Q =mc, AT > AT =

_1.11°C
10°C

(c) The mean velocity of air is

f =0.111=11.1%

m _ (0.008937/8) kg/s
PA.  (1.184kg/m*)[(0.003m)(0.12 m)]

_4A. _ 4(0.003m)(0.12m)
P 2(0.003m+0.12m)

=2.621m/s

m= pAcVavg _>Vavg =

and Dy, = 0.005854 m

 VagDn  (2.621m/s)(0.005854 m)
v 1.562x107°> m?/s

which is less than 2300. Therefore, the flow is laminar. Assuming fully developed flow, the Nusselt number is determined
from Table 8-1 corresponding to a/b = 12/0.3 = 40 to be Nu = 8.24. Then,

k- NU = 0.02551W/m.°C
Dy, 0.005854 m

Therefore, Re =982.2

h= (8.24) = 35.901W/m?.°C

The highest component surface temperature will occur at the exit of the duct. Assuming uniform heat flux, the air temperature
at the exit is determined from

' [(8x10 +10) W]/[8 x 2(0.12x 0.18 + 0.003x 0.18) m?]

. q
=h(T. . -T.)>T.=T. . ——=70°C-— =62.9°C
4= N(Ts max = Te) > Te =To max h 35.91W/m?.°C

The highest allowable inlet temperature then becomes
T, -T; =10°C > T; =T, —10°C = 62.9°C —10°C = 52.9°C
Discussion Although the Reynolds number is less than 2300, the flow in this case will most likely be turbulent because of the

electronic components that that protrude into flow. Therefore, the heat transfer coefficient determined above is probably
conservative. Also, the thermal entry length is

Lt taminar & 0.05RePrD = 0.05(982.2)(0.7296)(0.005854 m) = 0.210 m = 21.0 cm
Since the length of the channel is 18 cm, the flow is actually developing.
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EE
8-62 E Water is flowing between two parallel 1-m wide plates with 12.5-mm spacing. Hydrogen gas flows width-wise in
parallel over the upper and lower surfaces of the two plates. The outlet mean temperature of the water, the surface temperature
of the plates, and the total rate of heat transfer are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Isothermal parallel plates. 4 The thermal
resistance of the plates is negligible (thin plates). 5 The bulk mean fluid temperature of the water is 30°C (this will be
validated). 6 The film temperature of the H, gas is 100°C (this will be validated).

Properties The properties of liquid water at 30°C are ¢, = 4178 J/kg'’K, k = 0.615 W/m'K, x4 = 0.798 x 10°% kg/m's, and Pr =
5.42 (Table A-9). The properties of H, gas at 100°C are ky, = 0.2095 W/m-K, vy, = 1.582 x 10™* m?/s, and Pry, = 0.7196
(Table A-16)

Analysis The Reynolds number, hydrodynamic and thermal entry lengths can be determined to be
p=2(1+0.0125)m=2.025m
A. = (@A m)(0.0125m) =0.0125m?
D, =4A./ p=0.02469 m

Re — 4m _ 4(0.58 kg/s)

3 =1436 <2300  (laminar flow)
Py (2.025m)(0.798 x10™° kg/m -s)

Ly, lam ~0.05Re D, =1.773m <10m

Water flow
and Lt jam =0.05RePrD=9.608 m<10m H, gas flow / —~ Parallel plates
Therefore the flow is laminar and fully-developed. The —_ | / ‘

appropriate equation to determine the Nusselt number is from
Table 8-1 (a/b —<o for parallel plates):

!‘ I m -!

Nu=754 — h :DL Nu =187.81W/m? - K
h

From Chap. 7, the convection heat transfer coefficient for H, gas parallel flow over the plates can be determined as follows:

V,width — (5m/s)(1m)

Re,, = = —>—=31606<5x10°  (flow is laminar)
VHZ 1582)(10_ m /S
hy,Width
Nu ., :szL: 0.664 Re> Prii® = 0.664(31606)%°(0.7196)"' % =105.83
H2

k
hpp = —H2—Nuyy, =22.171W/m? - K

width
The total rate of heat transfer is
Q=mc, (T, -T;) (1)

and Q = 2(width x L)h,,, (T, —T¢) 2
Also, the outlet mean temperature is
h
Te :Ts - (Ts _Ti ) exp[_ AJ (3)
me,
where A, =(2.025m)(10 m) = 20.25m?
Solving for equations (1) to (3) simultaneously to obtain the final results:

T, =40.1°C, T,=45.3°C, and Q=48.6 kW
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Discussion The bulk mean fluid temperature is Ty = (T; + T¢)/2 = 30.1°C, thus 30°C is an appropriate temperature for
evaluating the properties of glycerin. The film temperature of the H, gas is T; = (T, + Ts)/2 = 100.28°C, thus 100°C is an
appropriate temperature for evaluating the properties of H, gas.

Equations (1) to (3) can be solved using the EES software with the following lines:

"GIVEN"

c_p=4178 [J/kg-K]
h=187.81 [W/m"2-K]
h_H2=22.171 [W/m"2-K]
A_s=20.25 [m"2]
m_dot=0.58 [kg/s]
T_i=20 [C]
T_infinity=155 [C]
V_infinity=5 [m/s]
L=10 [m]

width=1 [m]

"ANALYSIS"
Q_dot=2*(width*L)*h_H2*(T_infinity-T_s)
Q_dot=m_dot*c_p*(T_e-T_i)

T e=T_s-(T_s-T_i)*exp(-(h*A_s)/(m_dot*c_p))
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T3
8-63 E Reconsider Prob. 8-62. Water is flowing between two parallel 1-m wide plates with 12.5-mm spacing. Hydrogen
gas flows width-wise in parallel over the upper and lower surfaces of the two plates. The effect of water mass flow rate on the
free-stream velocity of the H, gas and the surface temperature of the parallel plates, and the effect of the free-stream velocity
of the H, gas on the total heat transfer rate are to be evaluated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

L=10 [m]
spacing=12.5e-3 [m]
width=1 [m]

T_i=20 [C]
T_e=40[C]
T_infinity=155 [C]

"PROPERTIES"

"Water at 30°C"

T b=(T_i+T_e)/2 "T_b=1/2%T_i+T_e)"
c_p=cP(water, T=T_b, x=0)*Convert(kJ/kg-C, J/kg-C)
k=Conductivity(water, T=T_b, x=0)
rho=Density(water, T=T_b, x=0)

Pr=Prandtl(water, T=T_b, x=0)

mu=Viscosity(water, T=T_b, x=0)

"H2 gas"

T_film=1/2*(T_s+T_infinity)

Fluid$="H2'

k_H2=Conductivity(Fluid$, T=T_film)
Pr_H2=Prandtl(Fluid$, T=T_film)
rho_H2=Density(Fluid$, T=T_film, P=101.3)
mu_H2=Viscosity(Fluid$, T=T_film)
nu_H2=mu_H2/rho_H2

"ANALYSIS"
A_c=width*spacing "Cross-section area" , Y , Y , Y , Y , Y
p=2*(width+spacing) "Perimeter"
D_h=(4*A_c)/p "Hydraulic diameter"
A_s=p*L  "Surface area”
"Flow between plates" 4l
Re=4*m_dot/(mu*p)
L_t=0.05*Re*Pr*D_h
L_h=0.05*Re*D_h
Nusselt=7.54
h=k/D_h*Nusselt
T e=T_s-(T_s-T_i)*exp(-(h*A_s)/(m_dot*c_p)) 2
Q_dot=m_dot*c_p*(T_e-T_i) »
"Flow over plates" 1
Re_H2=V_infinity*width/nu_H2
Nusselt_H2=0.664*Re_H2"0.5*Pr_H2"(1/3)
h_H2=Nusselt_H2*k_H2/width 0 ; ; ; ; ;
Q_dot=2*h_H2*width*L*(T_infinity-T_s) 0 0.1 6z 03 0.4 0.5 0.6
m [kg/s]

Vy [m/s]

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-44

m [kals] V. [mis] Ts [°C] O [W] 46 L

0.01 0.001348 40 836.7 i

0.05 0.0337 40 4183 45¢ 1
0.10 0.1348 40 8367 ] 1
0.12 0.1942  40.01 10040 44| 1
0.14 0.2644  40.03 11713

0.16 0.3456  40.08 13387 O a3l |
0.18 0.4379  40.14 15060 —

0.20 05415  40.23 16733 —

0.22 06566 4035 18407 42y T
0.24 0.7834  40.50 20080 i

0.26 0.9222  40.67 21753 a1t 1
0.28 1.073 40.87 23427 i ]
0.30 1.237 41.08 25100 200 |
0.32 1.413 41.32 26773 e
0.35 1.702 41.70 29283 0 0.1 0.2 0.3 0.4 0.5 0.6
0.40 2.252 42.41 33467 m [Kg/s]

0.45 2.891 43.20 37650

0.50 3.625 44.04 41833

0.55 4.459 44.93 46017

0.58 5.009 45.48 48527

50000
40000/

30000/

Q [W]

20000!

10000}

Vy [m/s]

Discussion As the mass flow rate of water increases, the free-stream velocity of the H, gas, the surface temperature of the
parallel plates, and the total heat transfer rate increase as well in order to keep T, = 40°C. For m < 0.58 kg/s, the water flow
between the parallel plates is laminar and fully-developed. The flow of H, gas over the plates is also laminar with Rey, < 5 x
10°.
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8-64 Oil flows through a pipeline that passes through icy waters of a lake. The exit temperature of the oil and the rate of heat
loss are to be determined.
Assumptions 1 Steady operating conditions exist. 2 The surface temperature of the pipe is very nearly 0°C. 3 The thermal
resistance of the pipe is negligible. 4 The inner surfaces of the pipeline are smooth. 5 The flow is hydrodynamically
developed when the pipeline reaches the lake.

Properties The properties of oil at 10°C are (Table A-13)
(lcy lake, 0°C)

p =893.6kg/m?, k = 0.1460 W/m.°C _
1=2326kgims, v =2592x10"% m?/s 1(8:'(:
c, =1839J/kg.°C,  Pr=28,750 0.5 ms D=04m
Analysis (a) The Reynolds number in this case is
VagDn _ (0.5m/s)(0.4m) L = 1500 |

Re = =77.16 !

v 2.592x107% m?/s
which is less than 2300. Therefore, the flow is laminar, and the thermal entry length is roughly
L, =0.05RePr D =0.05(77.16)(28,750)(0.4 m) = 44,367 m

which is much longer than the total length of the pipe. Therefore, we assume thermally developing flow, and determine the
Nusselt number from

o 0.065(D/ L) Re P o.oes(lggom j(77.16)(28,750)
Nu="D _3g,  0065(D/L)Re =3 m - =13.73
k 1+0.04[(D/L)RePr] 0.4m
L+004){ o [(77.16)(28750)
m

k 0.1460 W/m.°C
and h=—Nu=—"———
D 0.4m

Next we determine the exit temperature of oil
A, = 7DL = 7(0.4 m)(1500 m) = 1885 m?

(13.73) =5.011W/m?.°C

2 2
m=pV =pAVy,y = p[%}/avg =(893.6 kg/ms)W(o.S m/s) = 56.15kg/s

_ (5.011)(1885)
T, =T, — (T, —T;)e "™/(") —g_(0-10)e (619083) _g130C
(b) The logarithmic mean temperature difference and the rate of heat loss from the oil are

AT o TeTi | 913-10 o

i Ts ~Te In(0—9.13j
T, -T, 0-10
Q =hAAT,, = (5.011W/m?.°C)(1885 m?)(9.56°C) = 90,300 W = 90.3 kW

The friction factor is
64 64

=—=——-=0.8294
Re 77.16
Then the pressure drop in the pipe and the required pumping power become
V.2 3 2
Ap o f b Pavg :0.82941500m (893.6 kg/m®)(0.5 m/s) 1kN : ( 1kPa2j:347l4 KPa
D 0.4m 2 1000 kg - m/s= \ 1kN/m

1kW
1kPa-m®/s

Discussion The power input determined is the mechanical power that needs to be imparted to the fluid. The shaft power will
be much more than this due to pump inefficiency; the electrical power input will be even more due to motor inefficiency.

2
Woumpu = VAP = AV, AP = w (0.5m/s)(347.4 kPa)( ] =21.8kW
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8-65 Glycerin is being heated by flowing through a 25-mm diameter and 10-m long tube. The outlet mean temperature and the
total rate of heat transfer for the tube are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature.

Properties The properties of glycerin at 30°C are ¢, = 2447 J/kg'K, k = 0.2860 W/m'K, 1= 0.6582 kg/m's, and Pr = 5631
(Table A-13).

Analysis The Reynolds number, hydrodynamic and thermal entry lengths are

_4m 4(0.5kgls)
Dy 7(0.025m)(0.6582 kg/m -s)

Re =38.7<2300 (laminar flow)

Ly am ~0.05ReD =0.0484m <10m and L, ~0.05RePrD =273m>10m

Therefore the flow is laminar and hydrodynamically developed but still thermally developing. The appropriate equation to
determine the Nusselt number is from (Edwards et al., 1979)

NU = 3,66+ 2085(D/L)Re Prz/s
1+0.04[(D/L)RePr]
3 g6, 0-065(0.025/10)(38.7)(563)

1+0.04[(0.025/10)(38.7)(5631)]?'®
=13.31

h=%Nu=152W/m2~K

The outlet mean temperature is

hA
T, =T, — (T, —Ti)exp{— mcs j
p
(152 W/m? - K)7(0.025 m)(10 m)
(0.5 kg/s)(2447 J/kg - K)

=35.7°C

=140°C — (140°C — 25°C) exp{—

The total rate of heat transfer for the tube is

Q=ric, (T, —T;) = (0.5 kg/s)(2447 J/kg - K)(35.7 — 25) K = 13.1KW

Discussion The total rate of heat transfer for the tube can also be calculated using Q = hA AT, .
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8-66 Liquid glycerin is flowing through a 25-mm diameter and 10-m long tube, the constant surface temperature of the tube is
to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature.

Properties The properties of glycerin at T, = (T; + T¢)/2 = 30°C are ¢, = 2447 J/kg'K, k= 0.2860 W/m'K, 1= 0.6582 kg/ms,
and Pr = 5631 (Table A-13).

Analysis The Reynolds number, hydrodynamic and thermal entry lengths are

_4m 4(0.5kgls)
Dy 7(0.025m)(0.6582 kg/m -s)

Re =38.7<2300 (laminar flow)

Ly am ~0.05ReD =0.0484m <10m and L, ~0.05RePrD =273m>10m

Therefore the flow is laminar and hydrodynamically developed but still thermally developing. The appropriate equation to
determine the Nusselt number is from (Edwards et al., 1979)

NU = 3,66+ 2085(D/L)Re Prz/s
1+0.04[(D/L)RePr]
3 g6, 0-065(0.025/10)(38.7)(563)

1+0.04[(0.025/10)(38.7)(5631)]?'®
=13.31

h=%Nu=152W/m2~K

The surface temperature of the tube is

hASJ T T —T; exp[-hA, /(c )]

Te=Ts =0 _T‘)EXp[_m_cp S = 1o exp[-hA, /(hc,)]

1 40°C - (20°C)exp(-0.09757) _ o
1—exp(-0.09757)

where

hA; (152 W/m? - K)z(0.025 m)(10 m)
me (0.5 kg/s)(2447 J/kg - K)

=0.09757

p

Discussion For laminar hydrodynamically and thermally fully developed flow in constant surface temperature tube, the Nu is
3.66. This problem shows that the development of the temperature profile in the entry region contributed to the increase in the
value of Nu.
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8-67 Air at 20°C (1 atm) enters into a 5-mm diameter and 10-cm long circular tube, the convection heat transfer coefficient
and the outlet mean temperature are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature.

Properties The properties of air at 50°C: ¢, = 1007 J/kg-K, k= 0.02735 W/m'K, p=1.092 kg/m®, 11=1.963 x 10 kg/m's, v
=1.798 x 10> m%s, and Pr = 0.7228; at T, = 160°C: 1 = 2.420 x 10 ° kg/m's (Table A-15).

Analysis The Reynolds number, hydrodynamic and thermal entry lengths are

~VagD  (5m/s)(0.005 m)

Re
v (1.798x107° m?%/s)

=1390< 2300 (laminar flow)

Lh jam ®0.05ReD =348cm >10cm and L 5, =0.05RePrD =25.1cm >10cm

Therefore the flow is laminar, hydrodynamically and thermally developing. The appropriate equation to determine the Nusselt
number is from (Sieder and Tate, 1936)

1/3 0.14 1/3 0.14
Nu = 186[ RePr DJ Ay _ 1.86{ (1390)(0.7228)(0.005 m)} [1.963j _ 6.665
L L 0.1m 2.420

h:%Nu:36.5W/m2-K

The outlet mean temperature is

hA
Te :Ts _(Ts _Ti)exp{_ - : J

me
(36.5W/m? - K)(0.005m)(0.1m)

(1.072x107* kg/s)(1007 J/kg - K)

=160°C — (160°C — 20°C) exp{—

=77.7°C
where

M = pVpgD? 14 =1.072x107 kg/s

Discussion Note that the bulk mean temperature is T, = (T; + T¢)/2 = 48.9°C, thus evaluating the air properties at 50°C is
reasonable.
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8-68 Glycerin is being heated by flowing between two parallel 1-m wide plates with 12.5-mm spacing. The outlet mean
temperature and the total rate of heat transfer are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Isothermal parallel plates. 4 Bulk mean fluid
temperature is 30°C (this will be validated).

Properties The properties of glycerin at 30°C are ¢, = 2447 J/kg'K, k = 0.2860 W/m'K, x = 0.6582 kg/m's, and Pr = 5631
(Table A-13).

Analysis The Reynolds number, hydrodynamic and thermal entry lengths can be determined to be
p=2(1+0.0125)m=2.025m
A. =(1m)(0.0125m) =0.0125m?
D, =4A. / p=0.02469m

= Am = 407 kgfs) =2.101<2300 (laminar flow)
py  (2.025m)(0.6582 kg/m - s)

Lh 1am = 0.05Re Dy, =0.002594 m <10m
Lt jam ®0.05RePrD=14.6m>10m

Therefore the flow is laminar and hydrodynamically developed but still thermally developing. The appropriate equation to
determine the Nusselt number is from (Edwards et al., 1979)
0.03(Dy, / L)RePr
1+0016[(D;, / L) Re Pr]?/?
0.03(0.02469/10)(2.101)(5631)
1+0.016[(0.02469 /10)(2.101)(5631)]?'®
=8.301

h:DLNu:%.lSGW/mZ K

h

Nu =7.54+

The outlet mean temperature is

hA
T, =T _(Ts _Ti)exp[_ I’f’lCS ]
p
3 (96.156 W/m 2. K)(2.025m)(10 m)
(0.7 kg/s)(2447 Jikg - K)

=40°C - (40°C-25°C) exp{
=35.19°C
The total rate of heat transfer is
Q = rhcp (Te —T;)=(0.7 ka/s)(2447 J/kg - K)(35.19 — 25) K =17.45 KW

Discussion The bulk mean fluid temperature is T, = (T; + T¢)/2 = (25 + 35.19)/2 = 30.1°C, thus 30°C is an appropriate
temperature for evaluating the properties of glycerin.
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T3
8-69 E Reconsider Prob. 8-68. Glycerin is being heated by flowing between two parallel 1-m wide plates with 12.5-mm
spacing. The effect of glycerin mass flow rate on the surface temperature of the parallel plates and the total rate of heat
transfer necessary to keep T, = 35°C are to be evaluated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

L=10 [m]
spacing=12.5e-3 [m]
width=1 [m]

T_i=25 [C]
T_e=35[C]

"PROPERTIES"
C_p=2447 [J/Kkg-K]
k=0.2860 [W/m-K]
Pr=5631

rho=1258 [kg/m"3]
mu=0.6582 [kg/m-s]
T _b=1/2*(T_i+T_e)

"ANALYSIS"

A_c=width*spacing "Cross-section area"

p=2*(width+spacing) "Perimeter"

D_h=(4*A_c)/p "Hydraulic diameter"

A_s=p*L "Surface area"

Re=4*m_dot/(mu*p)

L_t=0.05*Re*Pr*D_h  "Thermal entry length"

L_h=0.05*Re*D_h "Hydrodynamic entry length"

Nusselt_fd=7.54 "Fully-developed Nu"
Nusselt_ent=7.54+0.03*(D_h/L)*Re*Pr/(1+0.016*((D_h/L)*Re*Pr)*(2/3))  "Entry region Nu"
Nusselt=if(L,L_t,Nusselt_ent,Nusselt_fd,Nusselt_fd) "If L > L_t, then fully-developed"
h=k/D_h*Nusselt

T_e=T_s-(T_s-T_i)*exp(-(h*A_s)/(m_dot*c_p))

Q_dot=m_dot*c_p*(T_e-T i)
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m [kg/s]  h [WIm2K] T. [)C] O [W]
0.05 87.34 35 1224
0.1 87.34 3501 2447
0.15 87.34 3508 3671
0.2 87.34 3528 4894
0.25 87.34 3550 6118
0.3 87.34 3599 7341
0.6 94.99 3860 14682
0.7 96.15 39.73 17129
0.8 97.29 4076 19576
0.9 98.40 4180 22023
1.0 99.49 4282 24470
1.2 101.6 44.85 29364
1.4 103.7 4682 34258
1.6 105.7 48.75 39152
1.8 107.6 50.62 44046
2.0 109.5 52.44 48940
2.5 114.1 56.79 61175
3.0 118.4 60.89 73410
4.0 126.4 68.46 97880
5.0 133.7 7537 122350
6.0 140.5 8176 146820
160000

Q W]

140000

120000

100000

80000

60000

40000

20000

0

Ts [°C]

90

30
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m [Kg/s]

Discussion For i > 0.48 kg/s, the thermal entry length L;,m > L, thus the flow becomes thermally developing. For all the

evaluated 71, the flow is hydrodynamically developed and laminar.

Ts = 40°C. The total heat transfer rate increases with increasing mass flow rate.

As m decreases, the outlet mean temperature of glycerin approaches the surface temperature of the parallel plates
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£E
8-70 E Glycerin is being heated by flowing between two parallel 1-m wide plates with 12.5-mm spacing. Hydrogen gas
flows width-wise in parallel over the upper and lower surfaces of the two plates. The outlet mean temperature of the glycerin,
the surface temperature of the plates, and the total rate of heat transfer are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Isothermal parallel plates. 4 The thermal
resistance of the plates is negligible (thin plates). 5 The bulk mean fluid temperature of the glycerin is 30°C (this will be
validated). 6 The film temperature of the H, gas is 100°C (this will be validated).

Properties The properties of glycerin at 30°C are ¢, = 2447 J/kg'K, k = 0.2860 W/m'K, x = 0.6582 kg/m's, and Pr = 5631
(Table A-13). The properties of H, gas at 100°C are ky, = 0.2095 W/m-K, vy, = 1.582 x 10™* m%s, and Pryy, = 0.7196 (Table
A-16)

Analysis The Reynolds number, hydrodynamic and thermal entry lengths can be determined to be

p=2(1+00125)m=2.025m, A, =(1m)(0.0125m)=0.0125m?, D, =4A,/p=0.02469m

Re =AM _ 4(0.7 kg/s) ~2101<2300 (laminar flow)
pu  (2.025m)(0.6582 kg/m - s)

Ly, jam = 0.05Re D,, =0.002594 m <10 m .
' Glycerin flow

and Lt jam ~0.05Re PrD=14.6 m>10m Hy gas flow Parallel plates
Therefore the flow is laminar and hydrodynamically _
developed but still thermally developing. The | 1 m |

appropriate equation to determine the Nusselt number
is from Edwards et al. (1979):
0.03(D,, / L)RePr 0.03(0.02469/10)(2.101)(5631)

Nu=7.54+ =T = =8.301
1+0016[(D, / L) RePr] 1+ 0.016[(0.02469 /10)(2.101)(5631)]

h =DLNu =96.156 W/m? - K

h
From Chap. 7, the convection heat transfer coefficient for H, gas parallel flow over the plates can be determined as follows:

V,width — (3m/s)(1m)

=18963<5x10°  (flow is laminar)
Vi 1.582x107* m?/s

Rey, =

_ hywidth

Nu ,, =0.664 Re?> Pri/3 = 0.664(18963)%°(0.7196)"/2 =81.94

H2

I(H2 2
- Nu,, =17.166 W/m?2 - K
H2 ™ width 12

The total rate of heat transfer is
Q=ric, (T —T;) (1)

and Q = 2(width x L)hy,, (T, - T;) (2)

Also, the outlet mean temperature is
h
Te=Ts - (rs =T ) exp[— ij 3)
mc,
where A, =(2.025m)(10 m) = 20.25m?
Solving for equations (1) to (3) simultaneously to obtain the final results:

T,=40.1°C, T,=49.6°C, and Q=345kW
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Discussion The bulk mean fluid temperature is T, = (T; + Te)/2 = (20 + 40.1)/2 = 30.1°C, thus 30°C is an appropriate
temperature for evaluating the properties of glycerin. The film temperature of the H, gas is T; = (T, + T,)/2 = (150 + 49.6)/2 =
99.8°C, thus 100°C is an appropriate temperature for evaluating the properties of H, gas.

Equations (1) to (3) can be solved using the EES software with the following lines:

"GIVEN"

C_p=2447 [J/kg-K]
h=96.156 [W/m”2-K]
h_H2=17.166 [W/m"2-K]
A_s=20.25 [m"2]
m_dot=0.7 [kg/s]
T_i=20 [C]
T_infinity=150 [C]
V_infinity=3 [m/s]
L=10 [m]

width=1 [m]

"ANALYSIS"
Q_dot=2*(width*L)*h_H2*(T_infinity-T_s)
Q_dot=m_dot*c_p*(T_e-T_i)

T e=T_s-(T_s-T_i)*exp(-(h*A_s)/(m_dot*c_p))
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£E
8-71 E Reconsider Prob. 8-70. Glycerin is being heated by flowing between two parallel 1-m wide plates with 12.5-mm
spacing. Hydrogen gas flows width-wise in parallel over the upper and lower surfaces of the two plates. The effect of glycerin
mass flow rate on the free-stream velocity of the H, gas needed to keep T, = 40°C is to be evaluated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

L=10 [m]
spacing=12.5e-3 [m]
width=1 [m]

T_i=20 [C]
T_e=40[C]
T_infinity=150 [C]

"PROPERTIES"

"Glycerin at 30°C"

C_p=2447 [J/kg-K]

k=0.2860 [W/m-K]

Pr=5631

rho=1258 [kg/m"3]

mu=0.6582 [kg/m-s]

T _b=1/2*(T_i+T_e)

"H2 gas"

T_film=1/2*(T_s+T_infinity)
Fluid$="H2'
k_H2=Conductivity(Fluid$, T=T_film)
Pr_H2=Prandtl(Fluid$, T=T_film)
rho_H2=Density(Fluid$, T=T_film, P=101.3)
mu_H2=Viscosity(Fluid$, T=T_film)
nu_H2=mu_H2/rho_H2

"ANALYSIS"

A_c=width*spacing "Cross-section area"
p=2*(width+spacing) "Perimeter"
D_h=(4*A_c)/p "Hydraulic diameter"
A_s=p*L "Surface area"

"Flow between plates”

Re=4*m_dot/(mu*p)

L_t=0.05*Re*Pr*D_h

L_h=0.05*Re*D_h
Nusselt=7.54+0.03*(D_h/L)*Re*Pr/(1+0.016*((D_h/L)*Re*Pr)*(2/3))
h=k/D_h*Nusselt

T e=T_s-(T_s-T_i)*exp(-(h*A_s)/(m_dot*c_p))
Q_dot=m_dot*c_p*(T_e-T_i)

"Flow over plates"
Re_H2=V_infinity*width/nu_H2
Nusselt_H2=0.664*Re_H2"0.5*Pr_H2"(1/3)
h_H2=Nusselt_H2*k_H2/width
Q_dot=2*h_H2*width*L*(T_infinity-T_s)
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m [Kgl/s] V., [m/s]
0.5 1.393
0.6 2.087
0.7 2.961
0.8 4.034
0.9 5.331
1.0 6.876
11 8.696
1.2 10.82
13 13.29
14 16.13
15 19.39
1.6 23.11
1.7 27.33
1.8 32.13
1.9 37.54
2.0 43.65
2.1 50.53
2.2 58.26
2.3 66.92
2.4 76.64

0.5

. 15
m [kg/s]
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Discussion As the mass flow rate of the glycerin increases, the free-stream velocity of the H, gas needs to increase as well in

order to keep T, = 40°C
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8-72 The convection heat transfer coefficients for the flow of air and water are to be determined under similar conditions.
Assumptions 1 Steady flow conditions exist. 2 The surface heat flux is uniform. 3 The inner surfaces of the tube are smooth.
Properties The properties of air at 25°C are (Table A-15)
k =0.02551W/m.°C

v =1.562x10"° m?/s
Pr=0.7296

The properties of water at 25°C are (Table A-9)

p =997 kg/m®
v=ul p=0.891x10"%/997 =8.937x10" m?/s or Air D=8cm
Pr=6.14 2. mis

Analysis The Reynolds number is L=7/m

VD _ (2m/s)(0.08 m)
v 1562x107° m?/s

Re = =10,243

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly

L, ~ L, 10D =10(0.08 m)=0.8m
which is much shorter than the total length of the tube. Therefore, we can assume fully developed turbulent flow in the entire
duct, and determine the Nusselt number from

Nu = hTD =0.023Re8 Pr®4 = 0.023(10,243)°8(0.7296)%* = 32.76

Heat transfer coefficient is

k 0.02551 W/m.°C
h == Nu = ——222 WM
D 0.08m

(32.76) =10.4 W/m?.°C

Repeating calculations for water:

VD _ (2m/s)(0.08 m)
v 8.937x107" m%/s

Nu = hTD =0.023Re%8 Pr®4 = 0.023(179,031)%8(6.14)%* = 757.4

Re =

=179,031

h= K Ny = 080T WIM°C 207 4y _ 5747 Wim? oC
D 0.08m

Discussion The heat transfer coefficient for water is about 550 times that of air.
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8-73 Air flows in a pipe whose inner surface is not smooth. The rate of heat transfer is to be determined using two different
Nusselt number relations.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The pressure of air is 1 atm.
Properties Assuming a bulk mean fluid temperature of 20°C based on the problem statement, the properties of air are (Table
A-15)
p =1.204kg/m®
k =0.02514 W/m.°C
v =1516x10"° m?/s
¢, =1007 J/kg.°C

Pr=0.7309 Air
Analysis The mean velocity of air and the Reynolds number are 10°C D=12cm
: 0.065 kg/s
Vig =2 = 0'0365 kgls = 4.773ms
PA.  (1.204kg/m*>)7z(0.12m)“ / 4 L=5m

Re— VagD _ (4.773m/s)(0.12m)
v 1.516x107° m?/s
which is greater than 10,0000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L; 10D =10(0.12m)=1.2m
which is much shorter than the total length of the pipe. Therefore, we can assume fully developed turbulent flow in the entire
duct. The friction factor may be determined from Colebrook equation using EES to be

1 /D 251 1 0.00022/0.12 251
—=-21 + —=-21 +
Jf 37  Reyf 3.7 37,785,
The Nusselt number from Eq. 8-66 is
Nu =0.125f Re Pr!/® = 0.125(0.02695)(37,785)(0.7309)"/% =114.7
Heat transfer coefficient is
he L NU = 0.02514 W/m.°C
D 0.12m
Next we determine the exit temperature of air
A=7DL = 7(0.12m)(5m) = 1.885 m?

=37,785

f =0.02695

(114.7) = 24.02 W/m? .°C

(24.02)(1.885)
T, =T, —(T,-T,)e ) —50-(50-10)e (990N _ 30 goc
This result verifies our assumption of bulk mean fluid temperature that we used for property evaluation. Then the rate of heat
transfer becomes
Q= me , (Te —T;) = (0.065 kg/s)(1007 J/kg.°C)(30.0 ~10)°C = 1307 W
Repeating the calculations using the Nusselt number from Eq. 8-71:
(f /8)(Re-1000)Pr ~ (0.02695/8)(37,785-1000)(0.7309)

~hA/(rhc,,

Nu = = ~105.2
1+12.7( /8)5(Pr?/3-1) 1+12.7(0.02695/8)°°(0.7309%/3 —1)
h=K Ny = 202918 WIM°C ) o5 5y 20 04 Wim?.oC
D 0.12m

T, =T, —(T,-T;)e ) 250 (50-10)e (©085)A007) _ g goc
Q =i, (T, —T;) = (0.065 kg/s)(L007 J/kg.°C)(28.8~10)°C = 1230 W

The result by Eq. 8-66 is about 6 percent greater than that by Eq. 8-71.

Discussion The average temperature of air is 20°C in the first part (same as the assumed value) and 19.4°C in the second part
(very close to the assumed value). Therefore, there is no need to repeat calculations.

~hA/(rhc,,
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8-74 A liquid is heated as it flows in a pipe that is wrapped by electric resistance heaters. The required surface heat flux, the
surface temperature at the exit, and the pressure loss through the pipe and the minimum power required to overcome the
resistance to flow are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The surface heat flux is uniform. 3 The inner surfaces of the tube are smooth. 4
Heat transfer to the surroundings is negligible.

Properties The properties of the fluid are given to be p = 1000 kg/m?, Cp, = 4000 J/kg-K, = 2x10° kg/s:m, k = 0.48 W/m-K,
and Pr=10

Analysis (a) The mass flow rate of the liquid is
Liquid
i = pAV = (1000 kg/m?)(z(0.010 m)? /4|0.8 mis) = 0.06283kals 0.8 m/s D=1.0cm

The rate of heat transfer and the heat flux are

L=10m

Q =rhc, (T, —T;) = (0.06283 kg/s)(4000 J/kg.°C)(75 — 25)°C =12,566 W |

. Q  12566W
4= A, 7(0.010 m)(10 m)

= 40,000 W/m?

(b) The Reynolds number is

_ pVD (1000 kg/m*)(0.8 m/s)(0.010 m)
7, 0.002 kg/m -s

Re =4000

which is greater than 2300 and smaller than 10,000. Therefore, we have transitional flow. However, we use turbulent flow
relation. The entry lengths in this case are roughly

L, = L; 10D =10(0.010m)=0.10m

which is much shorter than the total length of the tube. Therefore, we can assume fully developed turbulent flow in the entire
duct, and determine the Nusselt number from

_p

Nu . 0.023Re%8 pro4 = 0.023(4000)%8 (10)%* = 43.99

Heat transfer coefficient is

h= K Ny = QA8WIMC 13 99) — 2112 Wim?.oC
D 0.010m

The surface temperature at the exit is
4 =h(T —T,) —> 40,000 W/m? = (2112 W/m? .°C)(T, — 75)°C —— T, = 93.9°C

(c) The friction factor may be determined from Colebrook equation using EES to be

1 /D, 251 1 0045710 251
Jf 37 Ref Jf 37 4000,/

Then the pressure drop and the minimum power required to overcome this pressure drop are determined to be

] f =0.04425

(1000 kg/m*)(0.8 m/s)?
2(0.010 m)

pV?
8P = 1L = (0.04425) (10 m) = 14,160 Pa

W = VAP = (7(0.010 m)? / 4)0.8 m/s)(14,160 Pa) = 0.890 W
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8-75 Water is to be heated in a tube equipped with an electric resistance heater on its surface. The power rating of the heater
and the inner surface temperature are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The surface heat flux is uniform. 3 The inner surfaces of the tube are smooth.
Properties The properties of water at the average temperature of (80+10) / 2 = 45°C are (Table A-9)

p =990.1kg/m?>
k = 0.637 W/m.°C

(Resistance heater)

v=ulp=0.602x10"° m?/s Water
¢, =4180J/kg.°C 10°C D=2cm
5 L/min 80°C
Pr=391

Analysis The power rating of the resistance heater is | |
= p¥ =(990.1kg/m*)(0.005 m*/min) = 4.951 kg/min = 0.0825 kg/s
Q =ric, (T, —T;) = (0.0825 kg/s)(4180 J/kg.°C)(80 —10)°C = 24,140 W

The velocity of water and the Reynolds number are

vV (5x107°/60)m®/s

avg:A

v 2
. 7(0.02m)2/4

=0.2653m/s

VagDh  (0.2653m/s)(0.02 m)

=8813
v 0.602x107% m?/s

Re =

which is less than 10,000 but much greater than 2300. We assume the flow to be turbulent. The entry lengths in this case are
roughly

L, ~ L, #10D =10(0.02m) =0.20 m
which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow in the entire
duct, and determine the Nusselt number from

Nu =0.023Re%® Pro* =0.023(8813)°%(3.91)** =56.85

Heat transfer coefficient is

b Ky 0637 Wim.eC

u (56.85) =1811W/m?.°C
Dy, 0.02m

Then the inner surface temperature of the pipe at the exit becomes

Q = hAs (rs,e _Te)
24,140 W = (1811 W/m?.°C)[(0.02 m)(13 m)](T, —80)°C
T,e =96.3°C
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8-76 The Nusselt numbers for various Reynolds numbers are to be determined using the Colburn, Petukhov, and Gnielinski
equations.

Analysis The Colburn, Petukhov, and Gnielinski equations are

Colburn equation:
Nu = 0.023Re"® prt/3

Petukhov equation:

B (f/8)RePr
1.07 +12.7(f 18)°5(Pr2/®-1)

where  f =(0.790In Re—1.64) >

Gnielinski equation:

( /8)(Re—1000) Pr

= where  f =(0.790In Re—1.64) >
1+12.7(f 18)%°(Pr2/3-1)

The calculated Nusselt numbers are listed in the following table:

Nu
Re ——
Colburn Petukhov Gnielinski
3500 30.1 37.3 27.2
10* 69.7 86.4 79.5
5x10° 1590 2360 2420

Discussion The Gnielinski equation is preferred in calculations since it has higher accuracy. In the transition region (Re =
3500), the Colburn equation performed better than the Petukhov equation. When compared with the Gnielinski equation at Re
= 3500, the Colburn equation over-predicted the Nu by about 11%, while the Petukhov equation over-predicted the Nu by
about 37%. When compared with the Gnielinski equation at Re = 10, the Colburn equation under-predicted the Nu by about
12%, while the Petukhov equation over-predicted the Nu by about 9%. When compared with the Gnielinski equation at Re =
5x10°, the Colburn equation under-predicted the Nu by about 34%, while the Petukhov equation under-predicted the Nu by
about 3%. The Petukhov equation compared better than the Colburn equation in the turbulent region (Re > 10%).
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8-77E Water is heated in a parabolic solar collector. The required length of parabolic collector and the surface temperature of

the collector tube are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal resistance of the

tube is negligible. 3 The inner surfaces of the tube are smooth.
Properties The properties of water at the average temperature
of (55+200)/2 = 127.5°F are (Table A-9E)

p = 61.59 Ibm/ft?
k = 0.374 Btu/ft.°F

v=ulp=3.499x10"*/61.59 = 0.5681x10" ft?/s
¢, =0.999Btu/lbm.°F
Pr=3.37

Analysis The total rate of heat transfer is

Q = ric, (T, —T;) = (4 1bm/s)(0.999 Btu/lbm.°F)(200 — 55)°F =

The length of the tube required is

' 6

Q 350 Btu/h.ft

The velocity of water and the Reynolds number are

Vg = = 41bmys e = 2L
Phe (61.59Ibm/m3)7r%
V,,.D

Re — vg=h _ (7.621m/s)(1.25/12 ft) 1397 x10°

v 0.5681x107° t?/s

Solar absorption,
350 Btu/h.ft

AL

(Inside glass tube)

Water
55°F D=1.25in

4 lbm/s 200°F

579.4 Btu/s = 2.086 x10° Btu/h

which is greater than 10,000. Therefore, we can assume fully developed turbulent flow in the entire tube, and determine the

Nusselt number from

hD,

Nu = = 0.023Re%® Pro4 = 0.023(1.397 x10°)%8(3.37)%4 = 488.7

The heat transfer coefficient is

b Ky = 0374 Bu.froF

=—Nu= (488.7) =1755 Btu/h.ft2.°F
D;, 1.25/12 ft

The heat flux on the tube is

q- Q _ 2.086x10° Btu/h
A, 7(1.25/12t)(5960 ft)

=1070 Btu/h.ft?

Then the surface temperature of the tube at the exit becomes

. 2
d=h(T, ~T.) T, =T, +% — 200°F + 1070 Btu/h.ft

1755 Btu/h.ft? °F

= 200.6°F
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8-78E Water is heated by passing it through thin-walled copper tubes. The length of the copper tube that needs to be used is
to be determined.

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the tube are smooth. 3 The thermal resistance of the tube
is negligible. 4 The temperature at the tube surface is constant.

Properties The properties of water at the bulk mean fluid temperature of T, ,,, = (60+140)/2=100°F are (Table A-9E)

p =62.0 lbm/ft® / 250°F

k = 0.363 Btu/h.ft.°F

v=ulp=0.738x10" ft?/s Water
¢, = 0.999 Btu/lbm.°F 60°F D=0.75in

0.4 Ibm/s 140°F
Pr=4.54
Analysis (a) The mass flow rate and the Reynolds number are | L |
m 0.4 Ibm/s

10 ft/s

M= pAV, o =V, = — = -2.
CTRE TR oA (62 1bm/ft®)[2(0.75/12 )2 /4]

Re— VagDn _ (2.10ft/s)(0.75/12 ft)
v 0.738x107° ft?/s
which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, ~ L, 10D =10(0.75in) = 7.5in

=17,810

which is probably shorter than the total length of the pipe we will determine. Therefore, we can assume fully developed
turbulent flow in the entire duct, and determine the Nusselt number from

Nu = hkﬂ =0.023Re® Pr4 = 0.023(17,810)*8(4.54)>4 =105.9

k .. 0.363Btu/h.ft°F

and h=—Nu=
D, (0.75/12) ft

(105.9) = 615 Btu/h.ft?.°F

The logarithmic mean temperature difference and then the rate of heat transfer per ft length of the tube are

T, - T; -
ATy =i 140200 _j6 or

o To—Te In[250—140j
T, -T, 250 -60

Q = hAAT,,, = (615 Btu/h.ft2.°F)[z(0.75/12 ft)(1 ft)](146.4°F) =17,675 Btu/h

The rate of heat transfer needed to raise the temperature of water from 60°F to 140°F is

Q =ric, (T, —T;) = (0.4x 3600 Ibm/h)(0.999 Btu/Ibm.°F)(140 — 60)°F = 115,085 Btu/h

Then the length of the copper tube that needs to be used becomes

Length = 115,085 Buh =6.51ft

17,675 Btu/h

(b) The friction factor, the pressure drop, and then the pumping power required to overcome this pressure drop can be
determined for the case of fully developed turbulent flow to be

f =0.184 Re %2 =0.184(17,810) %2 = 0.02598

VZ 3 2
AP = L AVayg _0.02598 (6.51ft) (62 lbm/ft®)(2.10ft/s) ( 11bf ijll.SOIbf/ftz
(0.75/12 ft) 2 32.174 Ibm - ft/s
. 2
Wing = MAP _ (0.4 1bm/s)(11.50 Ibf/ft )[ 1hp j: 0.00013 hp
D 62 Ibm/ft3 550 Ibf - ft/s
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8-79 Air (1 atm) enters into a 5-cm diameter circular tube at 20°C with an average velocity of 5 m/s. The length of the tube is
to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature.

Properties The properties of air at T, = (T; + T¢)/2 = 50°C: ¢, = 1007 J/kg-K, k= 0.02735 W/m'K, p=1.092 kg/m?®, = 1.963
x 107 kg/ms, v=1.798 x 107> m?s, and Pr = 0.7228 (Table A-15).

Analysis The Reynolds number is

~VayD  (5m/s)(0.05m)

Re =
v (1.798x107° m?%/s)

=13904 >10,000 (turbulent flow)

Since the flow is turbulent, we can use the Dittus-Boelter equation to calculate the Nusselt number:
Nu = 0.023Re®® Pr®4 = 0.023(13904)°4(0.7228)%* =41.67 — h=228W/m?.K
The length of the tube can be determined using

T,-T h
s =Te _ A _ DL e M = Py ?D2 14 =0.01072 kgls
T, T, me, mc,

Hence, length of the tube is
Lo_ mc, In T, —T. _  (0.01072 kg/s)(1007 J/kg - K) In 160-80

= =1.69m
aDh T -T, 7(0.05m)(22.8W/m? -K)  160-20

Discussion Since L/D = 33.8 > 10, the turbulent flow is fully developed.
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8-80 EE8 Hot water flows in a pipe with known inlet and outlet temperatures. The outer surface temperature of the pipe is to
be determined whether it is safe from thermal burn hazards.

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Convection effects on the outer pipe
surface are negligible. 4 One-dimensional heat conduction through pipe wall. 5 The thermal conductivity of pipe wall is
constant. 6 The outer pipe surface temperature is constant. 7 The inner surfaces of the tube are smooth.

Properties The properties of water at the bulk mean temperature of T, = (T; + T¢)/2 = (100 + 60)/2 = 80°C are (Table A-9): ¢,
= 4197 J/kg'K, k= 0.670 W/m'K, 1 = 0.355 x 10> kg/m-s, and Pr = 2.22. The thermal conductivity of the pipe is given to be
Kpipe = 15 W/m-K.

Analysis The Reynolds number of the water flow in the pipe is

4m 4(0.15 kg/s)

Re = =
7D i 7(0.025m)(0.355x10% kg/m - s)

=21,520>10,000

Therefore, the flow is turbulent and the entry lengths in this case are roughly

L, =L, 10D =10(0.025m) =0.25m>>10 m (assume fully-developed turbulent flow)

The Nusselt number can be determined from the Gnielinski correlation:

__(7BRe-10000Pr __qg95 , 1K ny=2603Wim2-K
1+12.7(1/8)° (Pr2/®-1) Di

where  f =(0.790InRe—1.64) 2 = 0.02567

The inner pipe surface temperature is

hA
Te =T —(Tg; —Ti)exp[— , SJ - T, =5838C
me ’

where A, = 7(0.025m)(10 m) = 0.7854 m?

From Chapter 3, the thermal resistance for the pipe wall is

In(D, / D;)

R . =
pipe 27Z'kpipe L

=0.0001934 K/W  (pipe wall resistance)

The rate of heat transfer through the pipe wall is
O=Tu=l0 e r-,)
Rpipe
Thus, the outer pipe surface temperature is
Tso=Tsi— Rpipemcp(Ti -T,)=53.5°C
Discussion The pipe’s outer surface temperature is 8.5°C higher than the safe temperature of 45°C. Thus, the risk of thermal

burn upon accidental contact with skin tissue for individuals working in the vicinity of the pipe is present. Preventive
measures, such as insulating the pipe’s outer surface, should be taken to reduce the risk of thermal burn.
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8-81 E@ E Reconsider Prob. 8-80. Hot water flows in a pipe with known inlet and outlet temperatures. The effect of the
hot water mass flow rate on the outer surface temperature of the pipe is to be investigated for two different water outlet
temperatures. The condition of the hot water mass flow rate to prevent thermal burn from the pipe’s outer surface is to be
determined.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

L=10 [m]

D_i=0.025 [m]

D_0=0.03 [m]

T_i=100 [C]

T e=60[C] "AdjustT_e value for 60°C and 70°C"

"PROPERTIES"

"Water at T_b"

T b=(T_i+T_e)/2 "T_b=12%T_i+T_e)"
c_p=cP(water, T=T_b, x=0)*Convert(kJ/kg-C, J/kg-C)
k=Conductivity(water, T=T_b, x=0)
rho=Density(water, T=T_b, x=0)

Pr=Prandtl(water, T=T_b, x=0)

mu=Viscosity(water, T=T_b, x=0)

"Pipe wall"

k_pipe=15 [W/m-K] "pipe thermal conductivity"

"ANALYSIS"

A_c=pi#*D_i"2/4 "Cross-section area"

A_s=pi#*D_i*L  "Surface area"

"Flow inside tube"

Re=4*m_dot/(mu*pi#*D_i)

f=(0.790*In(Re)-1.64)*(-2)  "Petukhov correlation”
Nusselt=((f/8)*(Re-1000)*Pr)/(1+12.7*(f/8)0.5*(Pr~(2/3)-1))  "Gnielinski correlation”
h=k/D_i*Nusselt

Q_dot=m_dot*c_p*(T_i-T_e)

T e=T_s_i-(T_s_i-T_i)*exp(-(h*A_s)/(m_dot*c_p))

"Pipe thermal resistance"
R_pipe=In(D_o/D_i)/(2*pi#*k_pipe*L) "pipe wall resistance"
Q_dot=(T_s_i-T_s_0)/(R_pipe)

m [kgls]  (a) Tso [°C]  (b) Ts [°C]
0.05 57.37 68.12
0.10 55.41 66.64
0.15 53.46 65.19
0.20 51.56 63.77
0.25 49.69 62.37
0.30 47.84 60.99
0.35 46.02 59.63
0.40 44.22 58.28
0.45 42.42 56.94
0.50 40.64 55.60
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Discussion (a) When the hot water exits the pipe at 60°C, the pipe’s outer surface temperature can be reduced to below 45°C
by setting the mass flow rate for 72 > 0.38 kg/s.

(b) When the hot water exits the pipe at 70°C, the pipe’s outer surface temperature is above 45°C for 0.05 < m < 0.5 kg/s.
Thus, preventive measures, such as insulating the pipe’s outer surface, should be taken to reduce the risk of thermal burn.
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8-82 F@ E A metal pipe is used for transporting hot saturated water vapor in an engine room. The needed insulation
layer thickness to keep the outer surface temperature below 180°C is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Convection effects on the outer pipe
surface are negligible. 4 One-dimensional heat conduction through pipe wall. 5 The thermal properties of pipe wall and
insulation are constant. 6 Thermal resistance at the interface is negligible. 7 The surface temperatures are uniform. 8 The
inner surfaces of the tube are smooth.

Properties The properties of sat. water vapor at Ty, = (T; + Te)/2 = (325 + 290)/2 = 307.5°C are ¢, = 6554 J/kg'K, k = 0.06746
W/mK, 4 = 2.006 x 10 kg/m's, and Pr = 1.949 (EES or Table A-9). The thermal conductivities of the pipe and the
insulation are given to be ke = 15 W/m-K and ki = 0.95 W/m-K, respectively.

Analysis The Reynolds number of the sat. water vapor flow in the pipe is
4m
7D p

Re = =38,083>10,000 (turbulent flow)

Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, ~ L, ~10D =10(0.05m)=0.5m  (fully-developed)
The Nusselt number can be determined from the Gnielinski correlation:

- (f/8)(Re—0150002/P3r _1466 — h=— Nu=197.8W/m2.K
1+12.7(f 18)°5 (Pr2/3_1) D,

where
f =(0.790In Re—1.64) * =0.02233

The inner pipe surface temperature is

hA
Te=Ts; — (T, _Ti)exp[_ — J - T,;=280.9°C
me,
where A, =7(0.05m)(10m)=1.571m?

From Chapter 3, the thermal resistances for the pipe wall and the insulation are

In(D; 1 D; : i
_ In(Dingertace / Bi) (pipe wall resistance)

pipe 27K pipe L
In(D, / D; . . .
Rins _ IO, / Dineriace) (insulation layer resistance)
27K L

Ins
The total thermal resistance and the rate of heat transfer are

. T -T
ins and :u:mcp(-ri_-re)
Rtotal

Riotar =R +R

pipe

and the insulation thickness is

t = Do — Dinterface
ins — 2

Solving for the insulation thickness yields t;,; =0.0412m=4.12cm

Solved by EES Software. Copy-and-paste the following lines on a blank EES screen to verify the solutions.

"GIVEN"

L=10 [m]

D_i=0.05 [m]
D_interface=0.06 [m]
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s_0=180 [C]
i=325 [C]
=290 [C]

m_dot=0.03 [kg/s]

T
T
T

"PROPERTIES"

"Sat. water vapor"

T b=(T_i+T_e)2 "T_b=1/25T_i+T_e)"
c_p=cP(water, T=T_b, x=1)*Convert(kJ/kg-C, J/kg-C)
k=Conductivity(water, T=T_b, x=1)
rho=Density(water, T=T_b, x=1)

Pr=Prandtl(water, T=T_b, x=1)

mu=Viscosity(water, T=T_b, x=1)

"Pipe & insulation"

k_pipe=15 [W/m-K] "pipe thermal conductivity"
k_ins=0.95 [W/m-K] "insulation thermal conductivity"

"ANALYSIS"

A_c=pi#*D_i"2/4 "Cross-section area"

A_s=pi#*D_i*L  "Surface area"

"Flow inside tube"

Re=4*m_dot/(mu*pi#*D_i)

f=(0.790*In(Re)-1.64)"(-2)  "Petukhov correlation"
Nusselt=((f/8)*(Re-1000)*Pr)/(1+12.7*(f/8)0.5*(Pr~(2/3)-1))  "Gnielinski correlation”
h=k/D_i*Nusselt

Q_dot=m_dot*c_p*(T_i-T_e)

T e=T_s_i-(T_s_i-T_i)*exp(-(h*A_s)/(m_dot*c_p))

"Pipe & insulation thermal resistances"
R_pipe=In(D_interface/D_i)/(2*pi#*k_pipe*L) "pipe wall resistance"
R_ins=In(D_o/D_interface)/(2*pi#*k_ins*L) "insulation resistance"
R_total=R_pipe+R_ins

"Solving for the insulation thickness"
Q_dot=(T_s_i-T_s_o0)/(R_total)

t_ins=(D_o-D_interface)/2

Discussion The Dittus-Boelter correlation can be used for this problem in place of the Gnielinski correlation.
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8-83 H@ E Reconsider Prob. 8-82. A metal pipe is used for transporting hot saturated water vapor in an engine room.
The effect of the satuarated water vapor mass flow rate on the needed insulation layer thickness to keep the outer surface
temperature below 180°C is to be evaluated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

L=10 [m]

D_i=0.05 [m]
D_interface=0.06 [m]
T_s 0=180 [C]
T_i=325 [C]
T_e=290 [C]

"PROPERTIES"

"Sat. water vapor"

T b=(T_i+T_e)2 "T_b=1/25T_i+T_e)"
c_p=cP(water, T=T_b, x=1)*Convert(kJ/kg-C, J/kg-C)
k=Conductivity(water, T=T_b, x=1)
rho=Density(water, T=T_b, x=1)

Pr=Prandtl(water, T=T_b, x=1)

mu=Viscosity(water, T=T_b, x=1)

"Pipe & insulation"

k_pipe=15 [W/m-K] "pipe thermal conductivity"
k_ins=0.95 [W/m-K] "insulation thermal conductivity"

"ANALYSIS"

A_c=pi#*D_i"2/4 "Cross-section area"

A_s=pi#*D_i*L  "Surface area"

"Flow inside tube"

Re=4*m_dot/(mu*pi#*D _i)

f=(0.790*In(Re)-1.64)*(-2)  "Petukhov correlation”
Nusselt=((f/8)*(Re-1000)*Pr)/(1+12.7*(f/8)*0.5*(Pr~(2/3)-1))  "Gnielinski correlation”
h=k/D_i*Nusselt

Q_dot=m_dot*c_p*(T_i-T_e)

T e=T_s_i-(T_s_i-T_i)*exp(-(h*A_s)/(m_dot*c_p))

"Pipe & insulation thermal resistances"
R_pipe=In(D_interface/D_i)/(2*pi#*k_pipe*L) "pipe wall resistance"
R_ins=In(D_o/D_interface)/(2*pi#*k_ins*L) "insulation resistance"
R_total=R_pipe+R_ins

"Solving for the insulation thickness"
Q_dot=(T_s_i-T_s_0)/(R_total)

t_ins=(D_o-D_interface)/2
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m [kg/s] tins [m]
0.01 0.4119
0.012 0.2493
0.014 0.1714
0.016 0.1277
0.018 0.1004
0.020 0.0820
0.022 0.06894
0.024 0.05924
0.026 0.05179
0.028 0.04591
0.030 0.04116
0.035 0.03256
0.040 0.02682
0.045 0.02274
0.050 0.01969
0.060 0.01546
0.070 0.01267
0.080 0.01071
0.090 0.009245
0.10 0.008118

Insulation thickness [m]

0.5

0.4

0.3

0.2

0.1

T

T

1

1 1

1

0.02

‘0.04_‘ ‘0.06‘
m [kg/s]

0.08

0.1
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Discussion The insulation layer thickness that is suitable for the flow rate range from 0.03 to 0.1 kg/s is 0.0412 m. When the

flow rate decreases, the needed insulation layer thickness increases.
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8-84 FQ? E Liquid NH; flows in a pipe, which is insulated. The insulation thickness on the pipe that is necessary to keep
the liquid NHj; exit temperature at —20°C is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Convection effects on the outer pipe
surface are negligible. 4 One-dimensional heat conduction through pipe wall. 5 The thermal properties of pipe wall and
insulation are constant. 6 Thermal resistance at the interface is negligible. 7 The surface temperatures are uniform. 8 The
inner surfaces of the tube are smooth.

Properties The properties of liquid NH; at Ty, = (T; + T)/2 = [(-30 +(— 20)]/2 = —25°C are ¢, = 4489 J/kgK, k = 0.5968
W/mK, u = 2492 x 10 kg/m's, and Pr = 1.875 (EES or Table A-11). The thermal conductivities of the pipe and the
insulation are given to be ke = 15 W/m-K and ki = 0.95 W/m-K, respectively.

Analysis The Reynolds number of the sat. water vapor flow in the pipe is
4m
7D u

Re = =15,328>10,000  (turbulent flow)

Therefore, the flow is turbulent and the entry lengths in this case are roughly

L, ~ L, ~10D =10(0.05m)=0.5m  (fully-developed)

The Nusselt number can be determined from the Gnielinski correlation:

- (f/8)(Re—015000)2/Pgr —6764 — h=—_Nu=807.4W/m? K
1+12.7(f 18)°5 (Pr2/3_1) D,

where
f =(0.790In Re —1.64) 2 = 0.02802

The inner pipe surface temperature is

hA
Te=Ts; —(Tg; _Ti)exp[_ — J - T,; =-18.21°C
’ ’ me, '

where A, =7(0.05m)(10m)=1.571m?

From Chapter 3, the thermal resistances for the pipe wall and the insulation are

_ In(Dinterface / Di)

Roine = (pipe wall resistance)
Pe 27K pipe L
In(D, / D; . . .
ins _ IN(o / Dintertace ) (insulation layer resistance)
27k L

Ins

The total thermal resistance and the rate of heat transfer are

; Ts,i _Ts,o .
Riotal = Rpipe + Rins and Q= R— =mc, (Ti _Te)

total

and the insulation thickness is

t = Do — Dinterface
ins — 2

Solving for the insulation thickness yields t;,; =0.0116 m=1.16cm

Solved by EES Software. Copy-and-paste the following lines on a blank EES screen to verify the solutions.

"GIVEN"

L=10 [m]

D_i=0.05 [m]
D_interface=0.06 [m]
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T s 0=20[C]
T_i=-30 [C]
T_e=-20[C]
m_dot=0.15 [kg/s]

"PROPERTIES"

“Liquid NH3"

T b=(T_i+T_e)2 "T_b=1/2%T_i+T_e)"
c_p=4489 [J/kg-K]

k=0.5968 [W/m-K]

rho=671.5 [kg/m"2]

Pr=1.875

mu=2.492e-4 [kg/m-s]

"Pipe & insulation”

k_pipe=15 [W/m-K] "pipe thermal conductivity"
k_ins=0.95 [W/m-K] "insulation thermal conductivity"

"ANALYSIS"

A_c=pi#*D_i"2/4 "Cross-section area"

A_s=pi#*D_i*L  "Surface area"

"Flow inside tube"

Re=4*m_dot/(mu*pi#*D_i)

f=(0.790*In(Re)-1.64)"(-2)  "Petukhov correlation"
Nusselt=((f/8)*(Re-1000)*Pr)/(1+12.7*(f/8)0.5*(Pr~(2/3)-1))  "Gnielinski correlation”
h=k/D_i*Nusselt

Q_dot=m_dot*c_p*(T_i-T_e)

T e=T_s_i-(T_s_i-T_i)*exp(-(h*A_s)/(m_dot*c_p))

"Pipe & insulation thermal resistances"
R_pipe=In(D_interface/D_i)/(2*pi#*k_pipe*L) "pipe wall resistance"
R_ins=In(D_o/D_interface)/(2*pi#*k_ins*L) "insulation resistance"
R_total=R_pipe+R_ins

"Solving for the insulation thickness"
Q_dot=(T_s_i-T_s_o0)/(R_total)

t ins=(D_o-D_interface)/2

Discussion The Dittus-Boelter correlation can be used for this problem in place of the Gnielinski correlation.
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8-85 H@ E Reconsider Prob. 8-84. Liquid NH;z flows in a pipe, which is insulated. The effect of the NH; mass flow rate
on the needed insulation layer thickness to keep the liquid NH; exit temperature at —20°C is to be evaluated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

L=10 [m]

D_i=0.05 [m]
D_interface=0.06 [m]
T_s 0=20[C]
T_i=-30 [C]

T_e=-20 [C]

"PROPERTIES"

"Liquid NH3"

T b=(T_i+T_e)2 "T_b=1/2%T_i+T_e)"
c_p=cP(ammonia, T=T_b, x=0)*Convert(kJ/kg-C, J/kg-C)
k=Conductivity(ammonia, T=T_b, x=0)
rho=Density(ammonia, T=T_b, x=0)
Pr=Prandtl(ammonia, T=T_b, x=0)
mu=Viscosity(ammonia, T=T_b, x=0)

"Pipe & insulation"

k_pipe=15 [W/m-K] "pipe thermal conductivity"
k_ins=0.95 [W/m-K] "insulation thermal conductivity"

"ANALYSIS"

A_c=pi#*D_i"2/4 "Cross-section area"

A_s=pi#*D_i*L  "Surface area"

"Flow inside tube"

Re=4*m_dot/(mu*pi#*D_i)

f=(0.790*In(Re)-1.64)"(-2)  "Petukhov correlation"
Nusselt=((f/8)*(Re-1000)*Pr)/(1+12.7*(f/8)0.5*(Pr~(2/3)-1))  "Gnielinski correlation”
h=k/D_i*Nusselt

Q_dot=m_dot*c_p*(T_i-T_e)

T e=T_s_i-(T_s_i-T_i)*exp(-(h*A_s)/(m_dot*c_p))

"Pipe & insulation thermal resistances"
R_pipe=In(D_interface/D_i)/(2*pi#*k_pipe*L) "pipe wall resistance"
R_ins=In(D_o/D_interface)/(2*pi#*k_ins*L) "insulation resistance"
R_total=R_pipe+R_ins

"Solving for the insulation thickness"
Q_dot=(T_s_i-T_s_o0)/(R_total)

t_ins=(D_o-D_interface)/2
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m [kg/s] l:ins [m]
0.02 0.3528
0.021 0.3106
0.022 0.2760
0.023 0.2473
0.024 0.2233
0.026 0.1855
0.028 0.1574
0.030 0.1360
0.035 0.09998
0.040 0.07811
0.045 0.06363
0.050 0.05344
0.060 0.04017
0.080 0.02649
0.10 0.01960
0.12 0.01548
0.14 0.01275
0.16 0.01081
0.18 0.009365
0.20 0.008248

Insulation thickness [m]

0.4

0.3

0.2

0.1

T

1

0.05

0.1

[kg/s]

0.15

0.2
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Discussion The insulation layer thickness that is suitable for the flow rate range from 0.04 to 0.2 kg/s is 0.0781 m. When the

flow rate decreases, the needed insulation layer thickness increases.
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8-86 Air flows in a square cross section pipe. The rate of heat loss and the pressure difference between the inlet and outlet
sections of the duct are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The pressure of air is 1 atm.

Properties Taking a bulk mean fluid temperature of 80°C based on the problem statement (this assumes that the air does not
loose much heat to the attic), the properties of air are (Table A-15)

p =0.9994 kg/m?®

k = 0.02953 W/m.°C

y =2.097x10° m?/s
¢, =1008 J/kg.°C
Pr=0.7154

Analysis The mean velocity of air, the hydraulic diameter, and the Reynolds number are

y_ Y _015ms

== 3.75m/s

A (0.2m) .

Air
AA 432 80°C — > a=02m

Dy =5 = —a=02m 0.15 m%s

VD . . L=8m
Re<YPn _ (3.75m/s)(0 25m) — 35,765 |

v 2.097x10"

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L; 10D, =10(0.2m)=2m

which is much shorter than the total length of the pipe. Therefore, we can assume fully developed turbulent flow in the entire
duct, and determine the Nusselt number from

_ hD,

Nu =0.023Re%® Pro3 =0.023(35,765)%8 (0.7154)%% = 91.4

Heat transfer coefficient is

b Ky - 002953 W/m.C
D 0.2m

(91.4) =13.5W/m?.°C
Next we determine the exit temperature of air
A=4al =4(0.2m)@8m) = 6.4 m?

(13.5)(6.4)

~hA/(mc,) —60— (60_80)e_m =71.3°C

T =T, — (T, -T;)e
Then the rate of heat transfer becomes

Q=rc p(Te =T;) =(0.9994 kg/m?)(0.15 m®/s)(1008 J/kg.°C)(80 — 71.3)°C = 1315 W
From Moody chart:

Re = 35,765 and &/D = 0.001 — f=0.026

Then the pressure drop is determined to be

(0.9994 kg/m*)(3.75 m/s)?
2(0.2m)

2
AP = f %L:(o.oze) (8m)=7.3Pa

Discussion The average temperature of air is (80 + 71.3)/2 = 75.7°C, which sufficiently close to the assumed value of 80°C.
Therefore, there is no need to repeat calculations.
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8-87 Flow of hot air through uninsulated square ducts of a heating system in the attic is considered. The exit temperature and
the rate of heat loss are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 Air is an ideal gas with
constant properties. 4 The pressure of air is 1 atm.

Properties We assume the bulk mean temperature for air to be 75°C based on the problem statement. The properties of air at
1 atm and this temperature are (Table A-15)

p =1.014kg/m®

k =0.02917 W/m.°C

v =2.046x10"° m?/s
¢, =1007.5J/kg.°C

Pr = 0.7166 T 7~

Analysis The characteristic length that is the hydraulic diameter, the
mean velocity of air, and the Reynolds number are

4 2

i :_sc :_44aa —a=015m

~ T, =70°C
v 01mds s

Vg =—=———" = 4444 m/s .

A (0.15m)? /ésizc

V,,,D 0.1 m*min
Re = vg=h _ (4.444 m/s)(g.152m) — 32584
v 2.046x10~° m?/s

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, ~ L, ~10D;, =10(0.15m)=1.5m
which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow in the entire

duct, and determine the Nusselt number from

hD
Nu = Th =0.023Re®8 Pr3 = 0.023(32,584)°4(0.7166)** = 84.86

Heat transfer coefficient is

k 0.02917 W/m.°C
NU=——7"—r——

h=—
D, 0.15m

(84.86) =16.50 W/m?.°C

Next we determine the exit temperature of air,
A, = 4al = 4(0.15m)(10 m) = 6 m?
= pV = (1.014 kg/m*)(0.1m>/s) = 0.1014 kg/s

(16.50)(6)

AN _ 70 (70 -85)e (O1019A07S) _ 75 ggeC

Te =Ts _(Ts _Ti)e
Then the logarithmic mean temperature difference and the rate of heat loss from the air becomes

AT, o Te=Ti _ TS89-85 oo

i T Te |n(70_75'69j
T, -T, 70-85

Q = hAAT,,, = (16.50 W/m?.°C)(6 m?)(9.604°C) = 951 W

Note that the temperature of air drops by about 9°C as it flows in the duct as a result of heat loss.

Discussion The bulk mean temperature of air is (85 + 75.7)/2 = 80.4°C, which sufficiently close to the assumed value of
75°C. Therefore, there is no need to repeat calculations.
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£E
8-88 E Prob. 8-87 is reconsidered. The effect of the volume flow rate of air on the exit temperature of air and the rate of

heat loss is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
T_i=85 [C]
L=10 [m]

side=0.15 [m]

V_dot=0.1 [m"3/s]

T s=70[C]

"PROPERTIES"

Fluid$="air'

C_p=CP(Fluid$, T=T_ave)*Convert(kJ/kg-C, J/kg-C)
k=Conductivity(Fluid$, T=T_ave)

Pr=Prandtl(Fluid$, T=T_ave)

rho=Density(Fluid$, T=T_ave, P=101.3)
mu=Viscosity(Fluid$, T=T_ave)

nu=mu/rho

T_ave=75"T_ave = 1/2*(T_i+T_e)"

"ANALYSIS"
D_h=(4*A_c)/p

A_c=siden2
p=4*side

Vel=V_dot/A_c

Re=(Vel*D_h)/nu "The flow is turbulent"

L_t=10*D_h "The entry length is much shorter than the total length of the duct.”

Nusselt=0.023*Re”0.8*Pr"0.3

h=k/D_h*Nusselt

A=4*side*L

m_dot=rho*V_dot

T_e=T_s-(T_s-T_i)*exp((-h*A)/(m_dot*C_p))
DELTAT _In=(T_e-T_i)/In((T_s-T_e)/(T_s-T_i))
Q_dot=h*A*DELTAT _In

Vv Te Q
ms1 | | wy
005 | 749 | 520.1
0055 | 75.07 | 566.2
006 | 7516 | 6117
0065 | 7525 | 656.7
007 | 7533 | 7013
0075 | 7541 | 7455
008 | 7548 |789.3
0085 | 7555 | 8327
009 | 7561 | 8758
0095 | 7567 | 9186
01 | 7572 | 911
0105 | 7578 | 1003
011 | 7583 | 1045
0115 | 7588 | 1087
012 | 7593 |1128
0125 | 7597 | 1170
013 | 7601 | 1210
0135 | 7606 | 1251
014 | 761 | 1292
0145 | 7613 | 1332
015 | 7647 | 1372

Te [C]

76.5

755}

75

74.5

0.04

0.06

0.08

0.1 0.12 0.14
V [m3s]

1400

1200

1000

Q [W]

800

600

0.16
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8-89 Hot air enters a sheet metal duct located in a basement. The exit temperature of hot air and the rate of heat loss are to be
determined.

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal resistance of the duct
is negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 atm.

Properties We evaluate the air properties at 1 atm and the estimated bulk mean temperature of 50°C based on the problem
statement (Table A-15),

p =1.092kg/m?; k = 0.02735W/m.°C
v =1.798x10° m?/s; ¢, =1007 J/kg.°C
Pr=0.7228 . T.=10°C
) Air duct
Analysis The surface area and the Reynolds number are 20 cm x 20 ¢

A, =4al =4x(0.2m)(12m) =9.6 m

4A 2
h=——= da” _ a=02m .
p 4a Air
60°C £=03
_VagDn  (4m/s)(0.20m) 4 m/s

Re =

) =44,494
v 1.798x10™> m*“/s

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L; 10D, =10(0.2m)=2.0m

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow for the entire
duct, and determine the Nusselt number from

hD
Nu = —" = 0.023Re%® Pr®® = 0.023(44,494)°8 (0.7228)*3 =109.2
and  h=— Ny = Q02BOWIMC 06 5y 14 93Wim? oC
Dy 0.2m

The mass flow rate of air is
m=pAV = (1.092 kg/m®)(0.2x 0.2 m?)(4 m/s) = 0.1747 kg/s

In steady operation, heat transfer from hot air to the duct must be equal to the heat transfer from the duct to the surrounding
(by convection and radiation), which must be equal to the energy loss of the hot air in the duct. That is,

Q= Qconv,in = Qconv+rad,out = AEhot air

Assuming the duct to be at an average temperature of T , the quantities above can be expressed as
: : T, —T, T, — 60
Qconv,in: Q = hi AsATIm = hi As % _T_—_T
In( S e ] In[ S e ]
T, -T; T, —60
Q=hy A (T, =T,) + Ao (TS ~T4) > G = (10 W/im?2 .°C)(9.6 m2)(T, ~10)°C
+0.3(9.6m?)(5.67x10° Wim? K*)[[T, +273)* - 10+ 273) [ *

— Q=(14.93W/m?.°C)(9.6 m?)

Qconv+rad,out .

AE ot i Q=rhc, (T, —T;) - Q = (0.1747 kg/s)(1007 J/kg.°C)(60 T, )°C

This is a system of three equations with three unknowns whose solution is
Q=2622W,T, =45.1°C,and T, = 33.3°C

Therefore, the hot air will lose heat at a rate of 2622 W and exit the duct at 45.1°C.

Discussion The bulk mean temperature of air is (60 + 45.1)/2 = 52.6°C. This is very close to the assumed temperature of
50°C. Therefore, there is no need to repeat calculations.
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£E
8-90 E Prob. 8-89 is reconsidered. The effects of air velocity and the surface emissivity on the exit temperature of air and
the rate of heat loss are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T_i=60 [C]

L=12 [m]
side=0.20 [m]
Vel=4 [m/s]
epsilon=0.3
T_0=10[C]
h_0=10 [W/m"2-C]
T_surr=10 [C]

"PROPERTIES"

Fluid$="air'

c_p=CP(Fluid$, T=T_ave)*Convert(kJ/kg-C, J/kg-C)
k=Conductivity(Fluid$, T=T_ave)

Pr=Prandtl(Fluid$, T=T_ave)

rho=Density(Fluid$, T=T_ave, P=101.3)
mu=Viscosity(Fluid$, T=T_ave)

nu=mu/rho

T_ave=T_i-10 "assumed average bulk mean temperature"

"ANALYSIS"

A=4*side*L

A_c=side”2

p=4*side

D_h=(4*A_c)/p

Re=(Vel*D_h)/nu "The flow is turbulent"

L_t=10*D_h "The entry length is much shorter than the total length of the duct.”
Nusselt=0.023*Re”0.8*Pr"0.3

h_i=k/D_h*Nusselt

m_dot=rho*Vel*A c

Q_dot=Q_dot_conv_in
Q_dot_conv_in=Q_dot_conv_out+Q_dot_rad_out
Q_dot_conv_in=h_i*A*DELTAT In

DELTAT _In=(T_e-T_i)/In((T_s-T_e)/(T_s-T_i))
Q_dot_conv_out=h_o*A*(T_s-T_0)
Q_dot_rad_out=epsilon*A*sigma*((T_s+273)"-(T_surr+273)")
sigma=5.67E-8 "[W/m”2-K"4], Stefan-Boltzmann constant"
Q_dot=m_dot*c_p*(T_i-T_e)

Vel [m/s] T [C] Q W]
1 33.85 1150
2 39.43 1810
3 42.78 2273
4 45.1 2622
5 46.83 2898
6 48.17 3122
7 49.25 3310
8 50.14 3469
9 50.89 3606
10 51.53 3726
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€ T [C] Q [W]
0.1 45.82 2495
0.2 45.45 2560
0.3 45.1 2622
0.4 44.77 2680
05 44.46 2735
0.6 44.16 2787
0.7 43.88 2836
0.8 43.61 2883
0.9 43.36 2928
1 43.12 2970
52.5

48.5

44.5

Te [C]

40.5

36.5

32.5

46

4000

3500

3000

2500

2000

1500

1000

3000

45.5

45

44.5

Te [C]

44

43.5

43

2900

2800

2700

2600

2500

0.1
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8-91 The components of an electronic system located in a rectangular horizontal duct are cooled by forced air. The exit
temperature of the air and the highest component surface temperature are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal resistance of the duct
is negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 atm. 6 Flow is fully developed in the
channel.

Properties We assume the bulk mean temperature for air to be 35°C (based on the problem statement) since the mean
temperature of air at the inlet will rise somewhat as a result of heat gain through the duct whose surface is exposed to a
constant heat flux. The properties of air at 1 atm and this temperature are (Table A-15)

p =1145kg/m® Air duct
k =0.02625 W/m.°C 16 cm x 16 cm
v =1.655x10"° m?/s

¢, =1007 J/kg.°C

Pr=0.7268 Air im
. . . 27°C
Analysis (a) The mass flow rate of air and the exit 0.65 m*/min

temperature are determined from
m = pV = (1.145 kg/m>)(0.65 m*/min) = 0.7443 kg/min = 0.0124 kg/s

Q 27C + (0.85)(180 W)

y=mc, (T, -T:) > T, =T, + — =27 -
Q p(Te~T) > Te '+mcp (0.0124 kg/s)(1007 J/kg.°C)

39.3°C

(b) The mean fluid velocity and hydraulic diameter are

V,, = YV __065m/min =25.4m/min = 0.4232 m/s

A, (0.16m)(0.16m)
4A, _ 4(0.16 m)(0.16m)

D =
" p 4(0.16 m)

=0.16m

Then

VagDn (04232 m/s)(0.16 m)

Re = 5 2
14 1.655x107> m*/s

=4091

which is not greater than 10,000 but the components will cause turbulence and thus we can assume fully developed turbulent
flow in the entire duct, and determine the Nusselt number from

hD
Nu = —" =0.023Re%® Pr®* =0.023(4091) %8 (0.7268)** =15.69
and  he—K Nyo Q02625WIMC 0 6oy 5 574 Wim2.oC
Dy, 0.16m

The highest component surface temperature will occur at the exit of the duct. Assuming uniform surface heat flux, its value is
determined from
Q/As = h(Ts,highest _Te)

Q/A; _ 59 30¢ 4 (0-85)(180W)/[4(0.16 m)(1m)]

> =132.2°C
h 2.574W/m*.°C

Ts,highest =T+

Discussion The bulk mean temperature of air is (27 + 39.3)/2 = 33.2°C. This is very close to the assumed temperature of
35°C. Therefore, there is no need to repeat calculations. Also, the entry lengths are

I—h, turbulent =~ Lt, wrbutent & 10D = 10(0-16 m) =16m

Since the length of the channel is 1 m, the flow is actually developing based on these values. However, we assumed fully
developed turbulent flow since the components will cause turbulence.
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8-92 The components of an electronic system located in a circular horizontal duct are cooled by forced air. The exit
temperature of the air and the highest component surface temperature are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal resistance of the duct
is negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 atm. 6 Flow is fully developed in the
channel.

Properties We assume the bulk mean temperature for air to be 35°C (based on the problem statement) since the mean
temperature of air at the inlet will rise somewhat as a result of heat gain through the duct whose surface is exposed to a
constant heat flux. The properties of air at 1 atm and this temperature are (Table A-15)

p =1.145kg/m?
k = 0.02625 W/m.°C

Electronics, 180 W

v =1.655x10" m?/s Air
¢, =1007 J/kg.°C 27°C _
P 0.65 m*/min Deaxcl
Pr=0.7268
Analysis (a) The mass flow rate of air and the exit temperature are | L=1m

determined from I I
m = pV = (1.145 kg/m>)(0.65 m*/min) = 0.7443 kg/min = 0.0124 kg/s
Q _yrcs (0.85)(180 W)

y=mc, (T, -T:) > T, =T, + — =27 -
Q p(Te~T) > Te '+mcp (0.0124 kg/s)(1007 J/kg.°C)

39.3°C

(b) The mean fluid velocity is

g == 20OMMIN__ 35 6 mymin = 0,613 mis
A

v - 2
e 7(0.15m)“/4

Then,

VagDh  (0.613m/s)(0.15m)

Re = 5 2
14 1.655x10™> m*“/s

=5556

which is not greater than 10,000 but the components will cause turbulence and thus we can assume fully developed turbulent
flow in the entire duct, and determine the Nusselt number from

Nu = hkﬂ =0.023Re%8 Pr®* = 0.023(5556)%8(0.7268) = 20.05

and

k 0.02625 W/m.°C
Ny = ——e> 00 ~

h=—
Dy, 0.15m

(20.05) = 3.509 W/m?.°C

The highest component surface temperature will occur at the exit of the duct. Assuming uniform heat flux, its value is
determined from
(0.85)(180 W)/[(0.15 m)(1m)]

=131.8°C
3.509 W/m?.°C

q = h(Ts,highest _Te) - Ts,highest = Te +% =39.3°C+

Discussion The bulk mean temperature of air is (27 + 39.3)/2 = 33.2°C. This is very close to the assumed temperature of
35°C. Therefore, there is no need to repeat calculations. Also, the entry lengths are

I-h, turbulent = Lt, turbulent = 10D = 10(0-15 m) =15m

Since the length of the channel is 1 m, the flow is actually developing based on these values. However, we assumed fully
developed turbulent flow since the components will cause turbulence.
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8-93 Water flows through a concentric annulus tube with constant inner surface temperature and insulated outer surface, the
length of the annulus tube is to be determined.

Assumptions 1 Steady operating conditions. 2 Constant properties. 3 Constant inner tube surface temperature. 4 Insulated
outer tube surface. 5 Fully developed flow.

Properties The properties of water at T, = (T; + Te)/2 = 50°C: ¢, = 4181 J/kg'K, k= 0.644 W/m'K, = 0.547 x 107 kg/m's,
and Pr = 3.55 (Table A-15).

T

* Insulation
Y 12,

Water -

j=——=

s

Analysis The Reynolds number is

Re:pvavg(Do_Di) _ m(D,-D;)  _ 4
u (x14) (D2 -D?)u 7(Dy +Dj)u
3 4(0.05 kg/s)
~ 2(0.025m+0.1m)(0.547x10 3 kg/m -s)
=931

Since Re < 2300, the flow through the annulus is laminar. Assuming fully developed flow, the Nusselt number for the inner
tube surface is (from Table 8-4)

Nui:hi%=7-37 for D;/D,=0.25

Hence, the convection heat transfer coefficient is

0.644 W/m - K

h =7.37
0075m

j =63.28W/m? .K

The length of the concentric annulus tube is

mep | To—T. ___ (0.05kgls)(4181J/kg-K) | 12080

L=-— -
Dby Tg-T;  7(0.025m)(63.28 W/m? -K) 120-20

=38.5m

Discussion Similar to regular tubes, the total rate of heat transfer in the annulus tube can be determined using

Q:mcp(Te _Ti)'
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8-94 Water flows through a concentric annulus tube with constant inner surface temperature and insulated outer surface, the
length of the annulus tube is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant inner tube surface temperature. 4
Insulated outer tube surface. 5 Fully developed flow.

Properties The properties of water at T, = (T; + Te)/2 = 50°C: ¢, = 4181 J/kg'K, k= 0.644 W/m'K, 1= 0.547 x 107 kg/m's,
and Pr = 3.55 (Table A-15).

T

’ —— Insulation
‘\ / _LDH

Water -

b,
- T ’

Analysis The Reynolds number is

Re = pVavg(Do - Di) _ m(Do - Di) _ 4m
H (714)(Ds -Df)u  7(Do +Dy)u
B 4(0.7 kg/s)
~ 2(0.1m +0.01m)(0.547 x10~% kg/m - 5)
=14,812

Since Re > 10000, the flow through the annulus is turbulent. Using the Dittus-Boelter equation, we have

hD
Nu = Th =0.023Re®8 Pr®4 =0.023(14,812)*8(3.55)** =82.86

Hence, the convection heat transfer coefficient is

0.644 W/m - K

h =82.86
( (0.1-0.0) m

j =592.9W/m? -K

The length of the concentric annulus tube is

e, To-Te__ (07kgls)(4181Ukg-K) | 120-80

L=— -
mph To-T,  #(0.1-0.01) m](592.9 W/m? - K) 120 -20

=16.0m

Discussion For fully developed turbulent flow, h; = h,, hence the tube annulus can be treated as a noncircular duct with Dy, =
D, - D;.
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Special Topic: Transitional Flow

8-95 A liquid mixture flowing in a tube with a bell-mouth inlet is subjected to uniform wall heat flux. The friction coefficient
is to be determined.

Assumptions Steady operating conditions exist.

Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 14.85, v = 1.93x10° m%s and
Mol s = 1.07.
Analysis: For the calculation of the non-isothermal fully developed friction coefficient, it is necessary to determine the flow

regime before making any decision regarding which friction coefficient relation to use. The Reynolds number at the specified
location is

_ (VIA,)D _ [(1.43x10™* m®/s) /(1.961x10~* m?)](0.0158 m)

Re 5
v 1.93x10™° m2/s

=50973

since A, =7 D?/4=7(0.0158m)%/4=1.961x10"* m?

From Table 8-6, we see that for a bell-mouth inlet and a heat flux of 3 kW/m? the flow is in the transition region. Therefore,
Eq. 8-81 applies. Reading the constants A, B, C and m;, m,, mz, and m, from Table 8-5, the friction coefficient is determined

to be
. B c m
Re Hy
C f, trans = _1+ (Tj } (/u—s}

~0.099 7632
. 5973 (1. 07)—2.58—0.42 16600041 x14.85%46
5340

=0.0073

8-96 A liquid mixture flowing in a tube with a bell-mouth inlet is subjected to uniform wall heat flux. The friction coefficient
is to be determined.

Assumptions Steady operating conditions exist.

Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 14.85, v = 1.93x10° m%s and
ol s = 1.07.
Analysis: For the calculation of the non-isothermal fully developed friction coefficient, it is necessary to determine the flow

regime before making any decision regarding which friction coefficient relation to use. If the volume flow rate is increased by
50%, the Reynolds number becomes

_(VIA)D [(1.5x1.43x10~* m®/s)/(1.961x10~* m?)](0.0158 m)

=8960
v 1.93x107® mz2/s

Re

since A, =7 D?/4=7(0.0158m)?/4=1.961x10"* m?

From Table 8-6 for a bell-mouth inlet and a heat flux of 3 kW/m? the flow is in the turbulent region. To calculate the fully
developed friction coefficient for this case, Eq. 8-80 for turbulent flow with m = - 0.25 is used.

m
_(0.0791Y u, | ( 0.0791 025
Ctoub = [Wj(ﬂ_sj = (WJCLO?) =0.0080
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8-97E A liquid mixture flowing in a tube with a bell-mouth inlet is subjected to uniform wall heat flux. The friction
coefficient is to be determined.

Assumptions Steady operating conditions exist.

Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 13.8, v = 18.4x10°® ft¥/s and 14,/ 1z
=1.12.

Analysis: For the calculation of the non-isothermal fully developed friction coefficient, it is necessary to determine the flow
regime before making any decision regarding which friction coefficient relation to use. The Reynolds number at the specified
location is

Re

_(VIA)D [(2.16gal/min)/(2.11x10"° ft*)](0.622/12 ft) 1ft3/s _ 6405
v 18.4x10°° ft2/s 448 8galimin |

since
A, =7 D?/4=7(0.622/12ft)% / 4=2.110x10"° ft?

From Table 8-6, the transition Reynolds number range for this case is 3860 < Re < 5200, which means that the flow in this
case is turbulent and Eq. 8-80 is the appropriate equation to use. It gives

m
(00791 gy, | ( 0.0791 025
C b _(W)(ﬂ—s] _(Wj(mz) =0.00859

Repeating the calculations when the volume flow rate is increased by 50%, we obtain

Re

_(VIA,)D [15(2.16gal/min)/(2.11x107% ft%)](0.622/12ft)(  1ft%/s
v 18.4x107° ft2/s 448.8 gal/min

m
(00791 gy, | ( 0.0791 025
C b _(W)(ﬂ—s] _(Wj(mz) =0.00776
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8-98 A liquid mixture flowing in a tube is subjected to uniform wall heat flux. The apparent friction factor for two different
inlets of re-entrant and square-edged is to be determined.
Assumptions Steady operating conditions exist.

Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 20.9, v = 2.33 x 10°m%s, and
ue/ps = 1.25.

Analysis: For the calculation of the non-isothermal apparent (developing) friction factor, it is necessary to determine the flow
regime before making any decision regarding which friction factor relation to use. The Reynolds number at the specified
location is

_(VIA)D _[(7.8x10"°m°/s)/(L.744x10"* m?)](0.0149m)

Re 3
v 2.33x107° m2/s

= 2860

since
A =7 D?/4=7(0.0149m)?/ 4 =1.744x10* m?

From Table 8-7, we see that for both inlets the flow is in the transition region. Therefore, Eq. 8-85 applies. The value of m
and the constants a, b, and c are found in Table 8-7.

64 . .- c "
fapptran: = [(E] [(1 + (0.0049Re®™5)2)1/2 4 p] [1 + (m‘_D]]} (i)
(@) For re-entrant inlet: From Table 8-7
m=-1.84+0.46 Gr-O.lS Pr0.41 =-1.840.46 (28,090)_0'13 (20.9)0.41 =.1.3776: a=0.52, b= 347, c=48

64
.ﬁ":;:l_ﬂ,rrcns = [(7550

fapp.trsns = 0.03643

J [(1+ (0.0049:2860%75)0-52)1/0:52 _ 3 47] [1 + (%)]} (1.25)-22776

(b) For square-edged inlet: From Table 8-7
m = -1.13+0.48 Gr % pr® = -1.13+0.48 (28,090) °*° (20.9)*° = - 0.58041 ; a = 0.50, b = -4.0, c = 3.0

fappirans = [(2::[]] [(1 + (0.0049x2860°75)05)4/05 _ 4] [1 + (%]]} (1.25)-0se0at

fapp,trsns = 003809

Discussion If the flow was considered to be isothermal, in the above calculations the viscosity ratio should be set to unity or
m = 0. The apparent friction factor for the re-entrant inlet would be fupsns = 0.04954 (about 36% increase) and for the
square-edged inlet would be fap, irsns = 0.04336 (about 14% increase). Heating causes a decrease in the friction factor.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-88

8-99 A liquid mixture flowing in a tube is subjected to uniform wall heat flux. The Nusselt number at a specified location is to
be determined for two different tube inlet configurations.

Assumptions Steady operating conditions exist.
Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 33.46, v = 3.45x10° m%s and
ol 15 = 2.0.

Analysis For a tube with a known diameter and volume flow rate, the type of flow regime is determined before making any
decision regarding which Nusselt number correlation to use. The Reynolds number at the specified location is
_(VIA)D [(2.05x107* m®/s) /(1.961x10~* m?)](0.0158 m)

Re
v 3.45x107% m2/s

=4790

since
A, =7 D?/4=7x(0.0158m)%/4=1.961x10"* m?,

Therefore, the flow regime is in the transition region for all three inlet configurations (thus use the information given in Table
8-8 with x/D = 10) and therefore Eq. 8-83 should be used with the constants a, b, ¢ found in Table 8-7. However, Nu,,,» and
Nuy,, are the inputs to Eq. 8-83 and they need to be evaluated first from Eqs. 8-84 and 8-85, respectively. It should be
mentioned that the correlations for Nuj,,and Nuy, have no inlet dependency.

From Eq. 8-84:
Re PrD 1/3 0.14
NU |, =1.24 K e j+0.025(GrPr)0'75} (&j
X Hs
(4790)(33.46) Y3
=1.24 KT]+ 0.025[(60,000)(33.46)]0'75} (2.0)04
=354
From Eq. 8-85:
X -0.0054 0.14
NU , = 0.023Re®8 pr0385 [—j [ﬂj
D Hs
= 0.023(4790)°® (33.46) 3% (10) %% (2.0)°*
=85.1

Then the transition Nusselt number can be determined from Eq. 8-83,

Nu trans — Nu lam T {exp[(a - Re)/b]+ Nu furb }C

Case 1: For bell-mouth inlet:

NU rans =354+ {exp[(6628 - 4790)/237]+ 85.170-90 }_0'980 =354
Case 2: For re-entrant inlet:
NU g = 35.4+ exp[(1766 - 4790)/276]+85.1°%5 | °**° _g2 g

Discussion Comparing the two results, it can be seen that under the same conditions, the Nusselt number for the re-entrant
inlet is much higher than that for the bell-mouth inlet. To verify this trend, refer to Fig. 8-37.
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8-100 A liquid mixture flowing in a tube is subjected to uniform wall heat flux. The Nusselt number at a specified location is
to be determined for two different tube inlet configurations.

Assumptions Steady operating conditions exist.
Properties The properties of the ethylene glycol-distilled water mixture are given to be Pr = 33.46, v = 3.45x10° m%s and
ol 15 = 2.0.

Analysis For a tube with a known diameter and volume flow rate, the type of flow regime is determined before making any
decision regarding which Nusselt number correlation to use. The Reynolds number at the specified location is
_(VIA)D [(2.05x107* m®/s) /(1.961x10~* m?)](0.0158 m)

Re
v 3.45x107% m2/s

=4790

since
A, =7 D?/4=7x(0.0158m)%/4=1.961x10"* m?,

Therefore, the flow regime is in the transition region for all three inlet configurations (thus use the information given in Table
8-8 with x/D = 90) and therefore Eq. 8-83 should be used with the constants a, b, ¢ found in Table 8-7. However, Nu,,,»and
Nuy,, are the inputs to Eq. 8-83 and they need to be evaluated first from Eqs. 8-84 and 8-85, respectively. It should be
mentioned that the correlations for Nuj,,and Nuy, have no inlet dependency.

From Eq. 8-84:
Re PrD 1/3 0.14
NU :1.24{( e j+0.025(GrPr)0'75} (&j
X Hs
(4790)(33.46) Y3
=1.24 KT]+ 0.025[(60,000)(33.46)]0'75} (2.0)04
=20.0
From Eq. 8-85:
X —0.0054 0.14
NU , = 0.023Re®8 pr0385 [—j (ﬂJ
D Hs
= 0.023(4790)°® (33.46) %38 (90) 2% (2.0)**
=841

Then the transition Nusselt number can be determined from Eq. 8-83,

Nu trans — Nu lam T {exp[(a - Re)/b]+ Nu furb }C

Case 1: For bell-mouth inlet:

NU a0 = 20.0+ fexp[(6628 — 4700))237]+ 84.10%0 | ***° _ 200
Case 2: For re-entrant inlet:
NU g0 = 20.0+ fexp[(1766 - 4790)/276]+ 84,1055 | ** _ 76 9

Discussion Comparing the two results, it can be seen that under the same conditions, the Nusselt number for the re-entrant
inlet is much higher than that for the bell-mouth inlet. To verify this trend, refer to Fig. 8-37.
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Review Problems

8-101 The velocity profile in fully developed laminar flow in a circular pipe is given. The radius of the pipe, the mean
velocity, and the maximum velocity are to be determined.

Assumptions The flow is steady, laminar, and fully developed.

Analysis The velocity profile in fully developed laminar flow in a circular pipe is
r.2
u(r) :Vmax 1_? U(r)=Vmax(l-r2/R2)

The velocity profile in this case is given by

u(r) = 6(1—100r?) E/R T
- - 4 r

Comparing the two relations above gives the pipe radius, the i
maximum velocity, and the mean velocity to be

R2 -t

=— - R=0.10m
100

Viax = 6 m/s

Vavg :VmTaxzﬁr;/s =3m/s
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8-102E The velocity profile in fully developed laminar flow in a circular pipe is given. The volume flow rate, the pressure
drop, and the useful pumping power required to overcome this pressure drop are to be determined.

Assumptions 1 The flow is steady, laminar, and fully developed. 2 The pipe is horizontal.

Properties The density and dynamic viscosity of water at 40°F are p = 62.42 lbm/ft® and p = 1.308x10°® Ibm/ft-s, respectively
(Table A-9E).

Analysis The velocity profile in fully developed laminar flow in a circular pipe is

r?_
u(r) :Vmax (1_?j

The velocity profile in this case is given by

U(r)=Vmax(1-r2/R?)

u(r) =0.8(1—625r2)

R

—

Comparing the two relations above gives the pipe radius, the -—>\ T r
{—) V
—>

maximum velocity, and the mean velocity to be
RZ-_L ’
625
Vinax = 0.8 ft/s
\Y _ 0.8ft/s

Vavg = n;ax

- R=0.04ft Vinax

=0.4ft/s

Then the volume flow rate and the pressure drop become

V =V A =V (1R?) = (0.4 1t/s)[(0.04 ft)*] = 0.00201 ft*/s

4
o =D, 0,00201ft%s = (
1281 128(1.308x10 Ibm/ft -s)(140 ft)

(AP)7(0.08 ft)* {32.2 lbm - ft/s 2 ]
1ibf
It gives
AP =11.37 Ibf/ft? =0.0790 psi
Then the useful pumping power requirement becomes

1w

w = VAP = (0.00201ft%/s)(11.37 Ibf/ft?) ————
pump. ( )G )(0.737 Ibf - ft/s

j =0.031W

Checking The flow was assumed to be laminar. To verify this assumption, we determine the Reynolds number:

Re— AVagD (6242 Ibm/ft®)(0.4 ft/s)(0.08 ft)
)z 1.308x102 Ibm/ft-s

which is less than 2300. Therefore, the flow is laminar.

=1527

Discussion Note that the pressure drop across the water pipe and the required power input to maintain flow is negligible. This
is due to the very low flow velocity. Such water flows are the exception in practice rather than the rule.
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8-103 Laminar flow of a fluid through an isothermal square channel is considered. The change in the pressure drop and the
rate of heat transfer are to be determined when the mean velocity is doubled.

Assumptions 1 The flow is fully developed. 2 The effect of the change in AT, on the rate of heat transfer is not considered.

Analysis The pressure drop of the fluid for laminar flow is expressed as

L Vg 64 L AVag 64y L AV wp
AP]. - f ~ A .~ - ~ - avg _2
D 2 ReD 2 V,,DD 2 D

avg

When the free-stream velocity of the fluid is doubled, the pressure drop becomes

L p(zvavg)2 64 L p4va%/g 64v L p4va%/g wp
APy = f ———= =— — = — =64g—>
D 2 ReD 2 NgD D 2 D L
Their ratio is
ﬁzﬁzz Laminar flow
AP, 32 Vavg

The rate of heat transfer between the fluid and the walls of the channel is
expressed as

Q, =hAAT,, =% NUA AT}, = %Z.QSASAT,m

When the effect of the change in AT, on the rate of heat transfer is
disregarded, the rate of heat transfer remains the same. Therefore,

o
Q

Therefore, doubling the velocity will double the pressure drop but it will not affect the heat transfer rate.

=1
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8-104 Repeat Prob. 8-103 for turbulent flow. Turbulent flow of a fluid through an isothermal square channel is considered.
The change in the pressure drop and the rate of heat transfer are to be determined when the free-stream velocity is doubled.

Assumptions 1 The flow is fully developed. 2 The effect of the change in AT, on the rate of heat transfer is not considered.

Analysis The pressure drop of the fluid for turbulent flow is expressed as

\ 2 \ 2 v 02p-02 \ 2 -0.2
AP, = f LM _ o 1gaRe 02 L T2 _ gy e — L Plag _ 0.002v 18 bl L
D D 2 v D 2 v D
When the free-stream velocity of the fluid is doubled, the pressure drop becomes
2 2 -0.2 ~-0.2 2
AP, = f L) Pag)” g 184Re02 LLVa0 g 1gq Pavw) D 7 L pVa
D 2 D 2 y 02 D 2
D)\ %2 Lp
Their ratio is
AP, 0.368(2)%?Ve
2 - @ 0 =4(2)%? =3.48
AP 0.092V 44
The rate of heat transfer between the fluid and the walls L
of the channel is expressed as
: k k
Q = hAAT;y, =— NuAAT), = —0.023 Re%8 Pri/® AAT,, Turbulent flow

0.8 Vavg
DY" Kk s
=0.023V,8 —| P AT,

When the free-stream velocity of the fluid is doubled, the heat transfer rate becomes

0.8
Q= 0.023(2vavg)°~8(2j K pyrs AAT,,
v D
Their ratio is
: 0.8
Qo @an) _j00_g 44
A Va

Therefore, doubling the velocity will increase the pressure drop 3.8 times but it will increase the heat transfer rate by only
74%.
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8-105 A liquid hydrocarbon is heated as it flows in a tube that is maintained at a specified temperature. The flow rate and the
exit temperature of the liquid are given. The exit temperature is to be determined for a different flow rate.

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The inner surfaces of the
tube are smooth. 4 Heat transfer to the surroundings is negligible.

Properties The properties of the liquid are given to ¢, = 2.0 k/kg-K, p =10 mPa-s = 0.01 kg/m-s, and p =900 kg/m®.

Analysis We first determine the heat transfer coefficient from an energy balance:

M, (Te =T;) = hAS (Tg =Ty ayg) S
(1200/ 3600)(2000)(30 - 20) = h(;sz.025><5)(60— 2O+30j -
h=485W/m?.°C 1200 kg/h D=25cm
The Reynolds number for the first case is e
Re, =Py _AD__ ™ 4 _ 4(1200/3600Kkgls) oo ! |

i g prD?l4 Dy 7(0.025m)(001kg/m-s)
which is smaller than 2300 and therefore the flow is laminar. The Reynolds number in the second case is

A A(400/3600kgls)
Dy 7(0.025m)(0.01kg/m -s)

Rez =

Using the relationship between the Nusselt and Reynolds numbers for the laminar flow,

N R 1/3 h 21/3 1/3
R B D _ M 2:(400) (485) =336.3W/m?2 - C
Using this new heat transfer coefficient value, the exit temperature for the second case is determined to be

me (Te =Ti) =hA (T _Tb,avg)

(400 3600)(2000)(T, —20) = (336.3)( x 0.025 5)(60 20+T, j

T, =38.3°C
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8-106 A silicon chip is cooled by passing water through microchannels etched in the back of the chip. The outlet temperature
of water and the chip power dissipation are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The flow of water is fully developed. 3 All the heat generated by the
circuits on the top surface of the chip is transferred to the water.

Properties The properties of water at an anticipated average temperature of 25°C (298 K) based on the problem statement are
k =0.607 W/mK, z=0.891 x 10~ kg/m's, and Cp = 4180 J/kg-°C (Table A-9).

Circuits generating

Analysis (a) The mass flow rate for one channel, the hydraulic diameter, and the Reynolds number are

Miotal _ 0.005 kals

m = =0.0001kg/s
Nehannel 5
Dy, _AA A(H W) = 4(50x200) =80 m=8x10"m
p 2(H+W) 2(50+200)
. . -5
Re_ PVDn _ AVDy _ Dy _ (0.0001kg/s)(8x10™ m) ~897.9

P PAu A (50x200x1072 m?)(0.891x102 kg/m -s)

which is smaller than 2300. Therefore, the flow is laminar. We take fully developed laminar flow in the entire duct. The
Nusselt number in this case is

Nu = 3.66
Heat transfer coefficient is

heK Nz M(&GG) = 27,770 W/m2.°C
D 8x107 m

Next we determine the exit temperature of water
A =2WL + 2HL = 2(0.05x10) + 2(0.2x10) = 5mm? =5x10° m?

_(27,770)(5x10°°)
(0.0001)(4180)

T, =T, — (T, -T,)e "™ — 350 (350 — 290) exp{ } =306.96 K = 307 K

Then the rate of heat transfer becomes
Q= me, (Te —T;) = (0.0001 kg/s)(4180 J/kg.°C)(306.96 — 290)°C = 7.089 W
(b) Noting that there are 50 such channels, the chip power dissipation becomes
W, = N gpannelQone channet = 50(7.089 W) = 354 W
Discussion The average temperature of water is (290+307)/2 = 298.5 K = 25.5°C, which is very close to the assumed

temperature of 25°C. There is no need to repeat the calculations.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-96

8-107 A fluid flows through a tube subjected to uniform heat flux, (a) the convection heat transfer coefficient, (b) the value of
Ts— Tm, and (c) the value of T, — T; are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Properties The properties of the fluid are given: p = 1000 kg/m?, 1= 1.4 x 10" kg/ms, C, =4.2 kl/kg'K, and k = 0.58
W/mK.

Analysis (a) The Reynolds number, hydrodynamic and thermal entry lengths are

~ PVagD (1000 kg/m?)(0.3m/s)(0.01m)

Re 3
H 1.4x107° kg/m-s

= 2143 <2300 (laminar flow)

Lh 1am ~0.05ReD, =1.07m<14m and L, ~0.05RePrD=109m<14m
where

_ CpM (L4x107% kg/m -5)(4.2x10% J/kg - K)
k 0.58 W/m - K

Therefore flow is laminar and fully developed, and the Nusselt number and the convection heat transfer coefficient for
constant surface heat flux is

Pr =10.14

Nu=hD/k =436 — h=436"-43628WMK _ 53 \wim2k
D 0.01m
(b) The value of T, — T, can be determined using
: 2
_11¢,D _ 11 (1500 W/m*~)(0.01m) _ 5.93°C

.M 48 k48 058W/m-K
(c) The value of T, — T; can be determined using
Q _ 44(DL) _  4dL
me p pVavg”DZCp pVan DCP

Q:mcp(Te _Ti) - Te-Ti=

2
T,-T, - . 4(1500 W/m<)(14 m) : 6.67°C
(1000 kg/m~)(0.3 m/s)(0.01 m)(4.2x10° J/kg - K)

Discussion The value of Ts - Ty, can also be calculated using g =h(T, —T,,) .
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8-108 Crude oil is cooled as it flows in a pipe. The rate of heat transfer and the pipe length are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The inner surfaces of the
tubes are smooth. 4 Heat transfer to the surroundings is negligible.

Properties The properties of crude oil are given in the table.
Analysis The mass flow rate of air is Crude oil
’ 0.20 mis L
m = pAV '
~ (890 kg/m?)|z(0.20m)? / 4}0.20 mys) ]
=5.592 kg/s ! |

Finding the specific heat of oil at 21°C by interpolation, the rate of heat transfer is determined to be
Q= me, (T —T;) = (5.592 kg/s)(1895 J/kg.°C)(22 - 20)°C = 21,194 W
The Prandtl and Reynolds number are

HC,  (0.022 kg/m -s)(1895 J/kg - K)
k 0.145 W/m - K

Pr— = 2875

_ pVD (890 kg/m®)(0.20 m/s)(0.2 m)
7] 0.022 kg/m -s

Re =1658

which is smaller than 2300. Therefore, the flow is laminar. Assuming fully developed velocity profile and developing
temperature profile flow in the entire tube, the Nusselt number is determined from

hD 0.065(D/L)RePr 0.065(0.2/L)(1658)(287.5)
=—=3.66+ 2/3=3. + 373
k 1+0.04[(D/L)RePr] 1+0.04[(0.2/1L)(1658)(287.5)]

Nu

The heat transfer coefficient is expressed as

h=—Nu=

(o.145j[3_66+ 0.065(0.2/ L)(L658)(287.5)

1+0.04[(0.2/ L)(1658)(287.5)]*'3 J - 0'725[3'66 ’

6197/L }

k
D 1+83.41L7%/3

From Newton’s law of cooling

Q = hA(Ts _Tb,avg)
22420 Zj

21194 = h(0.2) L(

hL =1775
Setting both h equations to each other

6197/L

hL = 0.725L[3.66 M —
1+83.41L"

} =1775

By trial error or using an equation solver such as EES, we obtain

L=189m
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8-109 Air (1 atm) enters into a 5-mm diameter circular tube, the convection heat transfer coefficient for (a) a 10-cm long tube
and (b) a 50-cm long are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature.

Properties The properties of air at 50°C: ¢, = 1007 J/kg-K, k= 0.02735 W/m'K, p=1.092 kg/m®, 11=1.963 x 10 kg/m's, v
=1.798 x 10> m%s, and Pr = 0.7228; at T, = 160°C: 1 = 2.420 x 10 ° kg/m's (Table A-15).

Analysis The Reynolds number, hydrodynamic and thermal entry lengths are

~VagD  (5m/s)(0.005 m)

Re
v (1.798x107° m?%/s)

=1390< 2300 (laminar flow)

Lh jam ®0.05ReD =348cm and L, ~0.05RePrD =25.1cm

(a) For the 10-cm long tube, the flow is laminar, hydrodynamically and thermally developing. The appropriate equation to
determine the Nusselt number is from (Sieder and Tate, 1936)

1/3 0.14 1/3 0.14
Nu = 186[ RePr DJ Ay _ 1.86{ (1390)(0.7228)(0.005 m)} [1.963j _ 6.665
L L 0.1m 2.420

h:%Nu:36.5W/m2-K

(b) For the 50-cm long tube, the flow is laminar and fully developed. The Nusselt number for constant surface temperature is
Nu=366 — h :%Nu =20.0W/m?-K

Discussion The convection heat transfer coefficient in the hydrodynamic and thermal entrance regions is larger than that in
the fully developed flow.
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8-110 Air is flowing through a thin smooth copper tube that is submerged in the nearby lake; the necessary copper tube length
for the air to exit with an outlet mean temperature of 20°C is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature. 4
Conduction through the copper tube wall is negligible.

Properties The properties of air at T, = (T; + T)/2 = 25°C: ¢, = 1007 J/kg'K, k=0.02551 W/m'K, p=1.184 kg/m?®, v=1.562
x 1073 m?/s, and Pr = 0.7296 (Table A-15).

Analysis The Reynolds number is

Re - VagD  (2.5m/s)(0.1m)

v (1.562x107° m2/s)

=16005 >10,000 (turbulent flow)
Since the flow inside the copper tube is turbulent, we can use
the Dittus-Boelter equation to calculate the Nusselt number:

Nu = 0.023Re%8 Pr%4 = 0.023(16005)%8(0.7296)%2 = 48.31

— == =
— Water,h, Ty — _—

The length of the copper tube can be determined using

haDL
T =T, — (T, —Ti)exp[— - J

mce,
where the surface temperature of the tube can be determined by L
applying energy balance on the tube surface:

me, (T, ~Te) = hy (DL)(T, ~T,) where = pV,,,7D? /4 =0.02325 kg/s

Copy the following lines and paste on a blank EES screen to solve the above equation:
c_p=1007
D=0.1
h=12.32
h_o=1000
T_i=30
T e=20
T_inf=15
V_avg=2.5
mdot=0.02325
mdot*c_p*(T_i-T_e)=h_o*pi#*D*L*(T_s-T_inf)
T_e=T_s-(T_s-T_i)*exp(-h*pi#*D*L/(mdot*c_p))
Solving by EES software, the necessary copper tube length is
L=6.74m

Discussion It is reasonable to neglect heat conduction through the copper tube wall, since copper has high thermal
conductivity and the tube wall is thin.
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8-111 Liquid mercury flowing through a tube, the tube length is to be determined using (a) the appropriate Nusselt number
relation for liquid metals and (b) the Dittus-Boelter equation. The results of (a) and (b) are to be compared.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature. 4 Fully
developed flow.

Properties The properties of liquid mercury at T, = (T; + T)/2 = 150°C: ¢, = 136.1 J/kg'K, k=10.0778 W/m'K, =
1.126x10° kg/mrs, and Pr=0.0152; at Ts = 250°C: Pr, = 0.0119 (Table A-14).

Analysis The Reynolds number is

am 4(0.6 kg/s)

Re = =
Dy 7(0.05m)(1.126x1072 kg/m -s)

=13570 >10,000 (turbulent flow)

(a) The flow is turbulent and the appropriate Nusselt number relation for liquid metals is

Nu = 4.8+ 0.0156 Re®%° Pr,%% = 4.8+ 0.0156(13570)°%(0.0119)**® =5.624

h=(k/D)Nu =1134 W/m? - K

Hence, length of the tube is
L me, inTs~Te _ (0.6kg/s)(136.10/kg-K) | 250200
Dh T -T;  7(0.05m)(1134 W/m?-K) 250-100

=0.504m

(b) Using the Dittus-Boelter equation, we have
Nu = 0.023Re%® Pr®4 = 0.023(13570)%%(0.0152)%4 =8.72 — h=1758W/m?-K

Hence, length of the tube is
Lo mc, In T —Te _ (0.6kg/s)(136.1J/kg - K) In 250 -200
aDh T =T, z(0.05m)A758 W/m?-K) 250 -100

=0.326m

(c) Comparing the results calculated for (a) and (b) showed that when using the Dittus-Boelter equation, the tube length is
underestimated by approximately 36%.

Discussion When using the relations for calculating Nusselt number, it is necessary to consider their applicability and their
associated limits and conditions.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-101

8-112 The convection heat transfer coefficients for air (a) flowing through and (b) flowing across a thin-walled tube are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature. 4 Fully
developed flow.

Properties The properties of air at 50°C: k = 0.02735 W/m'K, v=1.798 x 10> m?/s, and Pr = 0.7228 (Table A-15).
Analysis The Reynolds number is

Re VagD  (25m/s)(0.05m)

= - = 69522
v (1.798x10°° m%/s)

(a) The flow inside the tube is turbulent (Re > 10,000), and using the Dittus-Boelter equation, we have
Nu = 0.023Re%® Pro4 = 0.023(69522)%8(0.7228)%* =151
Hence the convection heat transfer coefficient is

h= % Nu = (W}Sl =82.6W/m?-K (internal forced convection)
(b) Using the Zukauskas (1972) equation from Table 7-1, we have

Nu = 0.027 Re%®% prl/® = 0.027(69522)%8% (0.7228)'/® =192
Hence the convection heat transfer coefficient is

Ko (0.02735 Wim-K

h=—Nu-= 92 =105W/m? -K  (external forced convection)
D 005m

Discussion The convection heat transfer coefficient for the case when air is flowing across the tube outer surface is
approximately 27% larger than the case when air is flowing inside the tube.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-102

8-113 Water is heated by passing it through five identical tubes that are maintained at a specified temperature. The rate of
heat transfer and the length of the tubes necessary are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The inner surfaces of the
tubes are smooth. 4 Heat transfer to the surroundings is negligible.

Properties The properties of water at the bulk mean fluid temperature of (15+35)/2=25°C are (Table A-9)

p =997 kg/m? _— 60°C
k = 0.607 W/m.°C
1= 0.891x10 m?2/s vlvggr N i
¢, =4180J/kg.°C 10 kg/s
Pr=6.14
5 tubes

Analysis (a) The rate of heat transfer is
Q=rc p (Te —T;) = (10 kg/s)(4180 J/kg.°C)(35-15)°C = 836,000 W

(b) The water velocity is
m (10/5) kals

= = =1.02m/s
PA. (997 kg/m®)7(0.05m)? / 4

The Reynolds number is

_ pVD (997 kg/m*)(1.02 m/s)(0.05 m)
u 0.891x1072 kg/m-s

Re =57,067

which is greater than 10,000. Therefore, we have turbulent flow. Assuming fully developed flow in the entire tube, the Nusselt
number is determined from

Nu =0.023Re%® Pro4 =0.023(57,067)%8(6.14) >4 = 3035

Heat transfer coefficient is

b Ky 0607 WimeC

= (303.5) = 3684 W/m?.°C
D 0.05m

Considering that there are 5 tubes, the logarithmic mean temperature difference, the surface area and the lenghth of the tubes
are determined as follows:

T -T _
AT, =—diTe 15735 4 03¢

i Ts = Te In[60_35j
T, -T, 60 -15

Q =hAAT,,, ——>836,000 W = (3684 W/m?.°C) A, (34.03°C) ——> A, = 6.668 m?

A,  6.668m?

=5 = =8.49m
572D 57(0.05m)

A, =57DL L
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8-103

8-114 Water is heated by passing it through five identical tubes that are maintained at a specified temperature. The rate of
heat transfer and the length of the tubes necessary are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The inner surfaces of the
tubes are smooth. 4 Heat transfer to the surroundings is negligible.

Properties The properties of water at the bulk mean fluid temperature of (15+35)/2=25°C are (Table A-9)

p =997 kg/m3 60°C
k =0.607 W/m.°C ¥
4 =0.891x10"° m2/s Vl"gg 350C
- ° D=5cm
Cp =4180 J/kg. C 20 kg/s
Pr=6.14

Analysis (a) The rate of heat transfer is 5 tubes

Q=rhc, (T, —T;) = (20 kg/s)(4180 J/kg.°C)(35 - 15)°C = 1,672,000 W

(b) The water velocity is
m (20/5) kals

PA. (997 kg/im®)|(0.05 m)? / 4]

The Reynolds number is

_ pVD (997 kg/m*)(2.04 m/s)(0.05 m)
u 0.891x1072 kg/m-s

Re =114,320

which is greater than 10,000. Therefore, we have turbulent flow. Assuming fully developed flow in the entire tube, the Nusselt
number is determined from

Nu =0.023Re"® Pro4 =0.023(114,320)%8(6.14)%* =529.0

Heat transfer coefficient is

b Ky 0607 WimeC

= (529.0) = 6423 W/m? .°C
D 0.05m

Considering that there are 5 tubes, the logarithmic mean temperature difference, the surface area and the lenghth of the tubes
are determined as follows:

T -T _
AT, =—diTe 15735 4 03¢

i Ts = Te In[60_35j
T, -T, 60 -15

Q =hAAT,,, ——>1,672,000 W = (6423 W/m?.°C) A, (34.03°C) ——> A, =7.650 m?

A,  7.650m?

=5 = =9.74m
572D 57(0.05m)

A, =57DL L
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8-104
8-115 Water is heated as it flows in a smooth tube that is maintained at a specified temperature. The necessary tube length and
the water outlet temperature if the tube length is doubled are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The inner surfaces of the
tube are smooth. 4 Heat transfer to the surroundings is negligible.

Properties The properties of water at the bulk mean fluid temperature of (10+40)/2=25°C are (Table A-9)

p =997 kg/m?®
k = 0.607 W/m.cC
-3 2
1 =0.891x10° m?/s 15\6V;tlfr/h D=1cm
¢, = 4180 J/kg.°C g
Pr=6.14 L

Analysis (a) The rate of heat transfer is l
Q= me, (T, —T;) = (1500/3600 kg/s)(4180 J/kg.°C)(40 —10)°C = 52,250 W

The water velocity is
_om (1500/3600) kg/s
PA. (997 kg/m®)|7(0.01m)? / 4
The Reynolds number is

_ pVD (997 kg/m?)(5.321m/s)(0.01m)

u 0.891x107 kg/m-s
which is greater than 10,000. Therefore, we have turbulent flow. Assuming fully developed flow in the entire tube, the Nusselt
number is determined from

hD
Nu = Th =0.023Re8 Pr®4 = 0.023(59,540)°8(6.14)%* =313.9

J= 5.321m/s

Re =59,540

Heat transfer coefficient is
h :LNU _ 0.607 W/m.°C
D 0.01m

The logarithmic mean temperature difference, the surface area and the lenghth of the tube are determined as follows:

ATy = Tiole 10240 o0 460F

n T, -T, In(49—40j
T, -T, 49-10

Q = hAAT,,, ——52,250 W = (19,054 W/m? °C) A, (20.46°C) ——> A, = 0.1340 m?

(313.9) =19,054 W/m? .°C

A, = 7/DL——0.1340m? = 7(0.01m)L——> L =4.27m

(b) If the tube length is doubled, the surface area doubles, and the outlet water temperature may be obtained from an energy
balance to be

rhCp (Te _Ti) = hAsATIm = hAs — e _
Ts _Te
In
Ts _Ti

10-T,
In 49-T,
49-10
By trial-error or using an equation solver such as EES, we obtain
Te =46.9°C

(1500/3600)(4180)(T, —10) = (19,054)(2x 0.1340)
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8-105

8-116E The exhaust gases of an automotive engine enter a steel exhaust pipe. The velocity of exhaust gases at the inlet
and the temperature of exhaust gases at the exit are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the pipe are smooth. 3 The thermal resistance of the pipe
is negligible. 4 Exhaust gases have the properties of air, which is an ideal gas with constant properties.

Properties We take the bulk mean temperature for exhaust gases to be 700°F since the mean temperature of gases at the inlet
will drop somewhat as a result of heat loss through the exhaust pipe whose surface is at a lower temperature. The properties of
air at this temperature and 1 atm pressure are (Table A-15E)

p =0.03421 Ibm/ft? ¢, = 0.2535 Btu/lbm.°F
k =0.0280 Btu/h.ft.°F  Pr=0.694

80°F
v =6.225x10" ft?/s
Noting that 1 atm = 14.7 psia, the pressure in atm is Exhaust
; ; 800°F D=35in
P=(155 /(14.7 = 1.054 atm. Then,
( psia)/( psia) atm. Then 0.05 Ibrm/s
p = (0.03421 Ibm/ft)(1.054) = 0.03606 Ibm/ft> | oen

v =(6.225x10"* ft?/s)/(1.054) = 5.906x10™* ft?/s |

Analysis (a) The velocity of exhaust gases at the inlet of the exhaust pipe is
0.05 Ibm/s

m _ = 20.75ft/s
PA (0.03606 lom/ft®)((3.5/12 ft)? 1 4)

m= pvavg A —_)Vavg =

(b) The Reynolds number is

~ VaygDn  (20.75ft/s)(3.5/12 ft)

v 5906x107* ft%/s

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L; ~10D =10(3.5/12 ft) =2.917 ft

Re =10,249

which are shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow in the entire duct,
and determine the Nusselt number from

_ hD,

Nu =0.023Re®8 Pro3 =0.023(10,249) %8 (0.6940) %2 =33.32

k _0.0280 Btu/h.ft.°F

— Nu = (33.32) = 3.198 Btu/h.ft2.°F
D (3.5/12) ft

and h =h=

A = DL = 7(3.5/12 ft)(8 ft) = 7.33 ft?

In steady operation, heat transfer from exhaust gases to the duct must be equal to the heat transfer from the duct to the
surroundings, which must be equal to the energy loss of the exhaust gases in the pipe. That is,

Q = Qinternal = Qexternal = AEexhaust gases

Assuming the duct to be at an average temperature of T, the quantities above can be expressed as

. . T -T : T. —800°F
Qinternal: Q=hAAT,, =hA, ——" _ 5 Q=(3.198 Btu/h.ft.°F)(7.33 ft2)¢
(Ts _TeJ (Ts _Te J
In In
T, T, T, —800
Qexternal’ Q=h,A (T, -T,) > Q= (3Btu/h.ft* °F)(7.33ft*)(T, —80)°F

AE gupaustgases: Q= Mc, (T, = T;) > Q = (0.05x 3600 lom/h)(0.2535 Btu/lbm.°F)(800 — T, )°F

This is a system of three equations with three unknowns whose solution is
Q =7234Btu/h, T, = 641.5°F, and T, = 408.9°F
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8-106
8-117E Air is flowing through a smooth thin-walled copper tube that is submerged in water; the necessary copper tube length
for the air to exit with an outlet mean temperature of 70°F is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature. 4
Conduction through the copper tube wall is negligible.

Properties The properties of air at T, = (T; + T)/2 = 80°F: ¢, = 0.2404 Btw/Ibm'R, k = 0.01409 Btw/h-ft-R, p = 0.07783
lbm/ft®, v=1.535 x 10* ft?/s, and Pr = 0.7336 (Table A-15E).

Analysis The Reynolds number is

Re VagD  (8ft/s)(4/12ft)

v (L.535x107* ft2/s)

=17370 >10,000 (turbulent flow)

Since the flow inside the copper tube is turbulent, we can use
the Dittus-Boelter equation to calculate the Nusselt number:

- —— — _—
— Waterh, Ty, — _—

T, — v r
h=2.184Btu/h-ft>-R i— Air, h — 7,

Nu = 0.023Re%® Pr®* = 0.023(17370)°%(0.7336) %3 = 51.67

The length of the copper tube can be determined using

hzDL
Te :Ts _(Ts _Ti)exp(_ y j
me

where the surface temperature of the tube can be determined by applying energy balance on the tube surface:
me, (T; = Te) =h, (aDL)(Ts -T,,) where m= pVavgﬂDz /4 =195.6 lbm/h

Copy the following lines and paste on a blank EES screen to solve the above equation:
c_p=0.2404
D=4/12
h=2.184
h_o=176
T_i=90
T e=70
T_inf=60
V_avg=8
mdot=195.6
mdot*c_p*(T_i-T_e)=h_o*pi#*D*L*(T_s-T_inf)
T_e=T_s-(T_s-T_i)*exp(-h*pi#*D*L/(mdot*c_p))
Solving by EES software, the necessary copper tube length is

L=229ft

Discussion It is reasonable to neglect heat conduction through the copper tube wall, since copper has high thermal
conductivity and the tube wall is thin.
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8-107

8-118 Hot water enters a cast iron pipe whose outer surface is exposed to cold air with a specified heat transfer coefficient.
The rate of heat loss from the water and the exit temperature of the water are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the pipe are smooth.

Properties We assume the water temperature not to drop significantly since the pipe is not very long. We will check this
assumption later. The properties of water at 90°C are (Table A-9)

p =965.3kg/m?; k =0.675W/m.°C 10°C
v=ulp=0326x10° m?/s; c, =4206J/kg.°C
Pr=1.96 ‘anfér Di=4cm
Analysis (a) The mass flow rate of water is 1.2 m/s D il
2
M= pAV,4 =(965.3 kg/ms)m(l.z m/s) =1.456 kg/s L=15m
I |

The Reynolds number is
_ VagDn  (1.2m/s)(0.04 m)
C v 0.326x10° m%fs
which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly

L, ~ L, =10D =10(0.04 m) =0.4m
which are much shorter than the total length of the pipe. Therefore, we can assume fully developed turbulent flow in the entire

pipe. The friction factor corresponding to Re = 147,240 and ¢/D = (0.026 cm)/(4 cm) = 0.0065 is determined from the Moody
chart to be f = 0.032. Then the Nusselt number becomes

_ hD,

Re =147,240

Nu =0.125f Re Pr/® =0.125x0.032x147,240x1.96'/3 = 737.1

and ey 2 7S WimSC

=— Nu= (737.1) =12,440 W/m? .°C
Dy, 0.04m

which is much greater than the convection heat transfer coefficient of 12 W/m?.°C. Therefore, the convection thermal
resistance inside the pipe is negligible, and thus the inner surface temperature of the pipe can be taken to be equal to the water
temperature. Also, we expect the pipe to be nearly isothermal since it is made of thin metal (we check this later). Then the rate
of heat loss from the pipe will be the sum of the convection and radiation from the outer surface at a temperature of 90°C, and
is determined to be

A, = oL = 7(0.046 m)(15m) = 2.168 m?
Qeonv = ho Ao (Ts = Trr ) = (12 W/m?.°C)(2.168 m?)(90—10)°C = 2081 W
Qrad = gAOO-(Ts4 _Tsurr4)
=(0.7)(2.168 m?)(5.67 x10~® W/m? .K4)[(90+ 273K)* —(10+273 K)“]: 942 W
Quotal = Qeony + Qrag = 2081+942 = 3023 W
(b) The temperature at which water leaves the basement is
Q: rth(ri _Te) )Te :Ti - _.Q =90°C— 023W =89.5°C
mc (1.456 kg/s)(4206 J/kg.°C)

The result justifies our assumption that the temperature drop of water is negligible. Also, the thermal resistance of the pipe
and temperature drop across it are
In(D, / D;) In(4.6/ 4)
Pipe “TToL  472(52 WIm.°C)(15 m)
AT pipe = Quota R pipe = (3023 W)(2.85x107° °C/W) = 0.09°C

=2.85x107° °C/W

pipe
which justifies our assumption that the temperature drop across the pipe is negligible.
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8-108

8-119 Hot water enters a copper pipe whose outer surface is exposed to cold air with a specified heat transfer coefficient. The
rate of heat loss from the water and the exit temperature of the water are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the pipe are smooth.
Properties We assume the water temperature not to drop significantly since the pipe is not very long. We will check this
assumption later. The properties of water at 90°C are (Table A-15)

p =965.3kg/m?; k =0.675W/m.°C 10°C

= ul p=0326x10° m?/s; c, =4206J/kg.°C
VAP ) P g Water D;=4cm
Pr=1.96 90°C D,=4.6cm
Analysis (a) The mass flow rate of water is 1.2 mfs
L=15m

7(0.04 m)?
4

M= pAV,,, = (965.3kg/m®) (1.2 m/s) =1.456 kg/s ,

The Reynolds number is
_ VagDn  (1.2m/s)(0.04 m)
C v 0.326x10° m%fs
which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly

L, ~ L, =10D =10(0.04 m) =0.4m
which are much shorter than the total length of the pipe. Therefore, we can assume fully developed turbulent flow in the entire

pipe. The friction factor corresponding to Re = 147,240 and ¢/D = (0.026 cm)/(4 cm) = 0.0065 is determined from the Moody
chart to be f = 0.032. Then the Nusselt number becomes

_ hD,

Re =147,240

Nu =0.125f Re Pr/® =0.125x0.032x147,240x1.96'/3 = 737.1

and hizth y = 2675 Wim.°C
Dy, 0.04m

which is much greater than the convection heat transfer coefficient of 12 W/m?.°C. Therefore, the convection thermal
resistance inside the pipe is negligible, and thus the inner surface temperature of the pipe can be taken to be equal to the water
temperature. Also, we expect the pipe to be nearly isothermal since it is made of thin metal (we check this later). Then the rate
of heat loss from the pipe will be the sum of the convection and radiation from the outer surface at a temperature of 90°C, and
is determined to be

A, = D, L = 7(0.046 m)(15m) = 2.168 m?

(737.1) =12,440 W/m? .°C

Qeonv = ho Ao (Ts = Trr ) = (12 W/m?.°C)(2.168 m?)(90—10)°C = 2081 W

Qrad = gAOO-(Ts4 _Tsurr4)
=(0.7)(2.168 m?)(5.67 x10~® W/m? .K4)[(90+ 273K)* —(10+273 K)“]: 942 W

Quotal = Qeony + Qrag = 2081+942 = 3023 W
(b) The temperature at which water leaves the basement is

Q=ric, (T, -T,) ——T, =T, —,i=90°C— 3023 W =89.5°C

mc (1.456 kg/s)(4206 J/kg.°C)
The result justifies our assumption that the temperature drop of water is negligible. Also, the thermal resistance of the pipe
and temperature drop across it are
_In(D, /D) In(4.6/ 4)

Pipe A7kL 272(386 W/m.°C)(15 m)
AT pipe = Quotar R pipe = (3023 W)(3.84x107° °C/W) = 0.012°C

R =3.84x107% °Cc/W

pipe
which justifies our assumption that the temperature drop across the pipe is negligible.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-109
8-120 Hot exhaust gases flow through a pipe. For a specified exit temperature, the pipe length is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The inner surface of the pipe is smooth. 3 For hot gases, air properties are
used. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 atm.

Properties The properties of air at 1 atm and the bulk mean temperature of (450+250)/2 = 350°C are (Table A-15)
p =0.5664 kg/m?>
k =0.04721W/m.°C / Ts=180°C
v =5.475%x10° m?/s

¢, =1056 J/kg.°C Exhaust
Pr=0.6937 gases D=15cm
. . 450°C 250°C
Analysis The Reynolds number is 45m/s
VgD
Re—_9~ _ (4.5m/s)(0.15m) ~12.329 L

v 5475x10°m?/s ! !
which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L; ~10D =10(0.15m) =1.5m

which is probably much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow in
the entire duct, and determine the Nusselt number from

Nu = hTD =0.023Re%8 Pr®3 = 0.023(12,329)%8(0.6937)%2 = 38.62

Heat transfer coefficient is

K 0.04721W/m.°C
h=—NYy=z—M—— "~ —
D 0.15m

The logarithmic mean temperature difference is

T-T _
ATy =————~= 2502450 ) 45 50c

o Ts = Te In[lgO_ZSO]
T, T, 180 - 450

(38.62) =12.16 W/m? -°C

The rate of heat loss from the exhaust gases can be expressed as
Q = hAAT,,, = (12.16 W/m?.°C)[~(0.15 m)L](148.2°C) = 848.9L
where L is the length of the pipe. The rate of heat loss can also be determined from
MM = PV g A; = (0.5664 kg/m®)(4.5 m/s)|z(0.15 m)? /4|= 0.04504 kg/s
Q =, AT = (0.04504 kg/s)(1056 J/kg.°C)(450 — 250)°C = 9513 W
Setting this equal to rate of heat transfer expression above, the pipe length is determined to be

Q=848.9L =9513W ——>L =11.2m

The pipe length (11.2 m) is much greater than the entry length (1.5 m), and therefore the fully developed flow assumption is
valid.
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8-110

8-121 Water is heated in a heat exchanger by the condensing geothermal steam. The exit temperature of water and the rate of
condensation of geothermal steam are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the tube are smooth. 3 The surface temperature of
the pipe is 165°C, which is the temperature at which the geothermal steam is condensing.

Properties The properties of water at the anticipated mean temperature of 85°C are (Table A-9)
p =968.1kg/m?

k =0.673W/m.°C /Ts = 165°C
¢, = 42013/kg.°C

Pr=2.08 Water
3 20°C 4cm
y =t 0333x10 kgslm's —3.44x107 m?/s 0.8 kg/s
P 968.1kg/m
hfg @165°C = 20665 kJ/kg 14 m

Analysis The velocity of water and the Reynolds number are

2
M= pAV,,, —> 0.8Kg/s = (968.1kg/m*®)z (O'Oim) Vavg Vg =0.6576 /s

Re = VagD  (0.6576 m/s)(0.04 m)
v 3.44x107" m?/s

=76,465

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L; ~10D =10(0.04 m) = 0.4 m

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow in the entire
duct, and determine the Nusselt number from

Nu = hTD =0.023Re%® pro4 = 0.023(76,465)%8 (2.08)*4 = 248.7

Heat transfer coefficient is

k 0.673W/m.°C
h=—Nu=——-—"—
D 0.04m

(248.7) = 4184 W/m? .°C
Next we determine the exit temperature of air,
A, = DL = 7(0.04 m)(14 m) = 1.759 m?

_(4184)(1.759)
Te — Ts _ (Ts —Ti )e—hAs /(me) — 165 _ (165— 20)e (0.8)(4201) — 1488OC

The logarithmic mean temperature difference is

T -T 8-
ATy =————~= 1488-20 o4 770c

i Ts e In(165—148.8j
T, -T, 165-20

The rate of heat transfer can be expressed as

Q =hA,AT,,, = (4185 W/m?.°C)(1.759 m?)(58.77°C) = 432,500 W
The rate of condensation of steam is determined from

Q = h g, ——>432.5KW = (20665 ki/kg) ——> h = 0.209 kg/s
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8-122 Cold-air flows through an isothermal pipe. The pipe temperature is to be estimated.

Assumptions 1 Steady operating conditions exist. 2 The inner surface of the duct is smooth. 3 Air is an ideal gas with constant
properties. 4 The pressure of air is 1 atm.

Properties The properties of air at 1 atm and the bulk mean temperature of (5+19)/2=12°C are (Table A-15)

p =1.238kg/m*

T
k = 0.02454 W/m.°C y
v =1.444x10° m?/s Air
¢, =1007 J/kg.°C 5°C 12 cm 19°C
2.5m/s
Pr=0.7331
Analysis The rate of heat transfer to the air is 20m

2
(2.5m/s) =0.0350 m/s

= PANV g = (1238 kg/m%@

Q= mc , AT = (0.0350 kg/s)(1007 J/kg.°C)(19 - 5)°C = 493.1W
Reynolds number is

_VagD  (2.5m/s)(0.12m)

Re = ) =20,775
v 1.444x107° m*/s

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L; ~10D =10(0.12m)=1.2m

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow in the entire
duct, and determine the Nusselt number from

Nu = hTD =0.023Re%® Pro4 = 0.023(20,775) %8 (0.7331)** =57.79

Heat transfer coefficient is

h :L NU = 0.02454 W/m.°C

(57.79) =11.82 W/m?.°C
D 0.12m

The logarithmic mean temperature difference is determined from
Q = hAAT,,, —>493.1W = (11.82 W/m? .°C)[7(0.12 m)(20 m)]AT,, ——> AT,, =5.533°C
Then the pipe temperature is determined from the definition of the logarithmic mean temperature difference

T, -T, -
e 5.533°C = 02 T, =3.8°C

In(Ts —TEJ In(TS —19]
T, -T, T,-5

AT|m =
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8-123 Crude oil is heated as it flows in the tube-side of a multi-tube heat exchanger. The rate of heat transfer and the tube
length are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The surface temperature is constant and uniform. 3 The inner surfaces of the
tubes are smooth. 4 Heat transfer to the surroundings is negligible.

Properties The properties of crude oil are given to be p = 950 kg/m?, ¢, = 1.9 ki/kg-K, k = 0.25 W/m-K, p = 12 mPa-s.
Analysis The rate of heat transfer is

Q =ric,, (T, —T;) = (100 kg/s)(1900 J/kg.°C)(40 — 20)°C = 3.8 x 10° W

The water velocity is

m (100/100) kg/s 100 tubes
= = 3 > =13.4m/s
PA. (950 kg/m®)|(0.01m)? / 4| _
Crude oil D=1cm
The Prandtl and Reynolds number are 100 kg/s -
Pr — HCp _ (0.012 kg/m-s)(1900 J/kg - K) 912 L
k 0.25W/m-K I |
3
Re — pVvD _ (950 kg/m*)(13.4 m/s)(0.01m) _10,610

7 0.012kg/m-s

which is greater than 10,000. Therefore, we have turbulent flow. Assuming fully developed flow in the entire tube, the Nusselt
number is determined from

Nu = hTD =0.023Re%® Pr® =0.023(10,610)%8(91.2)%4 = 232.4

Heat transfer coefficient is

h= K Ny = 22OWMC o) 4y 5811 WIm?2 oC
D 0.01m

Using the average fluid temperature and considering that there are 100 tubes, the length of the tubes is determined as follows:

Q=hA (T ~Tpayg) —> 3.8x10° W = (5811 W/m? ~°C)A(100— 20230)0(: A, =8.719m?

A, =aDL —>8.719m? =1007(0.01m)L —> L=2.78m
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8-124 The rectangular tube surface temperature necessary to heat water to the desired outlet temperature of 80°C is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant tube surface temperature.

Properties The properties of water at T, = (T; + T¢)/2 = 50°C: ¢, = 4181 J/kg'K, k=0.644 W/m'K, 1= 0.547 x 10~ kg/m's,
and Pr = 3.55 (Table A-15).

Analysis The hydraulic diameter is

ﬂ _ 4ab
p 2(a+b)

) =0.03333m

S —

The Reynolds number, hydrodynamic and thermal entry lengths are I_ a -

Re AVaygDn  m(4A, I p) _4m _ dm 4(0.25 kg/s)
P A it pu 2(a+b)u  2(0.075m)(0.547 x1073 kg/m -5)
=12200 > 10,000

Lh,turb ~ Lt,turb leDh = 0333 m <1O m

Hence, the flow is fully developed turbulent, and using the Dittus-Boelter equation, we have

hD
Nu = Th =0.023Re%® Pro = 0.023(12200)°8 (3.55)%* = 70.94

Hence, the convection heat transfer coefficient is

0.644 W/m - K

h=70.94
0.03333m

):1371W/m2 K

The tube surface temperature can be determined using

Te —T; exp[-hA, /(mc )]

LT (T —T)exp - ™ | 1
Te=Ts =0 T')eXp[ mcpj T = T explhA, f(c,)]

_ 80°C —(20°C) exp(-1.967)
1-exp(-1.967)

T, =89.8°C

where

hA;  (1372W/m? - K)2(10 m)(0.025 m +0.050 m)
mc (0.25kg/s)(4181J/kg - K)

=1.967

p

Discussion Turbulent flow relations developed for circular tube can be used for noncircular tubes with reasonable accuracy.
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8-125 Geothermal water is supplied to a city through stainless steel pipes at a specified rate. The electric power consumption
and its daily cost are to be determined, and it is to be assessed if the frictional heating during flow can make up for the
temperature drop caused by heat loss.

Assumptions 1 The flow is steady and incompressible. 2 The entrance effects are negligible, and thus the flow is fully
developed. 3 The minor losses are negligible because of the large length-to-diameter ratio and the relatively small number of
components that cause minor losses. 4 The geothermal well and the city are at about the same elevation. 5 The properties of
geothermal water are the same as fresh water. 6 The fluid pressures at the wellhead and the arrival point in the city are the
same.

Properties The properties of water at 110°C are p = 950.6 kg/m?, = 0.255x10° kg/m-s, and Cp = 4.229 kl/kg-°C (Table A-
9). The roughness of stainless steel pipes is 2x10° m (Table 8-3).

Analysis (a) We take point 1 at the well-head of geothermal resource and point 2 at the final point of delivery at the city, and
the entire piping system as the control volume. Both points are at the same elevation (z, = z,) and the same velocity (V; = V)
since the pipe diameter is constant, and the same pressure (P, = P,). Then the energy equation for this control volume
simplifies to

P, V2 P, V5
;+$+Zl+hpumpv”:£+£+22+hturbine +he = Poumpu =N

That is, the pumping power is to be used to overcome the head losses due

to friction in flow. The mean velocity and the Reynolds number are
. . 3 Water
N v v 15m’s 5305 m/s 1.5 mfs D =60cm
O A aD?%/4 z(0.60m)%/4
3
Re— PVagD _ (950.6 kg/m>)(5.305 m/s)(0.60m) _ 1186107 L =12 km

)z 0.255%x10 73 kg/m-s
which is greater than 10,000. Therefore, the flow is turbulent. The relative roughness of the pipe is

_2x10°%m
0.60m

&ID =3.33x107°

The friction factor can be determined from the Moody chart, but to avoid the reading error, we determine it from the
Colebrook equation using an equation solver (or an iterative scheme),

Jr 37 Reyt) T

pressure drop, the head loss, and the required power input become

1 e/D 251 ] 1 (3.33><1o6 251

——=-2.0log + — —=-2.0log + It gives f = 0.00829. Then the
[ 3.7 1.187><107\/T]

V.2 3 2
AP - fLM:QO%Zng,OOOm (950.6 kg/m*)(5.305 m/s) 1kN : ( 1sz712):2218|(F>a
D 0.60m 2 1000 kg -m/s? \1kN/m
. w j 3
VAL T VAP (15m°/s)(2218 kPa)( 1|<W3 ]z E118 W
T pump-motor 77 pump-motor 0.65 1kPa-m?/s

Therefore, the pumps will consume 5118 kW of electric power to overcome friction and maintain flow.

(b) The daily cost of electric power consumption is determined by multiplying the amount of power used per day by the unit
cost of electricity,

Amount = \/\'/e,ectin At = (5118 kW)(24 h/day) =122,832 kWh/day

Cost = Amount x Unit cost = (122,832 kWh/day)($0.06/kWh) = $7370/day

(c) The energy consumed by the pump (except the heat dissipated by the motor to the air) is eventually dissipated as heat due
to the frictional effects. Therefore, this problem is equivalent to heating the water by a 5118 kW of resistance heater (again
except the heat dissipated by the motor). To be conservative, we consider only the useful mechanical energy supplied to the
water by the pump. The temperature rise of water due to this addition of energy is
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17 pump-motor Welect in _ 0.65x (5118 kJ/s)

Wooer = pVE,AT — AT = : =
elect P pik, (950.6 kg/m®)(1.5 m3/s)(4.229 ki/kg - °C)

=0.55°C

Therefore, the temperature of water will rise at least 0.55°C, which is more than the 0.5°C drop in temperature (in reality, the
temperature rise will be more since the energy dissipation due to pump inefficiency will also appear as temperature rise of
water). Thus we conclude that the frictional heating during flow can more than make up for the temperature drop caused by
heat loss.

Discussion The pumping power requirement and the associated cost can be reduced by using a larger diameter pipe. But the
cost savings should be compared to the increased cost of larger diameter pipe.
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8-126 Geothermal water is supplied to a city through cast iron pipes at a specified rate. The electric power consumption and
its daily cost are to be determined, and it is to be assessed if the frictional heating during flow can make up for the
temperature drop caused by heat loss.
Assumptions 1 The flow is steady and incompressible. 2 The entrance effects are negligible, and thus the flow is fully
developed. 3 The minor losses are negligible because of the large length-to-diameter ratio and the relatively small number of
components that cause minor losses. 4 The geothermal well and the city are at about the same elevation. 5 The properties of
geothermal water are the same as fresh water. 6 The fluid pressures at the wellhead and the arrival point in the city are the
same.
Properties The properties of water at 110°C are p = 950.6 kg/m®, p = 0.255x10° kg/m:-s, and Cp = 4.229 kl/kg-°C (Table A-
9). The roughness of cast iron pipes is 0.00026 m (Table 8-3).
Analysis (a) We take point 1 at the well-head of geothermal resource and point 2 at the final point of delivery at the city, and
the entire piping system as the control volume. Both points are at the same elevation (z, = z,) and the same velocity (V; = V)
since the pipe diameter is constant, and the same pressure (P, = P,). Then the energy equation for this control volume
simplifies to

P V2 P, V7
Eﬁ"‘i"’ 2 + hpump,u = Eﬁ"‘i"' Z5 +Nyrpine + 0 - hpump,u =h_
That is, the pumping power is to be used to overcome the head losses due
to friction in flow. The mean velocity and the Reynolds number are @ @
v v 1.5m%/s Water
A aD%/4  z(0.60m)% /4 15mTs D =60 cm
V., D 3
Re — PVavg _ (950.6 kg/m )(5.335 m/s)(0.60 m) —1187x10” "ok
7 0.255x10 2 kg/m s L=12km
which is greater than 10,000. Therefore, the flow is turbulent. The relative roughness of the pipe is
£/ =200026M ) ag g0
0.60m

The friction factor can be determined from the Moody chart, but to avoid the reading error, we determine it from the
Colebrook equation using an equation solver (or an iterative scheme),

4
Lz_z_ok,g[«?/D+ 251 ] R i:_2I0|og(4.33xlO 251 J

Jf 37 Reyf Jf 3.7 +1.187><107\/T

It gives f = 0.01623. Then the pressure drop, the head loss, and the required power input become

\ 2 3 2
AP = f L PVayg 0.01623 12,000 m (950.6 kg/m~)(5.305 m/s) 1kN 1kPa _ 4342 kPa
D 0.60m 2 1000 kg -m/s )\ 1 kN/m?2
. W j 3
Wy = pumpu VAP _ (1.5m?/s)(4342 kPa) ( 1kw _ j — 10,020 KW
T pump-motor 77 pump-motor 0.65 1kPa-m?/s

Therefore, the pumps will consume 10,017 W of electric power to overcome friction and maintain flow.
(b) The daily cost of electric power consumption is determined by multiplying the amount of power used per day by the unit
cost of electricity,

AMoUNt =Woeq, in At = (10,020 kW)(24 h/day) = 240,480 kWh/day

Cost = Amount x Unit cost = (240,480 kWh/day)($0.06/kWh) = $14,430/day

(c) The energy consumed by the pump (except the heat dissipated by the motor to the air) is eventually dissipated as heat due
to the frictional effects. Therefore, this problem is equivalent to heating the water by a 10,020 kW of resistance heater (again
except the heat dissipated by the motor). To be conservative, we consider only the useful mechanical energy supplied to the
water by the pump. The temperature rise of water due to this addition of energy is

Upump-motorwelect,in _ 0.65x% (10,020 kJ/s) _
Pk, (950.6 kg/m®)(1.5m3/s)(4.229 ki/kg-°C)

Therefore, the temperature of water will rise at least 1.08°C, which is more than the 0.5°C drop in temperature (in reality, the
temperature rise will be more since the energy dissipation due to pump inefficiency will also appear as temperature rise of
water). Thus we conclude that the frictional heating during flow can more than make up for the temperature drop caused by
heat loss.

Discussion The pumping power requirement and the associated cost can be reduced by using a larger diameter pipe. But the
cost savings should be compared to the increased cost of larger diameter pipe.

Welect = p(/b pAT - AT = 08°C
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8-127 Air enters the underwater section of a duct. The outlet temperature of the air and the fan power needed to overcome the
flow resistance are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal resistance of the duct
is negligible. 4 The surface of the duct is at the temperature of the water. 5 Air is an ideal gas with constant properties. 6 The
pressure of air is 1 atm.

Properties We assume the bulk mean temperature for air to be 20°C since the mean temperature of air at the inlet will drop
somewhat as a result of heat loss through the duct whose surface is at a lower temperature. The properties of air at 1 atm and
this temperature are (Table A-15)

p =1.204 kg/m?

k =0.02514 W/m.°C / River
water
v =1.516x10"° m?/s
¢, =1007 J/kg.°C Air
Pr =0.7309 25°C D=20cm
3mifs

Analysis The Reynolds number is
L=15m

_ Vavg Dy, _ (3m/s)(0.2m)
v 1.516x107° m?/s

Re =3.958x10*

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L; ~10D =10(0.2m)=2m

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow in the entire
duct, and determine the Nusselt number from

hD
Nu = Th =0.023Re%® Pro3 =0.023(3.958x10%)%%(0.7309) %% = 99.76

K 0.02514 W/m.°C
- Nu - - @ -

Dy,

and h= (99.76) =12.54 W/m?.°C

Next we determine the exit temperature of air,

A = DL = 7(0.2 m)(15m) = 9.425m?

2
M= VoA, = (1.204 kg/m®)(3 m/s)(@j = (1.204 kg/m*)(0.09425 m®/s) = 0.1135 kg/s
A _ (12.54)(9.425)
and T, =T, (T, -T)e "™ —15_(15-25)e CLOA0D _ 15 6oC

The friction factor, pressure drop, and the fan power required to overcome this pressure drop can be determined for the case
of fully developed turbulent flow in smooth pipes to be

f =(0.790In Re—1.64) 2 = 0.790In(3.958x104)—1.64]_2 =0.02212

\V 2 3 2
Ap = 1 PVag 0091, 15M (1.204 kg/m*®)(3 m/s) 1N : [ 1Pa2j=8.988Pa
0.2m 2 1kg-m/s® \1N/m
. W ' 3
W, = —mey VAP _ (0.09425m"/s)(8.988 Pa) :[ 1w3 J: LEaW
T pump-motor 77 pump-motor 0.55 1Pa-m°/s
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8-128 Air enters the underwater section of a duct. The outlet temperature of the air and the fan power needed to overcome the
flow resistance are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal resistance of the duct
is negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1 atm.

Properties We assume the bulk mean temperature for air to be 20°C since the mean temperature of air at the inlet will drop
somewhat as a result of heat loss through the duct whose surface is at a lower temperature. The properties of air at 1 atm and
this temperature are (Table A-15)

3
p =1.204kg/m Mineral deposit Ri )
k =0.02514 W/m.°C 0.25 mm /‘ 'Vf;c‘)’éa er
v =1.516x10° m?/s
¢, =1007 J/kg.°C Water
Pr =0.7309 25°C Bl
. . 3mfs
Analysis The Reynolds number is
VagDn  @mis)0.2m) ) | L=15m !
Re = = = =3.958x10
v 1.516x107° m*/s
which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, ~L; #10D=10(0.2m)=2m

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow in the entire
duct, and determine the Nusselt number and h from

hD
Nu =—" =0.023Re®® Pr®3 = 0.023(3.959x10*)%8 (0.7309)°* = 99.76
and  he—K Ny Q0BWIMC 692619 54 Wim?2 oC
Dy, 0.2m

Next we determine the exit temperature of air,
A, = zDL = (0.2 m)(15m) = 9.425 m?

2
M= pVye A = (1.204 kg/m®)(3 m/s)(@} = (1.204 kg/m?)(0.09425 m®/s) = 0.1135 kg/s

The unit thermal resistance of the mineral deposit is

L 0.0025m
mineral = 3W/m.°C
which is much less than (about 1%) the unit convection resistance,
i1
h 1254 Wim?.°C

Therefore, the effect of 0.25 mm thick mineral deposit on heat transfer is negligible. Next we determine the exit temperature
of air

R =0.00083m?2.°C/W

=0.0797 m?.°C/W

conv —

_ (12.54)(9.425)
T, =T,-(T,-T;)e ) =15-(15-25)¢ (1139000 _ 18 goC

The friction factor, pressure drop, and the fan power required to overcome this pressure drop can be determined for the case
of fully developed turbulent flow in smooth pipes to be

f =(0.790InRe—1.64) 2 = 0.790In(3.958x104)—1.64]_2 =0.02212

~hA/(ric,

\ 2 3 2
Ap = L PVag 0591, 15M (1.204 kg/m*®)(3 m/s) 1N : ( 1Pa2j=8.988Pa
0.2m 2 1kg-m/s* N\1N/m
. W ' 3
W, = opmpu VAP (0.09425m"/s)(8.988 Pa) :[ 1w3 J: LEaW
T pump-motor 7T pump-motor 0.55 1Pa-m°/s
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8-129 Qil is heated by saturated steam in a double-pipe heat exchanger. The tube length is to be determined.
Assumptions 1 Steady operating conditions exist. 2 The surfaces of the tube are smooth.

Properties The properties of oil at the average temperature of
(15+25)/2=20°C are (Table A-13)

T, =100°C
p =888.1kg/m* oil Y
k =0.145 W/m - °C 15°C — 25°C
¢, =1881I/kg-°C 0.8 ms 3em| O CM
1=0.8374kg/m s 5

Analysis The cross-sectional area of the annulus, the mass flow
rate, the rate of heat transfer, and Reynolds number are

D,% - D;? _”(0.05m)2 ~(0.03m)?

=72 =0.001257 m?
A 4 4

M = pAV,,, = (888.1kg/m*)(0.001257 m?)(0.8 m/s) = 0.8931Kkg/s
Q =mc, (T, —T;) = (0.8931kg/s)(1881J/kg.°C)(25 - 15)°C =16,799 W

_ pVD,  pV(D,-D;) (888.1kg/m*)(0.8 m/s)(0.02 m)
7 U 0.8374kg/m-s

Re =16.97

Since the flow is laminar and fully developed, the Nusselt number is determined from Table 8-4 at D;/D, =3/5=0.6 to be Nu; =
5.564. Then the hydraulic diameter of annulus, the heat transfer coefficient, and the logarithmic mean temperature difference
are

D, =D, - D; =0.05m—0.03m =0.02m

h = = Ny, = Q2SWIMC o pey 4038 Wim?.oC
D, 0.02m
T -T -
AT, ——JizTe 15225 440

o Ts = Te In(lOO—zsj
T, -T, 100-15
The heat transfer surface area is determined from

Q _ 16,799 W 5910 m?
hAT,,  (40.34 W/m?.°C)(79.90°C)

Q = hAsATIm A =

Then the tube length becomes

A, _ 5.212m?
D;  7(0.03m)

A, =DL——>L = =55.3m

In reality, we need a shorter tube since the effect of entry region is to increase the average heat transfer coefficient and a
higher value of heat transfer coefficient translates into a shorter tube length.
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8-130E Water flows through a concentric annulus tube with constant inner surface temperature and insulated outer surface,
the length of the annulus tube is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Constant inner tube surface temperature. 4
Insulated outer tube surface. 5 Fully developed flow.

Properties The properties of water at T, = (T; + Te)/2 = 120°F: ¢, = 0.999 Btw/lbm'R, k = 0.371 Btu/h-ft-R, = 3.744 x 10
Ibm/fts, p= 61.71 Ibm/ft%, and Pr = 3.63 (Table A-9E).

T

’ \ v/f——— Insulation

s

Water mmip-

e

I

»

Analysis The Reynolds number is

Re AVag(Bo-Di) ~ m(D,-Di) _ 4
u (z14)(DZ-D¥)u (D, +Dy)u
4(396 /3600 Ibm/s)
7(1+4)ft/12(3.744x10~* Ibm/ft-s)
=898

Since Re < 2300, the flow through the annulus is laminar. Assuming fully developed flow, the Nusselt number for the inner
tube surface is (from Table 8-4)

Nui =hi%

Hence, the convection heat transfer coefficient is

=737 for D;/D,=0.25

0.371Btu/h-ft-R
3/121t

h = 7.37( j =10.94Btu/h - ft? -R

The length of the concentric annulus tube is

ey | To-Te __(3961bm/h)(0999 Btw/lbm R) 250172

L=- -
i To-T,  z(1/12ft)(10.94 Btu/h - ft>-R) 25068

=117ft

Discussion Similar to regular tubes, the total rate of heat transfer in the annulus tube can be determined using
Q = rhCp(Te _Ti)-
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Fundamentals of Engineering (FE) Exam Problems

8-131 Internal force flows are said to be fully-developed once the at a cross-section no longer changes in the direction
of flow.

(a) temperature distribution (b) entropy distribution  (c) velocity distribution

(d) pressure distribution (e) none of the above

Answer (c) velocity distribution

8-132 The bulk or mixed temperature of a fluid flowing through a pipe or duct is defined as

@T, = Ai L\C TdA, (b) T, = % jAc ToVdA, © T, = % L\c hoVdA,

1 1
d) T, =— hdA T, == | TpVdA,
( ) b !c IAC C (e) b v '[Ac

Answer: (b) T, :i, I TpVdA,
mJA

8-133 Water (1= 9.0x10™ kg/m-s, p = 1000 kg/m°) enters a 2-cm-diameter, 3-m-long tube whose walls are maintained at
100°C. The water enters this tube with a bulk temperature of 25°C and a volume flow rate of 3 m*h. The Reynolds number
for this internal flow is

(a) 59,000 (b) 105,000 (c) 178,000 (d) 236,000 (e) 342,000

Answer (a) 59,000

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

rho=1000 [kg/m"3]

mu=0.0009 [kg/m-s]

Vdot=3/3600 [m”3/hr]

D=0.02 [m]

Re=4*Vdot*rho/(pi*D*mu)
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8-134 Water enters a circular tube whose walls are maintained at constant temperature at a specified flow rate and
temperature. For fully developed turbulent flow, the Nusselt number can be determined from Nu = 0.023 Re®®Pr®*, The
correct temperature difference to use in Newton’s law of cooling in this case is

(a) the difference between the inlet and outlet water bulk temperature

(b) the difference between the inlet water bulk temperature and the tube wall temperature
(c) the log mean temperature difference

(d) the difference between the average water bulk temperature and the tube temperature

(e) None of the above.

Answer (c) the log mean temperature difference

8-135 Air (¢, = 1007 J/kg-°C) enters a 17-cm-diameter and 4-m-long tube at 65°C at a rate of 0.08 kg/s and leaves at 15°C.
The tube is observed to be nearly isothermal at 5°C. The average convection heat transfer coefficient is

(8) 245 W/m*°C  (b) 46.2 W/m*°C  (c) 53.9 W/m*°C  (d) 67.6 W/m*°C  (e) 90.7 W/m*°C

Answer (d) 67.6 W/m?.°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_i=65 [C]

T_e=15[C]

T_s=5[C]

m_dot=0.08 [kg/s]

D=0.17 [m]

L=4 [m]

c_p=1007 [J/kg-C] "Table A-15"

Q_dot=m_dot*c_p*(T_e-T i)

A_s=pi*D*L

DELTAT _In=(T_i-T_e)/In((T_s-T_e)/(T_s-T_i))

h=Q_dot/(A_s*DELTAT_In)

"Some Wrong Solutions with Common Mistakes"
DELTAT_am=T_s-(T_i+T_e)/2 "Using arithmetic mean temperature difference"
W1_h=Q_dot/(A_s*DELTAT_am)

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-123

8-136 Water (c, = 4180 J/kg-K) enters a 12-cm-diameter and 8.5-m-long tube at 75°C at a rate of 0.35 kg/s, and is cooled
by a refrigerant evaporating outside at -10°C. If the average heat transfer coefficient on the inner surface is 500 W/m*.°C,
the exit temperature of water is

(2) 18.4°C (b) 25.0°C (c) 33.8°C (d) 46.5°C (e) 60.2°C

Answer (a) 18.4°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D=0.12 [m]

L=8.5[m]

T_i=75[C]

T_s=-10[C]

m_dot=0.35 [kg/s]

h=500 [W/m"2-C]

T_s-(T_s-T_i)*exp((-h*A_s)/(m_dot*c_p))

8-137 Air enters a duct at 20°C at a rate of 0.08 m*/s, and is heated to 150°C by steam condensing outside at 200°C. The error
involved in the rate of heat transfer to the air due to using arithmetic mean temperature difference instead of logarithmic mean
temperature difference is

(a) 0% (b) 5.4% (c) 8.1% (d) 10.6% () 13.3%

Answer (e) 13.3%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_i=20 [C]

T_e=150[C]

T_s=200 [C]

V_dot=0.08 [m"3/s]

DELTAT _am=T_s-(T_i+T_e)/2

DELTAT _In=(T_i-T_e)/In((T_s-T_e)/(T_s-T_i))

Error=(DELTAT_am-DELTAT _In)/DELTAT _In*Convert(,%)
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8-138 Engine oil at 60°C (1= 0.07399 kg/m-s, p = 864 kg/m®) flows in a 5-cm-diameter tube with a velocity of 1.3 m/s. The
pressure drop along a fully developed 6-m long section of the tube is

(@) 2.9 kPa (b) 5.2 kPa (c) 7.4 kPa (d) 10.5 kPa (e) 20.0 kPa

Answer (c) 7.4 kPa

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_oil=60 [C]

D=0.05 [m]

L=6 [m]

V=1.3 [m/s]

"The properties of engine oil at 60 C are (Table A-13)"

rho=864 [kg/m"3]

mu=0.07399 [kg/m-s]

Re=(rho*V*D)/mu "The calculated Re value is smaller than 2300. Therefore the flow is laminar"
f=64/Re

DELTAP=f*L/D*(rho*V"2)/2

8-139 Engine oil flows in a 15-cm-diameter horizontal tube with a velocity of 1.3 m/s, experiencing a pressure drop of 12
kPa. The pumping power requirement to overcome this pressure drop is

(a) 190 W (b) 276 W (c) 407 W (d) 655 W (€) 900 W

Answer (b) 276 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D=0.15 [m]

V=1.3 [m/s]

DELTAP=12 [kPa]

A_c=pi*D"2/4

V_dot=V*A ¢

W_dot_pump=V_dot*DELTAP
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8-140 Water enters a 5-mm-diameter and 13-m-long tube at 15°C with a velocity of 0.3 m/s, and leaves at 45°C. The tube is
subjected to a uniform heat flux of 2000 W/m? on its surface. The temperature of the tube surface at the exit is

(a) 48.7°C (b) 49.4°C (c) 51.1°C (d) 53.7°C (e) 55.2°C
(For water, use k = 0.615 W/m-°C, Pr = 5.42, v =0.801x10® m%s)

Answer (a) 48.7°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_i=15[C]

T_e=45[C]

D=0.005 [m]

L=13 [m]

V=0.3 [m/s]

g_s=2000 [W/m"2]

"The properties of water at (15+45)/2= 30 C are (Table A-9)"

rho=996 [kg/m"3]

k=0.615 [W/m-C]

mu=0.798E-3 [kg/m-s]

Pr=5.42

Re=(rho*V*D)/mu "The calculated Re value is smaller than 2300. Therefore the flow is laminar."
L_t=0.05*Re*Pr*D "Entry length is much shorter than the total length, and therefore we use fully developed
relations"

Nus=4.36 "laminar flow, q_s = constant"

h=k/D*Nus

T s=T_e+qg_s/h

"Some Wrong Solutions with Common Mistakes"
W1 Nus=3.66 "Laminar flow, T_s = constant"
W1_h=k/D*W1_Nus

W1 T s=T e+q_s/W1 h
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8-141 Water enters a 5-mm-diameter and 13-m-long tube at 45°C with a velocity of 0.3 m/s. The tube is maintained at a
constant temperature of 8°C. The exit temperature of water is

(@) 4.4°C (b) 8.9°C (c) 10.6°C (d) 12.0°C (e) 14.1°C
(For water, use k = 0.607 W/m-°C, Pr = 6.14, v =0.894x10"° m%s, ¢, = 4180 J/kg-°C, p = 997 kg/m°.)

Answer (b) 8.9°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_i=45[C]

T_s=8[C]

D=0.005 [m]

L=13 [m]

V=0.3 [m/s]

"The properties of water at 25 C are (Table A-9)"
rho=997 [kg/m”3]

c_p=4180 [J/kg-C]

k=0.607 [W/m-C]

mu=0.891E-3 [kg/m-s]

Pr=6.14

Re=(rho*V*D)/mu "The calculated Re value is smaller than 2300. Therefore the flow is laminar.”
L_t=0.05*Re*Pr*D "Entry length is much shorter than the total length, and therefore we use fully developed
relations”

Nus=3.66 "laminar flow, T_s = constant"

h=k/D*Nus

A_s=pi*D*L

A_c=pi*D"2/4

m_dot=rho*A_c*V

T_e=T_s-(T_s-T_i)*exp((-h*A_s)/(m_dot*c_p))

"Some Wrong Solutions with Common Mistakes"
W1_Nus=4.36 "Laminar flow, g_s = constant"
W1_h=k/D*W1_Nus

W1 T e=T_s-(T_s-T_i)*exp((-W1_h*A_s)/(m_dot*c_p))

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-127

8-142 Water enters a 5-mm-diameter and 13-m-long tube at 45°C with a velocity of 0.3 m/s. The tube is maintained at a
constant temperature of 5°C. The required length of the tube in order for the water to exit the tube at 25°C is

(@) 1.55m (b) 1.72m (€)1.99m (d) 2.37m (e) 2.96 m
(For water, use k = 0.623 W/m-°C, Pr = 4.83, v =0.724x10"° m%s, ¢, = 4178 J/kg-°C, p = 994 kg/m°.)

Answer (b) 1.72m

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_i=45[C]

T e=25][C]

T_s=5[C]

D=0.005 [m]

V=0.3 [m/s]

"The properties of water at (45+25)/2 = 35 C are (Table A-9)"
rho=994 [kg/m”3]

c_p=4178 [J/kg-C]

k=0.623 [W/m-C]

mu=0.720E-3 [kg/m-s]

Pr=4.83

Re=(rho*V*D)/mu "The calculated Re value is smaller than 2300. Therefore the flow is laminar.”
L_t=0.05*Re*Pr*D "We assume that the entire flow remains in the entry region. We will check this after calculating
total length of the tube”

Nus=3.66+(0.065*(D/L)*Re*Pr)/(1+0.04*((D/L)*Re*Pr)*(2/3)) "laminar flow, entry region, T_s = constant"
h=k/D*Nus

A_c=pi*D"2/4

m_dot=rho*A_c*V

T e=T_s-(T_s-T_i)*exp((-h*A_s)/(m_dot*c_p))

A_s=pi*D*L "The total length calculated is shorter than the entry length, and therefore, the earlier entry region
assumption is validated."

"Some Wrong Solutions with Common Mistakes"

W1_Nus=3.66 "Laminar flow, T_s = constant, fully developed flow'
W1_h=k/D*W1_Nus

T e=T_s-(T_s-T_i)*exp((-W1_h*W1_A s)/(m_dot*c_p))
W1_A_s=pi*D*W1_L

W2_Nus=4.36 "Laminar flow, g_s = constant, fully developed flow"
W2_h=k/D*W2_Nus
T_e=T_s-(T_s-T_i)*exp((-W2_h*W2_A_s)/(m_dot*c_p))
W2_A_s=pi*D*W2_L
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8-143 Air enters a 7-cm-diameter, 4-m-long tube at 65°C and leaves at 15°C. The duct is observed to be nearly isothermal at
50C. If the average convection heat transfer coefficient is 20 W/m?°C, the rate of heat transfer from the air is

(2) 491 W (b) 616 W (c) 810 W (d) 907 W () 975 W

Answer (a) 491 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_i=65 [C]

T_e=15[C]

T_s=5[C]

D=0.07 [m]

L=4 [m]

h=20 [W/m"2-C]

DELTAT _In=(T_i-T_e)/In((T_s-T_e)/(T_s-T_i))

A_s=pi*D*L

Q_dot=h*A_s*DELTAT _In

"Some Wrong Solutions with Common Mistakes"
DELTAT_am=T_s-(T_i+T_e)/2 "Using arithmetic mean temperature difference"
W1_Q_dot=h*A_s*DELTAT_am

8-144 Air (c, = 1000 J/kg-K) enters a 20-cm-diameter and 19-m-long underwater duct at 50°C and 1 atm at an average
velocity of 7 m/s, and is cooled by the water outside. If the average heat transfer coefficient is 35 W/m?°C and the tube
temperature is nearly equal to the water temperature of 5°C, the exit temperature of air is

(a) 8°C (b) 13°C (c) 18°C (d) 28°C (e) 37°C

Answer (b) 13°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

R=0.287 [kPa-m”"3/kg-K]

cp=1000 [J/kg-K]

D=0.20 [m]

L=19 [m]

T1=50 [C]

P1=101.3 [kPa]

Vel=7 [m/s]

h=35 [W/m"2-C]

Ts=5[C]

rhol=P1/(R*(T1+273))

As=pi*D*L

m_dot=rhol*Vel*pi*D"2/4

T2=Ts-(Ts-T1l)*exp(-h*As/(m_dot*cp))

"Some Wrong Solutions with Common Mistakes:"

m_dot*cp*(T1-W1_T2)=h*As*((T1+W1_T2)/2-Ts) "Disregarding exponential variation of temperature”
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8-145 Water enters a 2-cm-diameter, 3-m-long tube whose walls are maintained at 100°C with a bulk temperature of 25°C
and volume flow rate of 3 m*h. Neglecting the entrance effects and assuming turbulent flow, the Nusselt number can be
determined from Nu = 0.023 Re®® Pr®*. The convection heat transfer coefficient in this case is

(a) 4140 W/m?K  (b) 6160 W/m*K  (c) 8180 W/m?*K  (d) 9410 W/m*K  (e) 2870 W/m*K
(For water, use k = 0.610 W/m-°C, Pr = 6.0, 1= 9.0x10™ kg/m-s, p = 1000 kg/m°)

Answer (d) 9410 W/m*-K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

rho=1000 [kg/m"3]
mu=0.0009 [kg/m-s]
Vdot=3/3600 [m~3/hr]
D=0.02 [m]

Pr=6

k=0.61 [W/m-K]
Re=4*rho*Vdot/(pi*D*mu)
Nus=0.023*Re”0.8*Pr"0.4
h=k*Nus/D
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8-146 Air at 110°C enters an 18-cm-diameter, 9-m-long duct at a velocity of 3 m/s. The duct is observed to be nearly
isothermal at 85°C. The rate of heat loss from the air in the duct is

(2) 375 W (b) 510 W (c) 9360 W (d) 965 W (e) 987 W
(For air, use k = 0.03095 W/m-°C, Pr = 0.7111, v = 2.306x10™ m’/s, ¢, = 1009 J/kg-°C.)

Answer (e) 987 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_i=110 [C]

D=0.18 [m]

L=9 [m]

V=3 [m/s]

T_s=85[C]

"The properties of air at 100 C are (Table A-15)"
rho=0.9458 [kg/m"3]

c_p=1009 [J/kg-C]

k=0.03095 [W/m-C]

nu=2.306E-5 [m"2/s]

Pr=0.7111

Re=(V*D)/nu "The calculated Re value is greater than 10,000. Therefore the flow is turbulent.”

L_t=10*D "Entry length is much shorter than the total length, and therefore we use fully developed relations"
Nus=0.023*Re”0.8*Pr~0.3

h=k/D*Nus

A_s=pi*D*L

A_c=pi*D"2/4

m_dot=rho*V*A_c

T e=T_s-(T_s-T_i)*exp((-h*A_s)/(m_dot*c_p))

Q_dot=m_dot*c_p*(T_i-T_e)

"Some Wrong Solutions with Common Mistakes"
W1_Nus=0.023*Re”0.8*Pr"0.4 "Relation for heating case"
W1_h=k/D*W1_Nus

W1 T e=T_s-(T_s-T_i)*exp((-W1_h*A_s)/(m_dot*c_p))
W1_Q dot=m_dot*c_p*(T_i-W1_T_e)

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-131

8-147 Air at 10°C enters an 18-m-long rectangular duct of cross section 0.15 m x 0.20 m at a velocity of 4.5 m/s. The duct is
subjected to uniform radiation heating throughout the surface at a rate of 400 W/m?. The wall temperature at the exit of the
duct is

(a) 58.8°C (b) 61.9°C (c) 64.6°C (d) 69.1°C (e) 75.5°C
(For air, use k = 0.02551 W/m-°C, Pr = 0.7296, v = 1.562x10™° m’/s, ¢, = 1007 J/kg-°C, p= 1.184 kg/m®.)

Answer (c) 64.6°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T_i=10 [C]

L=18 [m]

a=0.15 [m]

b=0.20 [m]

V=4.5 [m/s]

g_s=400 [W/m"2]

"The properties of air at 25 C are (Table A-15)"
rho=1.184 [kg/m"3]

c_p=1007 [J/kg-C]

k=0.02551 [W/m-C]

nu=1.562E-5 [m"2/s]

Pr=0.7296

p=2*a+2*b

A _c=a*b

D_h=4*A clp

Re=(V*D_h)/nu "The calculated Re value is greater than 10,000. Therefore the flow is turbulent.”

L_t=10*D_h "Entry length is much shorter than the total length, and therefore we use fully developed relations"
Nus=0.023*Re”0.8*Pr"0.4

h=k/D_h*Nus

T_s=T_e+qg_s/h

"Calculations for air temperature at the duct exit"
m_dot=rho*V*A c

Q_dot=m_dot*c_p*(T_e-T_i)

A_s=p*L

Q_dot=qg_s*A_s
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8-148 .... 8-150 Design and Essay Problems

8-150 A computer is cooled by a fan blowing air through the case of the computer. The flow rate of the fan and the diameter
of the casing of the fan are to be specified.

Assumptions 1 Steady flow conditions exist. 2 Heat flux is uniformly distributed. 3 Air is an ideal gas with constant
properties.

Properties The relevant properties of air are (Tables A-1 and A-15)
¢, =1007 J/kg.°C
R =0.287 kPa.m®/kg.K

Analysis We need to determine the flow rate of air for the worst case

Cooling
scenario. Therefore, we assume the inlet temperature of air to be 50°C, the ar ——» .
atmospheric pressure to be 70.12 kPa, and disregard any heat transfer from =3
the outer surfaces of the computer case. The mass flow rate of air required é’&}wﬁﬁ;ﬁ“\%ﬁﬁ
to absorb heat at a rate of 80 W can be determined from ; = =
Q =mic, (Toy ~Tin) Q 80 Jis — 0.007944 kg/s

l'h = =
Cp(Tour —=Tin) (1007 J/kg.°C)(60—-50)°C

In the worst case the exhaust fan will handle air at 60°C. Then the density of air entering the fan and the volume flow rate
becomes

P 70.12kPa

" RT  (0.287 kPa.m®/kg.K)(60 + 273)K

v m _ 0.007944 kg/s
P 0.7337 kg/m?®

=0.7337 kg/m?

P
=0.01083m?®/s = 0.6497 m®/min

For an average velocity of 120 m/min, the diameter of the duct in which the fan is installed can be determined from

2 y 3, -
voav="v_p- | _ HOLA9TmTImin) _ ; hg3m — 8.3 cm
4 ™ (120 m/min)

CT
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