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Exercise Set 6

Exercise 6.1

A bank of tubes uses an aligned arrangement of 10mm diameter tubed with ST = SL = 20mm. There
are 10 rows of tubes with 50 tubes in each row. Consider an application for which cold water flows
through the tubes, maintaining the outer surface temperature at 27°C, while flue gases at 427°C and a
velocity of 5m/s are in cross flow over the tubes. The properties of the flue gas may be approximated
as those of atmospheric air with temperature of 427°C. What is the total rate of heat transfer per
unit length of the tubes in the bank?

Note: For air use ν = 68.1 · 10−6m2/s k = 0.0524W/mK, ρ = 0.498kg/m3, Pr = 0.695 cp =
1075J/kgK.
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Solution

Assumptions: (1) Steady-state conditions, (2) Negligible radiation effects, (3) Gas properties are
approximately those of air.

Properties: Table A-4, Air (300 K, 1 atm): Pr = 0.707, Table A-4, Air (700 K, 1 atm): ν =
68.1 · 10−6, k = 0.0542W/mK,Pr = 0.695, ρ = 0.498kg/m3, cp = 1075J/kgK

Analysis: The rate of the heat transfer per unit length of tubes is

q′ = hNπD∆Tlm = hNπD
(Ts − Ti)− (Ts − To)

ln [(Ts − Ti) / (Ts − To)]
.

With Vmax = ST
ST−DV = 20

105m/s = 10m/s, ReD,max = VmaxD
ν = 10m/s×0.01m

68.1×10−6m2/s
= 1468. Tables 7.7 and

7.8 give C = 0.27,m = 0.63 and C2 = 0.97. Hence from the Zukauskas correlation, including the
correction factor C2 for a tube bank with less than 20 rows of tubes (NL < 20) is:

NuD = CC2RemD,max Pr0.36 (Pr/PrS)1/4 = 0.26(1468)0.63(0.695)0.36(0.695/0.707)1/4

where PrS = 0.707 is the Prandtl number calculated for the fluid at the temperature of the tube
surface (in this case TS = 27C).

NuD = 22.4 h =
k

D
NuD = 0.0524W/m ·K× 22.4/0.01m = 117W/m2 ·K.

Hence,

(Ts − To) = (Ts − Ti) exp

(
− πDNh

ρV NTST cp

)
= −400K exp

(
− π × 0.01m× 500× 117W/m2 ·K

0.498kg/m3(5m/s)50(0.02m)1075J/kg ·K

)
Ts − T0 = −201.3K

and the heat rate is

q′ =
(
117W/m2 ·K

)
500π(0.01m)

(−400 + 201.3)K

`n[(−400)/(−201.3)]
= −532kW/m
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Exercise 6.2

Ethylene glycol flows at 0.01kg/s through a 3mm diameter, thin-walled tube. The tube is submerged
in a well-stirred water bath maintained at 25°C. If the fluid enters the tube at 85°C what heat transfer
rate and tube length are required for the fluid to leave at 35°C?

Use the following properties of ethylene glycol at Tm = (85 + 35)/2 = 60°C = 333K:

• cp = 2562J/kgK

• µ = 0.522 · 10−2Ns/m2

• k = 0.260W/mK

• Pr = 51.3
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Solution

Assumptions: (1) steady-state conditions; (2) tube wall thermal resistance negligible; (3) convection
coefficient on water side infinite, cooling process approximates constant wall surface temperature
distribution; (4) incompressible liquid with negligible viscous dissipation; (5) constant properties; (6)
negligible heat transfer enhancement associated with the coiling.

Analysis: From an overall energy balance on the tube:

Qconv = ṁcp(Tm,o − Tm,i) = 0.01kg/s× 2562J/kg × (35− 85)°C = −1281W

We thus see that convection removes heat from the fluid (as expected considered that the fluid is
cooling).

Because the bath is well stirred and maintained at 25C we can use the constant surface temperature
condition to write:

Qconv = hAs∆Tlm

where

∆T`m =
∆To −∆Ti

ln
∆To
∆Ti

=
(25− 35)°C − (25− 85)°C

ln
35− 25

85− 25

= −27.9°C

We then observe that:

As =
Qconv

h∆T`m
= πDL

Thus we need to find h to calculate As and to obtain L.

We know we are in forced internal convection. We now need to determine the flow condition to choose
the right correlation. Therefore we calculate:

ReD =
ρuD

µ
=

4ṁ

πDµ
=

4× 0.01kg/s

π × 0.003m× 0.522× 10−2Ns/m2
= 813 < 2300

Hence, the flow is laminar and, assuming the flow is fully developed, the appropriate correlation
is:

NuD =
hD

k
= 3.66, h = Nu

k

D
= 3.66× 0.260W/mK

0.003m
= 317W/m2K

Finally, the required area As and the tube length are:

As =
1281W

317W/m2K × 27.9°C
= 0.1448m2

L =
As
πD

=
0.1448m2

π × 0.003m
= 15.4m

Comments:

The hydrodynamics entry length is xfd,h = 0.05ReDD = 0.12m, so it is reasonable to assume the
flow is fully developed. However, with xfd,t = xfd,hPr = 6.3m, the temperature is developing over
a significant portion of length. To be more accurate we should thus use the Hausen correlation is
appropriate. Assuming L = 15.4m, this yields NuD = 4.13. h = 358W/m2K, L = 13.6m. Further
iterations converge to L = 13.4m
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Exercise 6.3

The evaporator section of a heat pump is installed in a large tank of water, which is used as a heat
source during the winter. As energy is extracted from the water, it begins to freeze, creating an
ice/water bath at 0°C, which may be used for air conditioning during the summer. Consider summer
cooling conditions for which air is passed through an array of copper tubes, each of inside diameter
D = 50mm, submerged in the bath.

a) If air enters each tube at a mean temperature of Tm,i = 24°C and a flow rate of ṁ = 0.01kg/s
what tube length L is needed to provide an exit temperature of Tm,o = 14°C? Assume fully
developed flow inside the tube.

b) With 10 tubes passing through a tank of total volume V = 10m3, which initially contains 80%
ice by volume, how long would it take to completely melt the ice?

The density and latent heat of fusion of ice are ρice = 920kg/m3 and fl,ice = 3.34 · 105J/kg, respec-
tively.

Determine the properties of air from Table A4 (at the end of this document) at the appropriate
temperature.
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Solution

Assumptions: (1) Steady-state, (2) Ideal gas with negligible viscous dissipation and pressure varia-
tion, (3) Constant properties, (4) Fully developed flow throughout each tube, (5) Negligible tube wall
thermal resistance.

Properties: Table A.4, air (assume Tm = 292K): cp = 1007 J/kg K,µ = 180.6 · 10−7N · s/m2,
k = 0.0257W/m ·K,Pr = 0.709; Ice: ρ = 920kg/m3,hsf = 3.34 · 105J/kg

Analysis:

(a)

Considered that the we have a water/ice bath whose temperature will stay constant at Ts = 0C,
we can use the constant tube surface boundary condition. The overall energy balance over the tube
gives:

Ts − Tm,o
Ts − Tm,i

= exp(− PL
ṁcp

h)

where P = πD

Thus to find the length of the tube we only have to determine the average convection coefficient. We
note that we are in forced internal convection in circular tubes and we calculate:

ReD = 4ṁ/πDµ = 4(0.01kg/s)/π(0.05m)180.6× 10−7N.N · s/m2 = 14, 100 > 2300

Thus the flow is turbulent and we use:

NuD = NuD = 0.023Re0.8D Pr0.3 = 0.023(14, 100)0.8(0.709)0.3 = 43.3

h = NuD(k/D) = 43.3(0.0257W/m ·K/0.05m) = 22.2W/m2 ·K

Substituting we obtain:
L = 1.56m
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(b) The time required to completely melt the ice may be obtained from an energy balance where the
total heat needed to melt the volume of ice is removed through convection within the 10 tubes:

Qconv = Nṁcp(Tm,i − Tm,o) = 10(0.01kg/s)1007J/kg ·K(10K) = 1007W

Qice,melt[J ] = fl,iceViceρice = Qconv[W ]t[s]

Hence,

t =
0.8

(
10m3

) (
920kg/m3

)
3.34 · 105J/kg

1007W
= 2.44× 106s = 28.3days
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Exercise 6.4

Water at 290K and 0.2kg/s flows through a Teflon tube (k = 0.35W/mK) of inner and outer radii
equal to 10mm and 13mm respectively. A thin electrical heating tape wrapped around the outer
surface of the tube delivers a uniform surface heat flux of 2000W/m2, while a convection coefficient of
25W/m2K is maintained on the outer surface of the tape by ambient air at 300K. What is the outer
surface temperature of the Teflon tube? What is the fraction of the power dissipated by the tape,
which is transferred to the water?

Determine the properties of water from Table A6 at the appropriate temperature.

Hint 1 : start by drawing the equivalent thermal circuit for this problem. The heater can be assumed
to have negligible thickness (no associated thermal resistance). It only contributes with the input heat
flux.

Hint 2 : you can use the inlet temperature of water to estimate its physical properties
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Solution

Assumptions: (1) Steady-state conditions, (2) Fully developed flow, (3) One-dimensional conduction,
(4) Negligible tape contact and conduction resistances.

Properties: Table A-6 Water(Tm = 290K): µ = 1080 · 10−6kg/s · m, k = 0.598W/m · K, Pr =
7.56.

Analysis:

We can look at the thermal circuit and write the sum of the heat transfer rates at the node corre-
sponding to the tube surface as:

(2πr0L) q′′ =
Ts,o − T∞

(h02πr0L)−1
+

Ts,o − Tm

(ln (ro/ri) /2πLk) + (1/2πriLhi)

q′′ = ho (Ts,o − T∞) +
Ts,o − Tm

(ro/k) ln (ro/ri) + (ro/ri) /hi
.

All the terms are known except for the hi and therefore we have to use the appropriate internal forced
convection correlation to find it. First we calculate:

ReD = 4ṁ/(πDµ) = 4(0.2kg/s)/
[
π(0.02m)1080 · 10−6kg/s ·m

]
= 11, 789 > 2300

and therefore the flow is turbulent. We thus use:

NuD = 0.023Re
4/5
D Pr0.4

from which we obtain:

hi = (k/Di) 0.023Re
4/5
D Pr0.4 = (0.598/0.02)(0.023)(11, 789)4/5(7.56)0.4 = 2792W/m2 ·K.

Hence

2000W/m2 = 25W/m2 ·K (Ts,o − 300K) +
Ts,o − 290K

(0.013m/0.35W/m ·K) ln(1.3) + (1.3)/ (2792W/m2 ·K)

Solving for Ts,o,
Ts,o = 308.3K
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We can now go back to the thermal circuit and calculate the heat flux to the air:

q′′o = ho (Ts,o − T∞) = 25W/m2 ·K(308.3− 300)K = 207.5W/m2.

Hence, the fraction of heat that is transferred to the fluid inside the tubes is:

q′′i /q
′′ =

q” − q”o
q”

= (2000− 207.5)W/m2/2000W/m2 = 0.90.

Comments: The resistance to heat transfer by convection to the air substantially exceeds that due
to conduction in the teflon and convection in the water. Hence, most of the heat is transferred to the
water.
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Exercise 6.5 FOR REVISION

To cool a summer home without using a vapor-compression refrigeration cycle, air is routed through
a plastic pipe (k = 0.15W/mK, Di = 0.15m, Do = 0.17m) that is submerged in an adjoining
body of water. The water temperature is nominally at T∞ = 17C and a convection coefficient of
ho = 1500W/m2K is maintained at the outer surface of the pipe. If air from the home enters the pipe
at a temperature of Tm,i = 29C and a volumetric flow rate of Vi = 0.025m3/s, What pipe length L is
needed to provide a discharge temperature of Tm,o = 21°C?

Additional Question: Now that you know the flow conditions and the length of the pipe, can you
calculate the fan power required to move the air through this length of pipe if its inner surface is
smooth? From your previous courses you should remember how the pumping power depends on the
pressure drop and the volumetric flow rate as well as how the pressure drop is related to the friction
factor.

Determine the properties of air from Table A4 at the appropriate temperature.
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Solution

Assumptions: (1) Steady-state, (2) Ideal gas with negligible viscous dissipation and pressure vari-
ation, (3) Constant properties, (4) Smooth interior surface, (5) Negligible heat transfer from air in
vertical legs of pipe.

Properties: Table A.4, air(Tm,i = 29◦C) : ρi = 1.155kg/m3. Air
(
Tm = 25◦C

)
: cp = 1007J/kgK,

µ = 183.6 · 10−7N · s/m2, ka = 0.0261W/m ·K,Pr = 0.707.

Analysis:

The surface of the pipe is maintained at a constant value through convection by the external water
flow. Therefore, from an energy balance over the tube we would get:

T∞ − Tm,o

T∞ − Tm,i
= exp

(
−UAs

ṁcp

)
where

(
UAs

)−1
= Rtot =

1

hiπDiL
+

ln (D0/Di)

2πLk
+

1

h0πD0L

as we have to include not only the internal convection but also the conduction through the wall of the
pipe and the external convection.

The internal convection coefficient hi is the only missing information. We know that we are in internal
forced convection and we have to determine the flow condition. So we calculate:

ReD = 4ṁ/πDiµ = 4ρV̇ /πDiµ = 13, 350 > 2300

and so the flow in the pipe is turbulent.

Assuming fully developed flow throughout the pipe we use:

NuD = 0.023Re
4/5
D Pr0.3

Therefore:

hi =
ka

Di
0.023Re

4/5
D Pr0.3 =

0.0261W/m ·K× 0.023

0.15m
(13, 350)4/5(0.707)0.3 = 7.20W/m2 ·K
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(
UAs

)−1
=

1

L

(
1

7.21W/m2 ·K × π × 0.15m
+

ln(0.17/0.15)

2π × 0.15W/m ·K
+

1

1500W/m2 ·K× π × 0.17m

)

UAs =
L

(0.294 + 0.133 + 0.001)
= 2.335L W/K

T∞ − Tm,o

T∞ − Tm,i
=

17− 21

17− 29
= 0.333 = exp

(
− 2.335L

0.0289kg/s× 1007J/kg ·K

)
= exp(−0.0802L)

L = − ln(0.333)

0.0802
= 13.7m

Additional Question:

We know that for turbulent flow the friction coefficient in a smooth circular pipe is equal to:

f = (0.790lnReD − 1.64)−2 = 0.029

Furthermore, we know that :

f = −∆p/∆xDi

ρu2m/2
= 0.029

where
um = V̇ /A = V̇ /(πD2

i /4) = 1.415m/s

.

If we consider ∆x = L The pumping power will be given by:

P = −∆pV̇ = f
ρu2m
2Di

LV̇ = 0.029
1.155kg/m3(1.415m/s)2

2(0.15m)
13.7m× 0.025m3/s = 0.078W

Comments: (1) with L/Di = 91, the assumption of fully developed flow throughout the pipe is
justified. (2) The fan power requirement is small and the process is economical. (3) The resistance to
heat transfer associated with convection at the outer surface is negligible.
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Exercise 6.6 FOR REVISION

Water at 300K and a flow rate of 5kg/s enters a black, thin-walled tube, which passes through a large
furnace whose walls and air are at a temperature of 700K. The diameter and length of the tube are
0.25m and 8m, respectively. Convection coefficients associated with water flow through the tube and
air flow over the tube are 300W/m2K and 50W/m2K, respectively.

a) Write an expression for the linearized radiation coefficient corresponding to radiation exchange
between the outer surface of the pipe and the furnace walls. Explain how to calculate this
coefficient if the surface temperature of the tube is represented by the arithmetic mean of its
inlet and outlet values.

Determine the properties of water from Table A6 (at the end of this document) using Tm = (Tm,i +
Tm,o)/2 = 331K.
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Solution

Assumptions: (1) steady-state conditions; (2) tube is small object with large, isothermal surround-
ings; (3) furnace air and walls are the same temperature; (4) tube is thin-walled with black surface
(ε = 1); (5) incompressible liquid with negligible viscous dissipation.

Properties: Table A6, Water(Tm = (Tm,i + Tm,o)/2 = 331K): cp = 4192J/kgK.

Analysis:

a) The linearized radiation coefficient follows from:

hrad = σ(T t + T fur)(T
2
t + T

2
fur)

where T t represents the average tube wall surface temperature, which can be evaluated from an
energy balance on the tube as represented by the thermal circuit above.

Tm =
Tm,i + Tm,o

2

Rtot = Rcv,i +
1

1

Rcv,o
+

1

Rrad

Tm − T t
Rcv,i

=
T t − Tfur
1

Rcv,o
+

1

Rrad

The thermal resistances, with As = PL = πDL, are:

Rcv,i =
1

hiAs
, Rcv,o =

1

hoAs
, Rrad =

1

hrad

b) The outlet temperature can be calculated using the energy balance relation with Tfur = T∞:

T∞ − Tm,o
T∞ − Tm,i

= exp

(
− 1

mcpRtot

)
(0.1)

where cp is evaluated at Tm.

Using IHT , the following results were obtained:

Rcv,i = 6.631× 10−5K/W, Rcv,o = 3.978× 10−4K/W, Rrad = 4.724× 10−4K/W

Tm = 331K, T t = 418K, Tm,o = 362K

Comments: Since T∞ = Tfur, it was possible to use Rtot in expression 0.1. How would you
write the energy balance relation if T∞ 6= Tfur ?
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